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9  Abstract: Railway out-of-gauge freight (ROF) is beyond railway gauges in its dimensions, which
10  could be risks leading to serious railway accidents. This article presents a new methodology to search
11  for a safest and more economic route of ROF by taking safety and cost objectives into consideration.
12 In this method, a mathematical model is proposed based on the transport costs as optimization
13  objectives with the constraints of flow balance and safety gap clearance in which ROF transport routing
14 generation, loading outline and railway gauge double-checking algorithms are established, and then a
15  ROF transport routing model combining transportation costs, loading outlines and railway gauges are
16  developed. The proposed method can be used to determine the safest and more economic ROF route.

17 Acase study is used to demonstrate the application of the proposed method.
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21

22 1. Introduction

23 Railways is by far the safest form of ground transportation. However, the railway now finds itself

24 in a situation where safety is a real issue that has to be dealt with in a new public culture of rapid

25  change, short-term pressures and instant communications [1, 2, 3]. Railway out-of-gauge freight (ROF)
26  refers to those oversized cargoes that are wider or longer or higher. In other words, the loading outlines

27  are beyond rolling stock gauges such as platforms, tunnels and signal equipment, which require safe

28 gaps and clearances between trains and infrastructures [4, 5]. A rolling stock gauge defines the
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maximum profile dimension of a train, i.e., a minimum gap is required between ROF loading outline
and rolling stock [6, 7]. Sufficient clearances between ROF loading outlines and railway gauges are
usually called as safety gaps. However, loading outlines of a ROF train are often beyond the rolling
stock gauges along with its route [7]. Therefore, railway operators have to check safety clearances in

the railway network to ensure the safest route to be selected for a ROF train [8].
Wilson [4] reviewed the UK railway network and emphasized that ROF trains with oversized

loading outlines particularly affect safety of the UK rail network. Chen et al. [9] proposed a vehicle-
road reliability and safety simulation model that can be used to simulate a safe transportation of out-
of-gauge goods trains using Simpack simulation software. Lei et al. [10] developed an object-oriented
method for calculating out-of-gauge goods outline, which addresses object description, projection, and
integration. Perez et al. [5] developed a sophisticated gauging method to measure railway
infrastructure gauges. Chen et al. [15] proposed an optimal model for the selection of ROF
transportation route. Luo et al. [16] developed a reconstruction model for route planning of multimodal
transportation of oversize and heavyweight cargo, and such a model focuses on loading outlines and
weights of trains. However, these studies only focus on railway freight train design, routing and
scheduling problems, but do not address ROF problem, for example, safety gap distance checking,
which have potential risks leading to accidents [11, 12, 13] such as train collision with infrastructure
along the route causing train derailments.

A ROF train is different from common railway freight train. When a train is marshaled with rail
cars loaded ROF goods, the train turns to an out-of-gauge one. Therefore, the risks leading to accidents
of ROF trains are higher than common railway freight trains, which strict operation requirements for
the ROF trains are required to ensure safe transportations, for example, speed control and safety gap
limit are required [6, 14]. The safe transportation of a ROF train greatly depends on the gap distances
between ROF loading outlines and railway gauges along its route from its original station to destination
station. Furthermore, there will be a large amount of data that the ROF routing problems cannot be
solved quickly by using current methods in a simple and accurate way because the data of railway
gauges are always changed in real time across railway network according to current actual situations.
It is necessary to develop new methods for safety calculating and checking by taking current actual
railway gauge situations into consideration. Literature search shows that no research has proposed
railway gauge double-checking method to ensure a safe ROF transportation that can be selected.
Literature search also shows that no research addresses economic issue when planning a ROF route.
Therefore, selection of a ROF route may also need to take costs into consideration in the decision-

making process so that a safe and economic ROF transportation route can be determined.
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This paper presents a new methodology for the selection of a safe and economic ROF route in the
railway network which will provide a method and tool to railway operators in the planning of the safe
and economic routes for ROFs. In this method, case-based reasoning k-shortest path algorithm is
employed to generate possible alternative ROF routes. The proposed double-checking approach is then
proposed and applied to check safety gaps and clearances, and finally transportation costs are taken
into consideration in the decision-making process to ensure that a safe and economic ROF route can
be selected. By using the proposed method, a safe and economic route for a ROF train from its original
station to destination station in the railway network can be determined in which the flow balance at
each railway station, safe clearances between ROF loading outlines and railway gauges along its route
are taken into consideration. The significant contributions of this study can be summarized as follows:
e Possible ROF route generation method has been established to take historical data, current ROF

loading outlines and existing railway gauges into consideration,

e Double-checking approach has been developed to check railway gauges, safety gap clearances
and operation conditions along the possible routes to guarantee a safe ROF transportation,

e AROF route optimal model has been developed by taking safety and economics in the decision-
making process so that a ROF safe and economic transportation route can be determined,

e The proposed method provides a great opportunity to incorporate it into expert systems in the

railway industry to enhance the safe and economic operations for railway transportation.

