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1. Introduction

Railway out-of-gauge freight (ROF) refers to the freight where
loading outlines exceed the rolling stock gauges, which has
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Abstract The loading outline of railway out-of-gauge freight (ROF) is beyond the railway gauge
due to its larger size. The choice of a safe and economical transportation route according to the
characteristics of the freights in the railway network becomes an important issue for the railway
out-of-gauge freight transportation. A proposed methodology is presented in this paper with the
aim to solve the problems in the railway out-of-gauge freight transportation route decision-
making (ROF-TRD) process in which safety distances between the railway gauges and freight
loading outlines, the curve radius and the arrival-departure traffic flow balance are taken into
consideration while the railway capacity losses and transportation costs being as objective functions
to construct the route decision-making model considering gauge modification. The proposed route
search algorithm can be used in the model to further refine the design of an effective safety distance
bilateral detection. The case study verification shows that the safest and most economical railway
out-of-gauge freight transportation route can be obtained by applying the proposed model, and
the results demonstrate that taking railway capacity loss and modified costs of possible ROF routes

into consideration, the optimal route can save around 10-22 % of total costs.
© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0)).

special requirements along a ROF route in the railway net-
work. However, the railway networks are limiting engineering
constructions in railway transport, particularly for ROFs.
They are negatively affected by several factors. When selecting
ROF routes, or modify railway networks, it is also necessary to
take into consideration, where relevant, the presence of heavy
and oversized railway transport. Amending the already estab-
lished infrastructure costs time and money and may even be
impossible. Therefore, it is necessary to define suitable require-

1110-0168 © 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria University.
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ments for transport infrastructure, especially for routes used
for heavy and oversized ROF transport. Additionally, the
industry demands require the development of an economy
and the construction of new railway infrastructures required
by industrial demands for the railway transport of ROFs. Fail-
ure to comply with such demands can result in adverse effects,
for example, the lifetime of a railway network. The important
factor affects ROF transportation is the railway gauges that
determine whether a ROF train can be operated safely [1].
Some studies have been conducted on the railway gauge and
ROF transportation route decision making (ROF-TRD) by
using complex gauge and outline measuring methods that
would be possible to allow freight trains to run on sections
while otherwise it is closed to other traffics [2-3]. However,
the gauges and outlines of ROFs on the straight and curve
lines are different [4] due to dynamic variable gauges [5], tunnel
gauges (6], and polystyrene blocks [7,8]. The detection methods
of rolling stock gauges [9] and comprehensive structure gauges
[10] can provide a theoretical basis for route decision-making.
Furthermore, railway risk management based on fuzzy reason-
ing and fuzzy hierarchical analysis method to process railway
risk information also provides support to assist railway safety
risk decision-making [11-13]. Recent studies [14—18] on rail-
way freight transportation route decision-making, for exam-
ple, optimized freight routing and scheduling strategies, have
been developed and applied to solve the problems in railway
freight planning [19]. The hub-and-spoke technique [20] and
the real-time scheduling and routing method in the railway
network [21] also provide a basis for the solutions of ROF-
TRD [22,23]. Most recently, some studies on out-of-gauge
freight transportation route selection have been conducted
by using different methods, for example, Yi et al [24] proposed
an augmented reality-based dynamic inspection method for
visualized railway route of ROF trains is proposed to help
for the route selection of ROF transportation, Huang & Han
[25] and Arturas et al [26] proposed methods for the assess-
ment of heavyweight and oversize cargo transportation by
using the combined optimization with weight-TOPSIS
method. However, these studies only focus on safety assess-
ment of ROF transportation routes by studying the dimen-
sions of the railway gauges, but gauge modification, the
railway capacity loss and the deviation of ROF trains are
not taken into consideration, which have major impacts on
the ROF route decision-making.

Studies as described above can be considered effectively in
solving most of the problems for ROF-TRD, but the literature
search shows that no research has been conducted because of
the characteristics of large size with a low speed of ROF trains,
however, that have impact on the railway operation. Mean-
while, the current ROF-TRD methods do not consider when
the routes in the railway network cannot satisfy the constraints
such as insufficient safe distance between train loading outlines
and the railway gauges. Therefore, in this case, it is impossible
to find a suitable route for a ROF. Furthermore, the deviations
of ROFs in curved road sections are not taken into considera-
tion in current methods, which also has an impact on the deter-
mination of a ROF route. Therefore, a new ROF route
decision-making model is proposed and presented in this paper
in which a distance detection algorithm and a route decision-
making algorithm are designed and developed by taking the
influencing factors as stated above into consideration. The
main contributions of the work can be summarized as follows:

e Railway gauge modifications to obtain possible ROF routes
and the costs incurred due to modifications are considered
in the proposed ROF route decision-making model to
ensure the possible ROF transportation routes can be
obtained,
The railway capacity loss is also considered in the proposed
ROF route decision-making model as an optimization
objective to reduce the impact on the railway operation,
A distance detection algorithm is designed and developed to
determine the safe distances between ROF loading outlines
and the railway gauges, and
e ROF in curved road sections are considered as well in the
proposed ROF route decision-making model, and a case
example of a comparison study is provided.