The remainder of this paper is organized as follows: After Introduction Section, Section 2
describes the analysis of the flow balance and safety gap constraints between ROF loading outlines
and railway gauges. Section 3 discusses cost estimation based on distances, out-of-gauge grades and
extra transport costs, and objective functions are established. The proposed ROF route optimal model
is presented in Section 4. A ROF safe and economic transportation route decision support process is
presented in Section 5 in which ROF loading outlines and railway gauges double-checking algorithm
and a solution process based on safety requirements are described. A case study is used to demonstrate
the performance of the proposed methodology is presented in Section 6. Finally, conclusions are given
in Section 7.

2. Flow Balance and Safety Gap Clearance Constraints

The selection of a ROF transport route usually depends on ROF loading outlines and rolling
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stock gauges in the railway network. The following assumptions are currently applied to reduce the
problem complexity: (i) ROF loading outline is based on ROF loading method as planned, (ii) railway
infrastructures satisfy ROF requirements, e.g., bridges along the route are strong enough to support
ROF vehicle weights, and (iii) railway gauges are unchangeable, for example, station platforms, signal

towers, and tunnels are not changed.

2.1 Flow balance constraints

There are many stations in a railway network, which can be classified as key stations and
intermediate stations. Intermediate stations are within the railway network between two adjacent key

stations. Fig. 1 shows a typical a route.

Fig. 1 A typical route

InFig. 1, v; and v; denote two key stations, e; ; is the key section between two key stations v; and

v;, which are connected by n; ; (ni, j E N) intermediate stations. Intermediate stations are represented

ng ;- 1
i,j

by v (k =1,2,--,n;;). vf; isthe kth intermediate station between v; and v; (v, = v, v
v; ). Suppose key stations mny., be identified in the route, Vi and Vj€ {i and j =

1, 2,---,nkey} (ney is the total number of key stations). Let G = (V,E) be a key ROF railway
network in which includes all of key stations, a whole freight network can be expressedas ¢’ = (V', E")

where includes all key and intermediate stations. V = {vili =12, ---,nkey} denotes the set of all key

stations, E = {e; ;|i,j = 1,2, nyey} denotes the set of sections between two key sections, V' =
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Vuv" (V' ={vflk =0,-,n;; e € E }) denotes the set of all intermediate stations between v;
and v; , and V" represents all intermediate stations except key stations, E'=
{viv&j,---,v{fj"lv{fj,---,v:;'jvjl e,j €EEm;;>1 } U{vivl,vlvile ;€ Engy =1} u{vle; €

En; ;= 0} denotes the set of all intersections from key station v; to key station v;. For example,

original and destination stations in a railway network are usually two key stations, i.e., v,,v; €V, a
safe transport route from original station v, to destination station v, can be determined directly by
the key ROF railway network G, and the whole freight network G'.

Suppose ROF flow balance is in the key ROF railway network G, and a ROF train flow-out at the
original station v, and flow-in at the destination station v,, which is equivalent to ROF flow-in and
flow-out at other railway stations along a ROF route. The key ROF railway network G is regarded as

a direction map that a key station receives ROF flow from v; called as an out-adjacent key station to

next key station v; called as in-adjacent key station. Let ¢(v;) ={v; € V|e;; € E} (vi{i =
1,2,..,nkey}) be the out-adjacent key station set, and B(v;) ={v; € Vle;; € E} (v;fi =

1,2, ...,nkey}) be the in-adjacent key station set, the flow balance constraint in key railway network

G about a ROF transport route can be obtained by

1 v, =7,
ZvjE(p(vi) Xij — Zvjeﬁ(vi) Xij = 0 Vi F Vo, Vg (1)
-1 v = Vg4

where x; ; is the decision parameter for a ROF transport route and its value is 0 or 1. For example, if
the ROF train visits stations v; and v; (v; and v; € V), i.e., the key section e; ; is a ROF route, then
x;j = 1; otherwise, x; ; = 0, i.e., the ROF train does not visit stations v; and v;, and e; ; is not a

ROF route.

2.2 Safety gap clearance constraints between ROF loading outlines and railway gauges

ROF loading outlines and railway gauges need to be considered in the selection process of a ROF route
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process to choose a safe ROF route. Fig. 2 shows typical loading outlines in which include the shaped

ROF loading outline as shown in Fig. 2(a) and the non-shaped ROF loading outline as shown in Fig.

2(b).
A
A
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A i A
" Wehicle floor height < ROF half-width w, » Vehicle floor height |
vy v ; v v vv v
Rail surface Rail surface
(a) Shaped ROF loading outline (b) Non-shaped ROF loading outline

Fig.2 ROF loading outlines

As can be seen in Fig. 2 (a), the highest height of the ROF loading outline is at the middle-center
point and the lowest height is from rail surface to vehicle floor. Other heights of the ROF loading
outline compared with the middle-center height are called as the 1%-side height, the 2"%-side height, ...,
the n'"-side height in a particular order from higher to lower, respectively. If a ROF loading outline is
the non-shaped outline as shown in Fig.2 (b), a Ah can be applied to determine the highest height of
a ROF outline, which Ah=10 mm is usually used to calculate the outline height. ROF loading outlines

can be usually recorded as shown in Table 1.
Table 1 ROF loading outlines

No. Location Higher height/mm Lower height/mm Half-width/mm
0 Middle-center height > Floor height >0
1 1%%-side height > Floor height >0
2 2"side height > Floor height >0
N nside height > Floor height Floor height >0

Therefore, ROF loading outline can been presented by
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where h,o >0 and hy, >0, h,, is the a” side-height (a =0,1,...,n) and h,; = hyo — Ah
where the middle-center height is hg o as shown in Fig. 2(b). It should be noted that h,; = NULL
only when the height of loading outline is consistent at the height of the a™-side height. w, (w, > 0)
denotes the width at the a'-side height. w, and —w, indicate half-width of the ROF outline at the
right and left hands of the longitudinal center line of the rail track as shown in Fig. 2. In this case,

hoo > hyo > hyo >+ >hug >0k, >0,0€e, hgo>hgq and hgq = hgyqp-

Safety gap clearances related to railway gauges need to be taken into consideration [4, 8] in the
determination of ROF transport routes. ROF loading outlines must be beyond rolling stock gauges and
do not exceed railway gauges of railway infrastructures such as bridges, tunnels, platforms, electrical
equipment boxes, signal devices and over-head power lines along a ROF route [17, 18]. Therefore, the

maximum train loading outline must be within minimum railway gauges, which can be expressed by

/ S10 Si1 b1 \

| S20 S21 b, |
S = : ) 3
k SC,O Sc,l bc | ( )

s /

!
m,0 Sm,l bm

where the heights of railway gauges are divided into m parts, i.e., c = 1,2...m, s. (5.0 > 0) and
Se1(Se1 > 0). When the height of a ROF loading outline is consistent at the height of the b™-side
height, then s.; = NULL. b, (b; # 0) represents the highest height s., or the lowest height s,
i.e., distances from the longitudinal center line of railway track to railway gauges. If a control point of
the minimum railway gauge lies at the right hand of the longitudinal center line, then b, > 0;
Otherwise, at the left hand of the longitudinal center line, b¢ < 0. Let Sf; (v}, vf; € V') denote the

minimum railway gauge in the railway intersection e/;(ef; € E") in the whole freight network G’, and

6(mm) be a safety allowance as the clearance constraint, a safety gap between ROF loading outlines



181
182

183
184
185
186

187
188

189
190
191
192

193
194
195
196
197
198
199
200

201

202

and railway gauges can be described by
dis(H,S¥;) -6 >0 (4)

where dis(H,S};) is the minimum safety gap between ROF loading outlines H and the minimum
railway gauges Sﬁfj at the railway intersection e{fj as shown in Fig. 3.

As can be seen in Fig. 3, the outer line represents railway gauges, and the inner line represents
ROF loading outline. A minimum gap distance between control points such as Points A to H of railway

gauges and Points p to t of the ROF loading outline in a railway intersection ei’fj can be calculated by

dis(H,S¥; ) = min{lpyl, lqx|, Isl|, |Bzl, |Fol, |Gu], -} (5)

Height / mm

»
=3

ROF’ ding outline

‘Minimum comprehénsive structure gauge"v

0 Half Width (Left: -, Right: +) / mm

Fig.3 Minimum safe gap distance dis(H, S} ;)

Figs. 4 (a) and (b) show two cases when calculating ROF gap distances where r' and s’ are control
points of the ROF loading outline, F’ is the control point of the railway gauge, and y' is the point of
a perpendicular. A gap distance between the point F’ and y’ is |F'y’| in Case 1 as shown in Fig. 4
(@), while a gap distance between the point F’ and the line r’s’ is min{|F's'|, |F'r'|} in Case 2 as
shown in Fig. 4 (b).

Assume f: e{fj - ¢; ;j denotes the mapping relationship between the railway section e; ; (e;; € E)

and its intersections e/;(e/; € E") on a selected ROF route, it can be determined by
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i,j’ Jj
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Therefore, the safety gap clearance constraint Eq. (4) can be rewritten as

dlS(H,S{f])_6>O fef]—>el’],xw=1 (7)

g

y'ﬁ\\

s' ] F

<

(a) ()
Fig.4 Safety gap of ROF distance calculations

3. Development of Optimization Objective Functions

The aim of ROF route planning is to select a safe route while reducing the transport costs. The
following sections describe transport costs and extra costs that should be taken into consideration to
find a safe and economic ROF route in the decision-making process.