Literature search shows that gauge modification, the rail-
way capacity loss and the deviation of ROF trains are not
taken into consideration in the ROF route decision-making
process from the previous works. This paper presents a new
ROF route decision-making model in which these issues have
been addressed, which can help railway operation decision
makers to select a safest and economical transportation route
for a ROF. The rest of the paper is structured as follows. Sec-
tion 2 presents a ROF-TRD model development in which the
safety distance between the freight loading outline and the
minimum structure gauge, the minimum curve radius required
for the ROF trains, and the arrival-departure traffic flow bal-
ance at each station on the route as constraints are discussed,
and then a ROF-TRD model is constructed by taking the rail-
way capacity loss caused because of ROF trains and trans-
portation costs due to railway gauge modifications as the
optimization objectives into consideration. In Section 3, the
safety distance detection algorithm is presented, which is
designed according to the principle of bilateral detection, and
the route decision-making heuristic search algorithm is also
developed. Two case studies are presented in Section 4 to ver-
ify the rationality of the proposed ROF-TRD decision-making
model and algorithms with and without the deviation caused
by curved road sections, respectively. In Section 5, conclusions
and future research plan are given.

2. ROF-TRD model development

Assume a ROF transportation network is N = {S, R}, where
S={S,a=1,2,---,n} (n is the number of nodes) denotes
the set of stations located in the railway network along the
route called as node stations, R = {Ry|a,b =1,2,---,n} rep-
resents the set of railway sections between two node stations
S, and S, called as node sections, and the number of intervals
within the node section R, is denoted as n,. The variable
Xa(VRy € R) is defined to examine whether a node section
is in a possible route or not:

(1)

1, Ry is a node section in a possible route
Xap = .
0, otherwise

If the node section R, satisfies all of constraints of a ROF
train, it is a node section in the possible route, i.e., x, = 1; if
the node section R, cannot meet all of constraints of ROF
train, it is not a node section in the possible route, i.e., x,, = 0.
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2.1. Constraints

2.1.1. Freight loading outline and railway gauge

Freight loading outline refers to the widths at different heights of
the examined cross-section of the freight after it is loaded in
accordance with the loading reinforcement operation require-
ments. Specifically, it includes the measures of the widths of the
control points and the deviation to be considered when passing
through the curved road section. Fig. 1 shows typical measures
of widths and heights at an examined cross-section of a freight.

The railway structure gauges are composed of the outlines
formed by buildings, tunnels, bridges and equipment, etc.
along the railway lines, which could be on the side closely to
the tracks [27]. A safety distance 0 between the ROF loading
outline and the minimum structure gauge is necessary in order
for a safe transportation to operate. The distance d(G7 gf;b)
between the freight loading outline G and the minimum struc-
ture gauge g¥, of the kth interval in the node section R, should
satisfy a safety gap, i.e.,

xad(G,gl,) —0>0,YRy € Rk =1,2,-,ng (2)

Schematic diagram of the distance d(G,g%,) is shown in
Fig. 2.

In Fig. 2, the two solid outer and inner lines represent the
railway structure gauges and the ROF loading outline. Control
points on the structure gauges are A, B, C, D, E, F, G, H, I
and J, and on the freight loading outline are m, n, o, p, g, I.
Points of s, t, u, v, w and x are used to calculate distances
between the freight loading outline and structure gauge. The
dash line represents the minimum distance corresponding to
each control point, i.e.,

d(Gags};) = min{|ns‘v |Ct|a |Ou|7 ‘pW|, ‘HV|, ‘JX|7 o } (3)
The two matrices below are established to contain the infor-

mation of freight outline G and the structure gauge outline g¥,,
which are expressed as:

Height/I~ 2000

mml

loading .

f

I
ROF |
outline |

1000

minimum
structure gauge

-2000 -1000 0 1000 2000
Rail surface Half Width/mm
Fig. 2 Distances between freight loading outline and minimum

structure gauge.

Wy Hp Wr Hp
Wi Hp Wg Hp
G=| . . . . (4)

WLn H Ln WRn H Rn
wrr hp wri hp
wiy hpy wr hpo

Eor = : : : : (5)

Win th WRrn hRn

where W, and W, denote the widths of the control points
on the left and right half of the freight loading outline G,
respectively, and Hy, and Hpg, represent the heights of the con-

Lefthalf- | Right
o width ) half-width
i
1 1
I
I
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_ width | width R
Middle | | _—
-center |
height Lefthalf- !  Right half-
_ width | width X " side
, I 2side | Height
i height
34 gide Left half- ! Right half-
height width P width N
Y Y I Y Y
I
Fig. 1  Typical measures of widths and heights of a freight at an examined cross-section.
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trol points on the left and right half of the freight loading out-
line G, respectively, in which H;p; > Hy, >---> H;, and
Hpy > Hpy > - -+ > Hpg,. Similarly, w;, and wg, denote the
widths of control points on the left and right half of structure
gauge outline gfl’b, respectively, and h;, and hg, represent the
heights of the control points on the left and right half of the
structure  gauge outline gk,  respectively, where
hLl > hLZ > > th and th > hR2 > > hR,,. Further-
more, the loading outline of a ROF will shift because the load-
ing method results in that the loading outline cannot be exactly
accurate as planned. The distance of shift is usually called the
deviation, which will have an impact on the calculation of the
distance between ROF loading outline and structure gauges
[4]. The deviation needs also be considered in curved road
sections.