3.1 Calculation of transport costs

The transport costs are usually calculated based on the distance from original station to destination

station. Let d;; and d{fj denote the distances of the railway section e; ; between two key stations v;

k

and v; and its intersection e;;, which can be calculated by

— k k i
di,j = Zf:ei,fj_’ei,j di,j' ei,j €eE € j eEE (8)

The total distance of a ROF transport route is ZVei_jeE(xi, idi j) (km) and the transport costs can be

calculated by
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Cost;; = wu ZVei,jeE(xi,jdi,j) (10)

where w and u denote the weight (tons) and the price (USAS$/t-km), respectively.
However, the price may include floating cost charges due to oversized loading of a ROF train

according to floating cost rate ¢ based on classification of the out-of-gauge grades. Currently, out-of-
gauges are classified in to three grades, i.e., the first out-of-gauge grade, second out-of-gauge grade
and super out-of-gauge grade [15]. As can be seen in Fig. 5, the ROF loading outline is represented by
the solid line. If the distance between ROF loading outline and railway gauge (the double dot dash line)
is more than 1250 mm, but not beyond the first standard gauge (the dot line), the ROF is classified as
the first out-of-gauge grade. However, if the distance between ROF loading outline and railway gauge
exceeds the first standard gauge (the dot line) and the distance between ROF loading outline and
railway gauge in the range of 150 to 1250 mm, but not beyond the second standard gauge (the dot dash
line), the ROF is classified as the second out-of-gauge grade. If the distance between ROF loading
outline and railway gauge is beyond the second standard gauge (the dot dash line), the ROF is classified
as super out-of-gauge grade. The higher the grade of out-of-gauge is, the higher the extra charge would
be.

Therefore, the basic cost f},,sic based on the price and floating cost rate can be calculated by

foasic = wp(1 + &) ZVei‘jEE(xi,jdi,j) (11)
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Fig.5 Railway standard gauges Vs ROF out-of-gauge grades

3.2 Calculation of extra costs

Different safety gaps between ROF loading outlines and railway gauges may have special safe
operation requirements for a ROF train, for example, to limit ROF train’s speed and reduce numbers
of other trains running along the ROF route [4, 7]. Therefore, a ROF safe transport may require extra
costs because of speed limit, non-intersection transport, ROF transport with insulating plates and no-
electricity in over-head equipment.

Let s, , Tnis Tip and Tpep be ROF extra cost rates for per intersection along the ROF route
because of speed limit, non-intersection transport, ROF transport with insulating plates and no-
electricity in over-head equipment, respectively, and ng,, np;, nj, and n,e, denote the numbers
of corresponding intersections with the operation requirements. The extra COSt foyra Can be

calculated by

fextra = TspMsp T Tniflni + TipMip t TnepMnep (12)

where ngp, nui, Mip and npep can be determined as below.

The numbers of intersections with ROF speed limit ng, can be calculated by
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Nep = Yve, er(xij|{el|dis(H, S} ) — 6 € [dly, diy]}]) (13)

where [d,, d%,] (d¥, > di, > 0) indicates the distance in a railway section for speed limit of a ROF
train, and H is ROF loading outlines and S’ifj is the minimum railway gauges as described before in

section 2.2.

Let hy,; be the gap between The ROF train and other train passing each other, n,; can be

calculated by
ai = Sueyyen(ti (e hni — H = 6 < d J] v, € [ w2]) (14

Where d,,; is the minimum gap clearance for two adjacent trains in the section, and [vrlli, ve| (vii >

vl. > 0) indicates the range of required speed for non-intersection transport, and v, is the speed limit

of the other train running on the adjacent line to ROF line.

Let heq be the lowest height of the over-head equipment. Thus, n;, and nne, can be

calculated by Egs. (15) and (16), respectively.

Nip = ZVei'jeE(xi,jl{eiI,cjlhecl —hoo —6 € [dilp' dili:)]'pllfj =1 }l) (15)

where [d]

ip di“p] (dip > d}p > 0) indicates distance of the section that a safe gap is required between

ROF outline and insulating plates (plates on the top of the ROF to separate ROF goods from the over-

head equipment), and p{fj denotes whether or not such an intersection is railway electrification

intersection. When e is a railway electrification intersection, p{; = 1, otherwise, pf; = 0.

Npep = ZVei,jEE(xi,jHeiIfjlhecl - h0,0 -6 € [dhep' dﬁep]' pffj =1 }D (16)

where [d}lep, dgep] indicate the distance that a safe gap is required between ROF outline and over-

head equipment with insulating plates, and dj, > dilp > dpep > d}lep > 0.
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Therefore, the total cost f(v,,v,;) of a ROF transport from original station to destination station

can be calculated by

fWo,Va) = foasic + fextra (17)
where v, is the original station and v, is the destination station.
4. ROF Route Optimal Model

An optimal model can be established to minimize total transport cost with the constraints of ROF

flow balance and railway safety gap clearances as

Min: f(vo,vd) = (A),Ll(l + S) z (xi,jdi,j) + TspMsp + ThiNni + TipNip + TnepMnep

Vei'jEE
1 v =1,
Subject to: Zv,-ew(vi) Xij — Zvjeﬁ(vi) Xij = {0 V; F Uy, Vg
-1 Vv, = vy

dis(H,Sf; ) =6 >0 fiefj—>e;x;=1

xij=1or0 (18)