2.1.2. Minimum curve radius consideration

Fig. 3 shows a curved road section. Rails are usually con-
structed such that the outer track is higher than the inner track
in order for a train to run on the rail safely with a certain
speed, which the vehicle body is slightly incline to inward.
Obviously, the smaller the radius R of curved road section
is, the higher the height 4, of the outer track is.

It could be a risk of vehicle overturning if a train carries
bulky and heavy out-of-gauge freight at a higher speed. For
a ROF with different out-of-gauge grades that are discussed
in Section 2.2.2, the railway transport organization should
choose different types of freight vehicles, for example,
Heavy-Duty-Flatcar, = Well-Hole-Car, = Depressed-Centre-
Flatcar, Clamps-Car, etc., which minimum curve radius needs
to be considered because the different minimum curve radius R
requires different types of freight trains. Therefore, the mini-
mum curve radius r,,;, to enable an ROF train operation, the
minimum curve radius %, of the kth interval in the node sec-
tion R,, should satisfy

xabrgb Z rn1in7VRnb € R7k = 1727' © s Nap (6)

track center line

of track

vehicle
wheel

2.1.3. Arrival-departure traffic flow balance consideration

If more than one ROF trains are in the railway network, it is
necessary to ensure the arrival-departure traffic flow balance at
each node station. Suppose the origin station o has only depar-
ture traffic flow and the destination station d has only arrival
traffic flow, and node stations between o and d in the route
of the ROF train transportation have equal arrival and depar-
ture traffic flow, i.e., for any node station S, € S, let the set of
inflow node stations be a(a) = {S, € S|R,» € R} and the set of
outflow node stations be f(a) = {S, € S|R, € R}, then

-1,S,=o0
S xa— > X =14 0,S7#0,d ¥Ry, € R (7)
Spea(a) Spep(a) 17 Sa — d

2.2. Development of objective functions

2.2.1. Railway capacity loss

In the single-track railway section, to ensure a ROF train to be
operated safely, more restrictions should be applied. For
example, the speed limit will be applied for ROF trains, which
the normal freight trains and passenger trains in the section
will have impact on their waiting time and number of trains
because of the long occupation time of the ROF train in the
section. It also increases the period in the train diagram, which
seriously affects the traffic capacity of railways.

In the double-track railway section, it also causes the train
speed limit or forbidden meeting [28] and impacts on the nor-
mal transportation organization and traffic capacity of rail-
ways. For any other trains running in the same direction, the
lower running speed of a ROF train can cause a transmission
effect on trains traveling after it, which increases the running
time of other trains in the intervals along a route. For trains
running in the opposite direction, the forbidden meeting mea-
sures cause trains to stop at stations and wait for the ROF
trains passing. This would waste the railway capacity in the
railway network.

| .
1center line

| of track

vehicle body

Fig. 3 The outer track superelevation in curved road section.



A gauge modification-based railway out-of-gauge freight transportation route decision-making methodology

185

The distribution function has been developed to quantify
the railway capacity loss ¢¥, in the kth interval of node section
R, as shown in Fig. 4. Since the railway capacity loss is mainly
caused by the speed limit or forbidden meeting of ROF trains,
and the lower the speed limit is, the greater the railway capac-
ity loss will be, therefore, the distribution function can be:

{1,

—b(x—a)
Let the running speed %, of the ROF train in the kth inter-
val of the node section R,, be less than or equal to the mini-
mum limited speed V4, . the railway capacity loss is p, Eq.

(8) can be rewritten as:

ko k
cab(vab) = {

x<a
,b>0
X >a

¢(x) @)

e

K i
ab S Vabm

R ,b>0,p>0

ab,m

2 v

. 9
pe_b(vf\m_vf\m.m)y Vi;b >y ( )

@(x)

N
?

X

0 a

Fig. 4 Graph of distribution function of railway capacity loss.

Therefore, the first objective function F; can be established
by taking the railway capacity loss caused by the ROF train
into consideration as:

‘ Mab e
D X ik

VRp»ER

mink, =

(10)

2.2.2. Transportation cost

The total transportation cost is usually divided into the basic
cost and the railway gauge modification cost.

(1) Basic cost

The basic cost w is calculated based on the weight m (t), the
basic price w, (¥/t-km) of the ROF, and the mileages lifb (km)
between the origin station and the destination station, i.e.,

w= Z xa,,[mwbzzuzhllgh] (11)

VR,ER

However, an extra cost could be charged for ROF trains
because the loading outlines exceed the rolling stock gauges.
The extra ROF rate ¢ depends on loading types that are
divided into three grades, namely first out-of-gauge grade, sec-
ond out-of-gauge grade, and super out-of-gauge grade [29].
Fig. 5 shows schematic diagram of out-of-gauge grades, for
example, the height of the loading outline of a ROF is
1250 mm from the rail surface, when the width of the loading
outline is 1900 mm (i.e., minimum gauge), it is classified as the
first out-of-gauge grade; when the width of the loading outline
is between 1900 mm and 1940 mm, it is classified as the second
out-of-gauge grade; when the width of the loading outline is
more than 1940 mm, it is classified as the super out-of-gauge
grade. The higher the grade is, the higher extra ROF rate ¢
is. By taking extra ROF rate ¢ into consideration, Eq. (11)
can be rewritten as:

450 7y
A
<800 o i
1100 -
; « 1450 i
1650
H 1800
/ 4950
< 1900 >l 1900 > 4800
structure 2800
gauge 4300
4000
3100
1250
YYYVYYY
/\ rail surface unit: mm

Fig. 5 Schematic diagram of out-of-gauge grades.
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W= Z Xap[m(1 +¢ wbzk“hll]; (12)

VRapER

(2) Railway gauge modification cost

However, in some cases, the railway gauges in some of the
interval sections may need to be modified to have safe dis-
tances between ROF loading outline and railway gauge for
safe transportation, for example, temporarily to shift or
remove some equipment such as signal towers, and signs etc.
along the route without any influence of safety and then the
equipment will be restored to their original status.

If railway gauge modifications are required along the route,
the total transportation cost should take the modification cost
into account, therefore, the second objective function F, can be
established by taking the total cost of basic cost, extra charge
and modification cost into consideration as:

Z Xaplm(1 +¢ W”Z/” 1me +w'n, (13)

VRuwER

minkF, =

where the average cost of railway gauge modification is rep-
resented as w'(¥¥), and the number of intervals n, along the
route that need gauge modification. When the k th interval
in the node section R, is denoted as R*
as:

no= > (xal{R|d(G,gl) < 0,k =1,2,-- nau}) (14)

VRp»ER

n, can be expressed

ab>

where 0 is the given safety distance and n,, is the number of
intervals within the node section R,;.

2.3. ROF-TRD model

Suppose the minimum structure gauges after modifications be
gh.. Eq. (2) can be rewritten as:

xabd(G,£> —0>0,YRy € Rk=1,2,- 1y (15)

As Eq. (10) measures railway capacity loss by p, but Eq.
(13) is measured by cost, i.e., ¥. It is necessary to convert them
to a uniform measurement, therefore, normalization is
required [30,31]:

WFQ) = (F— FY") /(P = P €

where F* and F{"™ represent the maximum and minimum
values of each individual objective function Fi(k=1,2),
respectively. The ROF-TRD model considering gauge modifi-
cation, railway capacity loss, and transportation cost is:

0,1),k=1,2 (16)

min F = »]h(F])+;LZIl(F2)7)\.]7j.2 >0,/11 +)\42 =1 (17)
subject to
xud(G,gh) = 0> 0.9Ry € Rk = 1,2,y (18)
}Wlb}ab = rmm,VRﬂh (S R k= 1 2 (]9)
-1,S,=o
Z Xab — Z Xab = 0,S.,70,d ,VRy € R (20)
Spea(a) Spep(a) 1, S[, =d

Xu = 00rl,VR, € R (21)

where 4; and 1, are weight coefficients that are given. As
can be seen that Eq. (17) requires to minimize railway capacity
loss and transportation cost, and need also to satisfy the safety
distance between the ROF loading outline and the railway
gauge, the minimum curve radius along the route, and the bal-
ance of the arrival-departure traffic flow at each node station,
respectively.

3. Solution approach

Considering the ROF-TRD model as described in Section 2,
algorithms are designed to measure the safety distance between
the freight loading outline and the railway gauge to obtain the
solution of Eq. (17).

3.1. Safety distance detection algorithm

The railway safety distance detection is a process of comparing
the freight loading outline with the structure gauge outline
along the possible routes, and determining the operating con-
ditions based on the comparison results [32]. However, such a
comparison may have a problem as shown in Fig. 2. Current
method is to calculate the shortest distance between ROF
loading outline control points to railway structure gauge out-
line control points [33], for example, ns, Ct, ou, pw, Hv and
Jx, but this is not true. In some cases, such calculations cannot
reflect the actual distances between ROF loading outline and
the railway structure gauge outline, for example, as shown in
Fig. 6. The distance from structure gauge control point 4 to
freight loading outline control point b is greater than the dis-
tances from point A to a or B to b. Therefore, the railway
gauge safety distance detection algorithm is needed to double
check the safety distance between ROF loading outline and
railway structure gauge outline. The process is:

Inputs: ROF loading outline G, minimum structure gauge
for each interval g¥, along the route, and required minimum
safety distance 0.

Outputs: The possible railway gauge, shortest distance.

I
| Height/mm
|_
I I
i a
| .
20001 B oo
| Ak
| : minimum
ROF
loading : . structure gauge
outline 1000 \l
| .
I I
: !
] ] | ] |
-2000 -1000 0 1000 2000
Rail surface Half Width/mm

Fig. 6 Special positional relationship between gauge and ROF
loading outline.
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Step 1: Establish a distance data set D = (7.

Step 2: Check whether the ROF loading outline G is within
the area where g*, is located. If yes, go to Step 3; otherwise,
outputs “impossible” and end the check process.

Step 3: Calculate the distance dg, from control points of the
ROF loading outline G to the railway structure gauge outline.
Then D = D U {dg,|dG, < d.} (where d, is a constant, it usu-
ally sets to between 100 mm and 300 mm to reduce data redun-
dancy caused by excessive distance).