Therefore, the optimal ROF transport route R* (R* € E) inthe ROF key network G can be calculated
by

R = {ei,j|ei,j EEx; ;= 1} (19)

and the optimal intersection set R"* (R'" € E’) in the whole freight network G’ can be determined by
R = {el-’fj|ei'fj e E, e,; ER", f: ei',‘j - ei,j} (20)

5. Proposed ROF Safe and Economic Transportation Route Decision Support Process

As described earlier in this paper, it is necessary to develop a ROF transportation decision support

process for selection of a safe and economic route for a ROF train [7, 15]. Fig. 6 shows the proposed

ROF safe and economic route decision support process that is described in the follow sections.
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Fig.6 Proposed ROF safe and economic transportation route decision support process

5.1 Possible ROF transport route generation

The process of possible ROF transport route generation is summarized in Table 2, which can be done
based on historical database [19-21]. However, as stated earlier in this paper, the data of railway gauges
are always changed in real time across railway network according to current actual situations. therefore,
Double-checking approach by taking current field investigation data into consideration needs to be

applied to ensure the possible ROF transport routes are safe, which is discussed in Section 5.2 [22].

Table 2 Possible ROF transport route generation
Inputs: ROF key network G, the freight network G', distance of the key section d; ;(km), ROF original
station v, and destination station v,;; maximum ROF outline middle-center height h,,,,, maximum
half-width w,,,,, historical ROF transport data Rg4.:,, and setting up judgment criteria of height
Ady (mm) and width  Ad,, (mm).
Outputs: Possible transport route set of R, in ROF key network G, and possible intersection setof Ry,
in the whole freight network G'.
Step 1: Assume R, q = @, check possible transport routes from historical database whether or not similar
routes are in historical route set of Rg,:, including original stations, destination stations, maximum middle-
center heights and maximum half-widths of ROF outlines denoted by v, ..., hqata and
Wqata(Mm). There are three conditions C1, C2 and C3:
C1: Check whether or not the original and destination stations are the same or they locate at the same key
sections:

Vo(f:els = eij) =voqqa(frel =€), va(fiel = eij)=vagq(frel — eij)

Vdqata -




and
vo(f: et = €)= Vagq (frely = €iy), va(frel; > eij)=voyq,q(fr el = €i))
C2: Check the maximum middle-center height deviation of the historical ROF outlines data and compare
with the current ROF outline is less than Ad;, (mm), i.e.,
|hmax - hdatal < Adh
C3: Check the maximum half-width deviation of the historical ROF outlines and compare with the current
ROF outline is less than Ad,, (mm) or not, i.e.,
|Wmax - Wdatal < Adw
If above three conditions of C1, C2, and C3 satisfy the requirements, the historical route set Rg,, Will
be possible transport routes for the current ROF train, i.e., Rgjq = Rgig U { Rgatal -
Step 2: Calculate the k™ possible route R, Of current ROF train. Let R,4q denote historical routes and
R, .. are current possible routes, if the set R4 does not satisfy the requirements, then to generate new
possible ROF transport routes set R,.. by using the k’-shortest algorithm (k’<k) [21].
Step 3: Determine R,os = Rolg U Rpew-
Step4: Calculate f: ei’fj — e; ; between the networks G and G’ to ensure each intersection in the possible

intersection set of R}, within the ROF network G'.

340

341 5.2 Double-checking approach to check railway gauges, safety gap clearances and operation

342  conditions along the possible routes

343 It is important to ensure that safety gaps between ROF loading outlines and railway gauges in the
344 planned ROF route satisfy safety requirements. If the gap distances between ROF loading outlines and
345  railway gauges are calculated only based on control points as described in Section 2.2, it could be
346  potential risks leading to accidents. For example, Fig. 7 (a) shows a potential risk (the red cross points)
347  where a gap distance between a ROF loading outline and railway gauges is calculated based on control
348  points of railway gauges, which is not correct, and Fig.7 (b) shows a case that the shortest gap distance

349 s |az|, but not |aB], i.e., |az| < |aB].
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352 Fig.7 Calculations of different gap distances
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Therefore, the gap distances should be calculated by using both actual control points of ROF
loading outlines and railway gauges, in other words, double-checking approach should be applied.
Table 3 shows the process of the proposed double-checking approach to calculate correct gap distances.
In double-check approach, a minimum gap dg, and safety allowance & need to be defined to control
the gap distances, for example, dsy = 300mm and 6 = 10mm are currently used to define the

minimum gap and safety allowance. As described in Section 2.2, initial gap distances dm based on
control points of ROF loading outlines H and railway gauges S{‘fj can be calculated. If diemp < diiy,
the loading outlines need to be re-planned. If diepmp = diix, then the gap distance sets will be gy =
9n U {diemp — 8} determined by ROF loading outlines and g5 = gs U {demp — 8} determined by

control points of railway gauges, and then save the gy and gg to control point set g.p;. Finally,

minimum safety gap distance can be calculated as dg,, = min{gy U gs}, and control points can be

determined as Lgap = {lgap|lgap € Gepl dremp = dgap}-

Table 3 Double-checking Approach
Inputs: ROF loading outlines H, railway gauges Sﬁfj, defined safety gap dy;, and safety allowance 6.
Outputs: Safety gap distance dg,, (mm), and control point Lg,p,.
Step 1: Assume initial safety gap distance set d.mp that are calculated based on control points of ROF

loading outlines to be gy, and safety gap distance set that are calculated based on control points of railway
gauges to be gg, and control points set gy, diemp = 0 and dg,p = 0.