Step 4: Calculate the distance d,g from control points of the
railway structure gauge outline g€, to the ROF loading outline.
Then D=DU {dgG|dgG < dt}

Step 5: d(G,g~,) = min{D}. If d(G,g,) — 0> 0, output
“possible” and d(G,gfjb) values and end the check process;
otherwise, output “impossible” and end the check process.

The safety distance detection process is shown in Fig. 7. As
can be seen that the safety distance detection algorithm pro-
vides a useful method to double check the safety distance
between ROF loading outline and railway structure gauge out-
line along possible ROF routes.

3.2. ROF-TRD algorithm

The evaluation function f{a) is developed to evaluate the node
station S, (i.e., VS, € S) and to calculate the transportation

Start

Input Parameters

Create distance data set D

Is the ROF loading outline
G within ggb ?

Calculate the distance 965 from
control points of G to giy-
Then D = D U {dgy|dg, < d.}

Calculate the distance dys from
control points of 9‘},‘1, to G.
Then D = D U {dys|dys < d.}

d(G,gk,) = min{D}

Output “possible” and
d(G, g%,) values

Is d(G,gk)—6>0?

> d <
]

A 4

Output “impossible’)

Fig. 7 Safety distance detection process.
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cost in the ROF-TRD algorithm as stated in Section 2.2 from /(@) = u,(/,v) (23)
origin station o to destination station d, which can be described
as

where / represents kilometres between any two node sta-
tions, v represents the average speed of the ROF train running
fla) = g(a) + h(a) (22) between any two node stations due to the speed limit. Railway
structure gauge modification is also considered in the ROF-
TRD algorithm, and the below describes the process.

Inputs: ROF transportation network N = {S, R}, the size of
the loading outline of ROF G, minimum railway structure

where g(a) represents the actual cost from the origin station
o to a node station S,, /i(a) represents the estimated cost from
a node station S, to the destination station d, which can be
described as

Input Parameters

v

Create list of ready and list of done

A 4

Is the ready list empty? No feasible route

Select the node station S, with the
minimum evaluation function value of
f (@)in the ready list into the done list

: Output the
Is the node station S, the " lp o and e
destination station d? CPAERLINEE o n
information

Remove node station
Sq from the done list

Does it satisfy
gauge constraints?

y

Does it satisfy curve radius
constraints?

Add feasible subsequent nodes to
the ready list

Fig. 8 Process of the proposed ROF-TRD.
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H:H ‘aDﬁ‘
(S = T o O

o

)L
= U

H:H H:H
M o Lt o b 4T M

DJ_L‘BA—\ j

9000 mm

1211 mm

Fig. 9  Schematic diagram of N17 Wagon Flatcar.

gauge in each interval g¥, (and g%,), curve radius of curved rail-
. . . e . . K
way section %, route distance /;, (kilometers), train speed v%,,

minimum speed limit v, .

average cost of gauge modification
w', safety distance 0, ROF required minimum curve radius 7,,,,,
freight weight m (t), freight extra charge rate ¢, freight basic
price w,, origin station o, destination station d, weight coeffi-
cients A; and 4,.

Outputs: Optimal ROF transportation route R*, and results
of objective function F*.

Step I: Create a ready list and a done list. The ready list is to
store the possible subsequent node stations in the possible
routes in which includes the origin station o. The done list is
to store the node stations of the optimal route that have been
selected and initially it is set to zero. Both ready and done lists
should include the destination station d.

Step 2: Check whether the ready list is empty, if not, go to
Step 3; if yes, output “No possible route” i.e., no solution and
end the process.

Step 3: Calculate f{a) and select the node station S, with the
minimum evaluation function value of f{a) in the ready list
into the done list. If there are two node stations with the same
minimum values of f{«), then comparing their required num-
ber of modifications, railway capacity loss, and transportation
total cost by Egs. (10), (12), and (14) from these two node sta-
tions to the destination station to choose a node station with
less modification, low railway capacity loss, and transportation
total cost.

Step 4: Check whether the node station S, is the destination
station d, if yes, output the optimal route in particular order in
the done list, results of objective function Eq. (17) and end the
process; if not, go to Step 5.

Step 5: Store the subsequent node stations of the current
note station S, into the set p(a). Suppose the set of possible
node stations is g(a) = &.

Step 5.1: Constraints of railway gauge. Check node station
section R, (VS) € p(a))(S, is a subsequent note station of cur-
rent note station S,) by using the railway gauge safety distance

Table 1 Loading outline size of ROF.
Location Higher height Lower height Half-
(mm) (mm) width
(mm)
Middle-center Height 4250 — 1231
Ist-side height 4050 3290 1780
2nd-side height 3050 2170 1830
3rd-side height 1970 1470 1750
4th-side height 1470 1170 1400

detection algorithm as described in Section 3.1. If the output
result is “‘possible”, add S, to g(a); if the output result is “im-
possible”, then check whether the interval Rﬁb can be modified
by Eq. (15), if it is possible, add S, to ¢(a), and record the
modification cost. If g(a) = &, go to Step 6; if g(a)#F, go
to Step 5.2.

Step 5.2: Constraint of minimum curve radius. Check node
station section R, (VS € g(a)) whether Eq. (6) is satisfied, if
yes, S, retains in ¢(a); if not, remove S, from g¢(a). If
q(a) = &, go to Step 6; if q(a)#, go to Step 7.

Step 6: Delete the current node station S, from the done list,
and go to Step 2.

Step 7: Add the node station S, in ¢(a) to the ready list, and
go to Step 2.

Table 2 Key parameters of the freight.

Terms Value
Origin station S1 (o)
Destination station Sa(d)
Weight (t) 55.0
Length (mm) 13,200
Maximum half width (mm) 1830
Maximum height (mm) 4250
Out-of-gauge grade Super

i51(0)

Fig. 10 Railway freight network between S;(0) and S,(d).
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Table 3 Relevant information of node sections.

Node Node Interval stations Intervals Distance (km)
sections stations number Intervals Node
sections
Ry, Si(o) =8 8],,8,,85,,81,,87, 6 11, 17, 11, 25, 12, 17 93
R s S1(0) — Ss S{,s’S%.s’S?,SaS?.s’Sf,s,S?j’SI,s’S?.s:S?,s 10 ?(3), 29, 31, 23, 23, 50, 27, 27, 30, 115
Ra3 $) — S; S5, 833, S35, 845,835,585, 875, 85, 9 8, 18, 12, 15, 12,9, 16, 12, 4 106
Ro4 Sy — Sy S 455 4> 534> Sa.ar Sa.40 6 5,7, 11, 35, 19, 34 111
R34 S5 — Sy 834,554 834 4 32,23, 33,25 113
Ryg Sy — Sg Shgs ST Shgs St i SGgs ST Sh 9 7,23, 11,23,21,12,23,22, 13 155
) Ss — 8o S S e 5 49, 51, 17, 27, 6 150
Rs6 Ss — Se — 1 9 9
R S6 — S S o e S S S S S S 9 12,15, 14, 16, 14, 13, 23,20, 18 145
Rig S7 — Sg 875252 5,535,508 5 7,8,22,26,9 72
Rgo Sg — Sy Si 01559, 539 4 24, 14, 49, 31 118
Ro 19 S9 — Sio Séle,S;lo,S;m 4 38, 39, 13, 6 96
Roq Sy — Sy 854053 4 3 38,39, 13 90
Rq10 S — S — 1 6 6

A flow chart of the proposed ROF-TRD is presented in
Fig. 8.

4. Case studies

Two case studies are presented in this section to demonstrate
the application of the proposed methodology in the selection
of ROF routes with and without the deviation. The data and
information of railway freight networks, N17 Wagon Flatcar
and D26B Wagon Well-Hole-Car are collected from the
National Database. The input parameters are collected from
field measurements such as railway gauges and ROF loading
outlines, and questionnaire survey, for example, costs of rail-
way structural gauge modifications. All of data are used in
these two case studies are justified by experienced experts
who are working in railway operation and management.

4.1. Case study 1: ROF-TRD without deviation

Fig. 9 shows a schematic diagram of N17 Wagon Flatcar with
the height of the vehicle floor 1211 mm and bogie center dis-
tance 9000 mm.

There is no additional deviation of ROF loading outline in
the curved road sections. The loading outline and key param-
eters of the freight are shown in Tables 1 and 2.

Fig. 10 shows the railway freight network between the ori-
gin station (S)) and destination station (S,), and the blue cir-
cles represent the node stations. In this case, St, represents
the kth interval stations between two node stations, for exam-
ple, S;A, S%A, S;u S§_4 and S§_4 represent the 1st, 2nd, 3rd, 4th
and 5th interval stations between node stations S, and Sj.
The relevant information of the node sections is shown in
Table 3.

In this case, the minimum required safety distance 0 =
40 mm, w, = 0.1551 ¥/t-km based on the average price of
China railway freight transportation in 2020, and the freight
is classified as super-out-of-gauge grade, the extra charge rate
e=10 %.

Fig. 11 shows three possible routes, i.e., R1.1 (S;(0)-S;--
S4-S()-Sd((l)), R1.2 (S] (0)-55-S(,-S7-SR-S9-Sd(d)), and R1.3
(S1(0)-82-S4-S5-S9-S4(d)). The red lines indicate that interval
sections need modification.

As an example, the interval section between Sy and S; Y
used to demonstrate the proposed method. Fig. 12 presents
the distances between the railway structure gauge and ROF
loading outline. Some distances between control points from

<>.................

Se
Ss
S, St
— e W
) S1(0)

Fig. 11  Railway structure gauge modifications in ROF trans-
portation routes.
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Fig. 12 Distances between railway structure gauges and ROF loading outline in the Sy to S;,a interval section.

ROF loading outline to the railway structure gauge outline or
from the railway structure gauge outline to ROF loading out-
line cannot satisfy minimum distance requirement ¢ = 40 mm.
Therefore, the railway structure gauges need to be modified to
ensure a safe transportation. The modifications resulted in
incurred extra costs are added to the transportation total cost.