Step 2: Calculate initial gap distance diemp based on control points of ROF loading outlines H' and railway
gauges S{f,- as described in Section 2.2. If diemp < diix, the loading outlines need to be re-planed; If
diemp < dfix, then gy = gy U {diemp — 8} and g5 = gs U {demp — 8}, and save the g, and g5 into
the control point set gp-

Step 3: Calculate minimum safety gap distance dg,, = min{gy U gs}.

Step 4: Determine control points Lgap = {lgap|lgap € Gepls dtemp = dgap}-

The results produced from double-checking approach for railway gauges and safety gap clearances
along the routes based on both of ROF loading outlines and railway gauges provide useful information

for selection of safe ROF routes.



373 5.3 Optimization of ROF routes

374 A safe ROF route may not be an economic one. Therefore, all of possible safe routes produced as
375  described in Sections 5.1 and 5.2 need to be further examined by taking transportation costs into
376  consideration to select a safe and economic ROF route by using Egs. (18), (19) and (20) as stated in
377  Section 4.

378

379  The process of the developed optimization of ROF routes is summarized in Table 4.

380 Table 4 Optimization of ROF routes
Inputs: ROF key network G = (V,E), the freight network G' = (V',E’"), distance of each intersection

d{fj (km), railway electrification intersection p{fj, the lowest height of over-head equipment

hec(mm), minimum gauge of each intersection Sﬁfj(mm), safety allowance of the gap clearance &

(mm), ROF original station v, and destination station v,;, ROF loading outlines H (mm), ROF

weight w (tons), transport price rate per ton per kilometer u, price floating rate &, ROF extra

transport cost per intersection gy, , Ty, Tip and T,ep, the distances of safe operation requirements
dly, dY, dip, dfb, dhep, and die, (M), judgment criteria of height Ady,(mm) and width  Ad,,
(mm), historical ROF transport data Rg,t4-

Outputs: The optimal ROF transport route R*, optimal intersection set R'* , costs of objective
functions Min: f(v,, vq), and ngp, Npm, Nip, Mneps foasic: fextra @Nd corresponding operation
requirements.

Step 1: Initialization

Set up initial x; ; = 0 (Ve;; € E), ROF middle-center height hp,,, = hgo, ROF maximum half-width

Winax = max{wg, wy, -+, wp} , Ngp =0, ny=0, Np=0, Npep =0, foasic =0, fextra=0,

f(o,vq) =0, R* = @, R™ = @, and calculate the distance of each key section d; j(km) by using Eq. (8).

Step 2: Generation of possible ROF transport routes

Generate possible ROF transport route set Ry, in the ROF key network G and possible intersections set

R}, in the whole freight network G’ as described in Section 5.1.

Step 3: Checking gauges, safety gap clearances and operation conditions along the possible routes

Step 3.1: Assign initial route b = 1, and unsafe routes set R, = 9.

Step 3.2: For the b route 7, in Rpos (75 in Rpos) and xP; = 0(Ve;; € E); If e;; € 1, x; = 1, then
assign nﬁi =0, nibp =0, ngep =0, fbbasci =0, fel;(tra =0, fb(vo'vd) =0, rgp =0, rgi =0,
rh, =@ and 15, = @. Otherwise, x7; = 0.

Step 3.3: Calculate the minimum gap distance dgap sthe gap height hg,, between ROF middle- center

height and the lowest height of over-head equipment, i.e., h2., = heey — Rimax — 8 as described in

gap
Section 5.2.

Step 3.4: If ROF non-intersection transport occurs in the intersection e

b =Th U {e{'(,j};

£ then nby =nb +1 and 75 =

Tr

k1.

If dbyp € [dip, dip). then ndy = ndy + 1, 8, =2, u {ef };
If dé’ap <0,then nl, =nl,+1, r2, =12, U {e{-‘,j}, R,s = R, U{ry};
b 1 k — b _ b b _ ..b k.
If hgap € [dip, di] and pf; = 1, then nf, = njy + 1, 1), = rj;, U {ej;};
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b
If RZ,p

Step 3.5: Calculate the total distance d2 ., = pr:1|dl-,j| between original station and destination
LJ

1 k _ b — b b — b k
€ [dhep dhep] and Py, =1,then ney, = nfep + 1, Thep = Thep U {ef;}.

station, and the objective function f2., fluar f2(V,, ) by using Egs. (11), (12) and (17).
Step3.6:b = b + 1, if b < |Rp,0s|, turn to Step 3.2; otherwise, turn to Step 4.