Since there is no interval for speed limit operation in the
three possible routes, the objective function only considers
the transportation cost, i.e., 4, =0 and 4, = 1. Taking R1.1
as an example, its transportation cost can be calculated by
using Eq. (13)

mink, = Z Xap[m(1 + a)wbzzllfb} +wn,

VRpER

when.m = 55,6 = 10%, w, = 0.1551, 31 [, = 444,
andn, =6
then, Fgy; = 4166.3000 + 6 w'.
Similarly, Fgi» = 6728.0100 + 2 w', Fgy 3 = 5320.4800 + 4

w.

As can be seen when Fgy; < Fgi» and Fgip < Friz (0
<w < 577.0900), the optimal route is RI1.1; when
FRI.Z < FR].I and FR]Q < FR1_3 (W’ >7037650), the Optlmal
route is R1.2; and when Fgi3 < Fgyy and Fgis < Fria
(577.0900 < w < 703.7650), the optimal route is R1.3. As
R1.1 and R1.3 have more interval sections that require modi-
fications than R1.2 has, and w’ of R1.1 and R1.3 are more than
R1.2, it is usually more than 703.7650, therefore, R1.2 is the
optimal route. The data and calculation results of these three
routes are shown in Table 4.

It can be seen from Table 4 that although the distance of
R1.2 is the longest among these three possible routes. It has
only two interval sections that are required for the railway
structure gauge modification, which the modification cost
caused is less than the other two possible routes R1.1 and
R1.3. As stated in introduction section, current methods of
selection of a ROF route mostly focus on the choice of a short-
est route while reducing transportation cost
[2,4,5,9,10,11,21,25], but gauge modification, railway capacity

Table 4 The data and calculation results of R1.1, R1.2, and R1.3.

Terms R1.1 R1.2 R1.3

Transportation route S1 (0)-S2—S4-S9-Sd(d) S] (0)-S5-S6—S7-S3-S9-Sd(d) S] (0)-S2—S4—Sg-S9-Sd(d)
Minimum curve radius (m) 350 400 350

Normal intervals (Number/Distance(km)) 14/310 30/666 24/488

Speed limit intervals (Number /Distance(km)) 0/0 0/0 0/0

Railway capacity loss —_— — —

Modified intervals (n;/Distance(km)) 6/134 2/51 4/79

Routing distance (km) 444 717 567

Transportation cost (¥)
Optimal route

4166.3000 + 6w
0 <w < 577.0900

5320.4800 + 4w’
577.0900 < w' < 703.7650

6728.0100 + 2 w/
w >703.7650
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Schematic diagram of D26B Wagon Well-Hole-Car.
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Fig. 14 Deviation of freight loading outline in curved road sections.

Table 5 Freight loading outline in straight and curved road sections (mm).

Half-width in straight road sections

Half-width in curved road sections

Location Higher height Lower height
Middle-center height 5250 - 450
Ist-side height 4960 - 1540
2nd-side height 4775 - 1690
3rd-side height 4740 - 1715
4th-side height 4700 4460 1724
Sth-side height 4460 4240 1750
6th-side height 4240 - 1852
7th-side height 3950 2550 1990
8th-side height 2550 1750 2050
9th-side height 1750 1280 1990
10th-side height 1280 360 1750
11th-side height 360 250 1607

717

1807
1957
1982
1991
2017
2119
2257
2317
2257
2017
1874

loss and the deviation of ROF trains are not taken into consid-
eration in the ROF route selection process. The results from
this case study further demonstrate that the selection of a safe
and economical transportation route of a ROF also depends
on gauge modification, railway capacity loss and the deviation
of ROF trains. In other words, a shortest ROF route may not
meet the strict requirements and may not be an economical
route.

4.2. Case study 2: ROF-TRD with deviation

In curved road sections, the ROF loading outlines will shift
due to the deviation caused by the loading method [34], which

is a major factor that needs to be considered for the railway
gauge constraint and its modification.

Fig. 13 shows the schematic diagram of D26B Wagon Well-
Hole-Car with the height of the vehicle floor 3400 mm and
load-carrying frame center distance 23900 mm. Comparing
with Fig. 9 of N17, it is clearly its loading method is different
from N17 Wagon as described in Section 4.1, which has a devi-
ation in curved road sections as shown in Fig. 14. The loading
outline dimensions and key parameters are shown in Tables 5
and 6.

In this case, the minimum limited speed in interval sections
W, .= 15 km/h (VR,; € Rk =1,2,- -, ny), railway capacity
loss distribution function p = 4000 and b = 0.01, weight coef-
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Table 6 Key parameters of the freight.

Content Value
Origin station Si(0)
Destination station Sa(d)
Weight (t) 284
Length (mm) 10,230

Maximum half width(With deviation)
(mm)

2050 (2317)

Maximum height (mm) 5250
Out-of-gauge grade Super
Deviation (mm) 267

ficient 4; = 1, = 0.5, 0 = 40 mm, w;, = 0.1551 ¥/t-km and ¢ =
10 %. There are four possible routes can be obtained as shown
in Fig. 15. It should be noted that the blue dot dash lines rep-
resent the links of node stations and sections in the railway net-
work, but they are not considered in this case study.
According to Railway Out-of-gauge and Overweight Freight
transport Regulations of China [35], if the distance between
railway structure gauge and freight loading outline is between
100 mm and 150 mm, the speed of the ROF trains is limited as
25 km/h; if the distance between railway structure gauge and
freight loading outline is between 70 mm and 100 mm, the
speed is limited as 15 km/h; if the distance between railway
structure gauge and freight loading outline is less than
70 mm, the speed is limited as 5 km/h. As can be seen in

Fig. 15, the green dashed line indicates the possible routes from
origin station S;(0) to destination station S,(d). Interval sec-
tions with the speed limit between 15 km/h and 25 km/h are
shown in blue and dark blue lines, respectively. Apart from
those highlighted with solid red lines that railway gauges are
required modifications, the red dot line indicates that a total
of 18 interval sections between S, and Sy require gauge mod-
ifications about 185 km. It should be noted that there are two
possible routes between Sl5 and Slg, i.e., Sl5-S16-S17-Slg in
total of 44 interval sections about 414 km and Sjs-Sp--
S54-855-S16-S7-S5-Sh9-Sg in total of 74 interval sections about
951 km, respectively. The route S;5-S-S17-S1s is a shorter
than S15-S23-524-S25-S26-527-S23-S29-S18 without Speed limits
and railway structure gauge modification. Therefore, the route
S15-S16-S17-S1g should be selected within possible routes from
origin station Sj(0) to destination station S,(d). Therefore,
the three possible routes from origin station Si(o) to
destination station S,(d) can be obtained as R2.1: S|(0)-S,--
S3-S4-S5-Sﬁ-S7-Sg-S9-S10-S11-Slz-Slg-Sm-Sd(d), R2.2:S1(0)--
Sz-S3-S4-Ss-56-57-58-59-510-522-519-520-521-514-Sd(d), and
R2-3351(0)-52-53-54-55-56-515-516-517-518-519-520-521-514-
S4(d) as shown in Table 7.

In this case, w' is known and w' = 750. As can be seen from
Table 7, R2.3 is the longest transportation among the three
possible routes, but its value of the objective function Eq.
(17) is the smallest than R2.1 and R2.2 because R2.3 only
requires speed limit operation for a few interval sections along
the route without railway structure gauge modification. R2.1
causes a large amount of railway capacity loss, the transporta-
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Fig. 15 Route selection diagram.
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Table 7 Calculation results of possible routes.

Terms R2.1 R2.2 R2.3
Normal intervals (Number/Distance (km)) 86/777 78/635 108/1021
Speed limit intervals(Number /Distance (km)) 4/64(15)7/68 4/64(15)5/59 3/58(15)3/41
(25) (25) (25)
Modified intervals (n;/Distance (km)) 5/31 21/237 0/0
Routing total intervals and distance (km) 102/940 108/995 114/1120
Railway capacity loss 41335.4800 34096.7500 22858.0500
Modified cost (n,w'/¥) Sw 21w 0
Transportation cost (Y) 49084.8600 62990.0400 54267.6300
Objective functions 0.0750 0.1350 0.0250

tion cost is the smallest among the three possible routes. Fur-
thermore, R2.2 requires railway structure gauge modifications
for most interval sections along the route, which modification
cost is the largest than that R2.1 and R2.3. Comparing the val-
ues of objective function Eq. (17) of these three routes, R2.3 is
considered as the optimal route. Taking railway capacity loss
and modified costs of R2.1, R2.2 and R2.3 into consideration,
the optimal route R 2.3 can save around 10-22 % of total
costs.

In this case, the railway structure gauges in the interval sec-
tions Sy o-Sg,” and S -5 ,,” are modified because of the
deviation of ROF loading outline in such curved road sections.
The pervious works [3.6-8,12,22.26] of selection of a ROF
route do not consider the deviation of ROF loading outlines
in curved road sections. In other words, they only consider
ROF loading outlines in straight road sections. This case study
has further confirmed that the deviation of ROF loading out-
lines in the curved road sections have an impact on the ROF
transportation route decision.

5. Conclusions

To select the most suitable railway transportation route for a
specific ROF transportation, a proposed method for ROF-
TRD is presented in this paper, which aims to ensure a safe
ROF transportation while reducing transportation costs. The
proposed methodology takes the railway capacity loss, railway
structure gauge modification, speed limit, and curved road sec-
tions into consideration, in which includes safety distance
detection and ROF-TRD process. The proposed methodology
can provide a useful method and tool for railway operators
and managers to determine the best route for a ROF trans-
portation effectively and efficiently.

Two case studies are used to demonstrate the proposed
ROF-TRD method based on gauge modifications and the
deviation of ROF loading outlines. The results from Case
Study 1 show that possible routes can be found by using the
proposed method when considering railway structure gauge
modifications, which provide sufficient information for railway
operators and managers for a decision-making of the ROF
routes. The results from Case Study 2 also demonstrate that
the curved road sections cannot be ignored when planning
ROF routes, which the deviation of ROF loading outlines
has an impact on ROF route decision-making. Furthermore,
currently, the costs of railway structure gauge modifications
are estimated heavily relying on experience learned from the
past, but there is a lack of accurate judgement based on the

actual conditions in different railway sections, which is neces-
sary to develop an effective method to provide more accurate
cost estimation. Additionally, the loading capacity of railway
bridges is not considered in the proposed method, which
should be integrated into ROF route selection decision-
making approach. These will be considered in the future
research work.
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