Step 4: Evaluation and selection

If Ty € Rpos( ) € Rpos), YTy € Rpos (T # Ty ,Th € Rpos), and 2 (v,,v4) < fP(,,v4), then

— b’ —_ b’ _ b’ —_ b’ _ ¢b’ _ fb’ ; —

OUtpUt nsp - nsp’ Mni = Npj nip - nip1 nnep - nnep: fbasic - fbasic1 fextra - fextrav Min f(vo'vd) -
4 . . .. . 1 li 1

P (e, vg), R*=1,, R* = r,,, and ROF operation requirements in intersections ré’p, b, rf’p and

b!
TRep-

As can be seen in Table 4, double-checking approach and determination of gap distance as
described in Sections 5.1 and 5.2 are applied to reflect safe operation requirements together with
transport cost consideration as described in Section 3 to minimize the total cost of the ROF
transportation so that a safe and economic ROF transport route can be determined. A case study is used

to demonstrate the application of the proposed railway ROF transport routing optimal methodology.

6. Case Study

This section presents a case study to demonstrate the application of the proposed methodology.

6.1 Background

A ROF train is loaded with the highest/lowest car floor’s height 1250/1170 (mm) with car bogie
center distance 9000 (mm), the details of such a ROF train are shown in Table 5 and loading outlines

are shown in Table 6.

Table 5 Details of ROF train

Items Data
Original station v, (akey station)
Destination station Vg (an intermediate station)
Weight (tons) 52.0
Length (mm) 12500
Maximum width (mm) 1830 (both sides)
Maximum height (mm) 4250
Out-of-gauge grade Super
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Table 6 ROF loading outlines
Higher height Lower height  Half-width

Location (mm) (mm) (mm)
Middle-center height 4250 - 1231
1%-side height 4050 3290 1780
2"-side height 3050 2170 1830
3-side height 1970 1470 1480
4"-side height 1470 1170 1400

The ROF train is planned to run from original station v, to destination station v,. Fig. 8 shows
all intermediate stations in the whole freight network G’, and connections of all key stations represented
by bule circles that form the ROF key network G. The distances between key stations and intermediate
ones are shown in Table 7.

According to historical ROF transport data and current existing railway gauges, § = 40mm,
Ady = 40 mm, Ad,, =20 mm; di, =70 mm, d¥, =150 mm, dj, = 100 mm, d}, = 350 mm,
dLep =50mm, dpe, = 100mm, and h.y = 5700mm, and the price rate u = 0.02239 USA$/per

ton per kilometer can be obtained.

Fig.8 ROF freight network G’
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Table 7 Distances and relationships between different stations in networks G’ and G
Distance (km)
Relationship between Intersections  Intersections Between

Key sections

Intersections (ral!way two railway stations number two key
stations) section
11, 17, 11, 25,
€1,2 %1 (Uo) %) v11,2' 1712’2, vf,Z! Uf,ZJ v15,2 6 12. 17 93
1 .2 .3 .4 _5 30, 29, 31, 23,
e1s v, - v Vis V15 Vs Vis Vis: 10 23,50,27,27, 115
V1,5 V15 V15 Vis 30, 13
. o 51 V33, V53, V33 V33 V33, g 8 18,12,1512, ..
23 2 3 v26,3, v27,3, v§’3 9,16,12,4
5,7,11, 35, 19,
€24 V2 2 Uy V34 V34 V50 Va4 Vig 6 34 111
€34 V3 > U, V34 V34, V34 4 32,23,33,25 113
1 2 3 4 5
Vig) V4,8 Va8 Vag Vag, 7,23,11, 23, 21,
€1 Vs = Vg VSe Vi) Vs ? 12,23,22,13  **°
49, 51, 15+2,
49 Vg > Vg Vio, Vig, Vig Vg 5 27 6 150
€s,6 Vs = Vg - 1 9 9
S W S S S 12,15, 14, 16,
€6,7 Vs = Uy R U YR 9 14,13,23,20, 145
V6,7, V6,7, V6,7 18
erg v, > Vg Vig Vig,Vig Vrg 5 7,8,22,26,9 72
eg9 Vg = Vg V39, Vo Vo 4 24,14, 49, 31 118
€910 Vg = Vqp V310, Vo10, Va10 4 38,39,13,6 96
€9 q Vg > Vg Vg, Vg 3 38,39, 13 90
€d.10 Vg = Vqg - 1 6 6

6.2 Selection of the safe and economic ROF route

As such a ROF train is classified as a super out-of-gauge grade, the price floating rate is € = 10%. In

this case, assign ny; = 0, then t,,n,; = 0, i.e., other trains can run in the sections along the route.

There is not a railway electrification intersection ei’fj in the possible routes, i.e., p{fj = 0, in other

words, no over-head equipment along the possible routes. The gap distance h,,, between ROF

gap
middle-center height hy, and the lowest height of h. can be calculated hg,p, = hee) — hoo — 6 =
5700 — 4250 — 40 = 1410  mm, therefore, hgap&|dip, dit] = [100mm, 350mm]
hgap & [dhep, dhep] = [50mm, 100mm], ny, = 0 and n,e, = 0. The extra transport costs caused by

using Eq. (15) and (16) are 0, i.e., hgap = 350mm, Tipn;, = 0, and ThepNpep = 0.
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Fig.9 Possible ROF transport routes and operation requirements

There are two possible routes generated as described in Section 5.1, i.e., the Route 1:
v,(v, =v1) = vy = Uy o vy = vy With 444km and 20 intersections, and the Route 2: v, (v, =
V1) = Vs = Vg = Uy = Vg = Vg = Vg With 717 km and 30 intersections as shown in Fig. 9. There
are six intersections in the Route 1 and two intersections in the Route 2 where the ROF train should
control its speed as shown in Fig. 9 as bule lines. Therefore, extra charges will be applied for these
sections because of speed limit. Fig. 10 shows an example of the calculation of gap distances between

ROF loading outlines and the minimum railway gauges at the intersection (v§ 4, v5 4). The minimum
gap distance is 118.71 mm and dg,, = 118.71 — & = 118.71 — 40 = 78.71 € [di,, d¥,] =
[70mm, 150mm] . Therefore, speed control is required based on operation conditions in the
intersection (vg,4, v54) for both of Routes 1 and 2. According to Eqg. (17), the total cost of Routes 1
and 2 can be calculated by f'(v, v,) =568.73+ 615, and f*(v,vs) = 918.41 + 274, ,
respectively, which speed limit is assigned as 15km/h and extra cost rate at USA$87.422/km, in this

case, fl(vo' vd) > fz(vo' Ud)-
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Fig.10 Gap distance calculation at the intersection (v 4, v$ 4)

Table 8 summarizes results of Routes 1 and 2. As can be seen that the selection of the best safe
and economic route is determined mainly based on the safety gap distance between ROF loading
outlines and railway gauges along its route, the total distance of each possible route, weight of the ROF
train, basic transport cost, and the extra transport cost. In this case, Route 2 is the best ROF safe and

economic transport route.

Table 8 Comparison results between Routes 1 and 2
Calculation results Route 1 Route 2

ROF transport route
(Key station set)

Vo (Vo = V1) VoV V9Vy Vo (Vo = V1) V5060705V V4

Minimum gap clearance (mm) 118.71 118.71
227.70 227.70
Other 4 lager gap/clearance between ROF 237.00 237.00
loading and railway structural gauges (mm) 252.49 252.49
256.00 256.00
Speed limit (km/h) 15 15
Normal intersections (Number/Distance(km)) 14/310 28/666
Speed limit Intersection (ns,/Distance(km)) 6/134 2/51
Routing distance (km) 444 717
Basic cost 568.73 918.41
Costs of Extra cost 6Tsp 275
objective
function Nspsp 6%sp 2Tsp

i T 0.00 0.00
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NipTip 0.00 0.00

TepTnep 0.00 0.00
f(vo' vd) = fbasic + fextra f(vo' vd) = fbasic + fextra
Total cost (USAS$) = 568.73 + 674, = 918.41 + 214,

With regards to control ROF train’s speed at a number of certain railway intersections, it should
be noted that different country has its own regulations. For example, according to Railway Out-of-
gauge and Overweight Freight transport Regulations 2016 [9] issued by China National Railway
Corporation, if the gap distance is between 100mm and 150mm, a ROF train speed is limited as no
more than 25 km/h; if the gap distance is between 70mm and 100mm, a ROF train speed is limited as
no more than 15 km/h; if the gap distance is less than 70mm, a ROF train speed is limited as below 5

km/h. In this case, the ROF train is limited as 15 km/h because the minimum gap distance is 78.71mm,

i — — — 1
i.e., dgap = 11871 —8 = 11871 — 40 = 78.71 € [d

ipd%] = [70mm, 150mm].

As can also be seen in this case, the shortest route is Route 1 (v, = v, = v, = V9 = V4 (V, =
v;)), but the optimal transport route is Route 2 (v, = vs = v = v, = Vg = V9 = V4 (V, = v4)) that
is a longer route than Route 1. The main reason is related to safety clearances because it causes extra
costs due to speed limit, i.e., f1(v,,v,) > f2(v,, v,). The results produced from the proposed method
can provide useful information for railway operators to decide in selection of a safe and economic

route for the RPF train.

7. Conclusions

Railway out-of-gauge freight is beyond railway gauges in its dimensions, which could be risks leading
to serious railway accidents. The selection of a safe and economic route for a ROF train is always a
challenge task for railway managers and operators in the planning of ROF routes. This is particular
true because ROF route selection decisions have to be made based on safety gap clearances, costs and
safe operation requirements. This paper presents a new method for selection of a safe and economic
ROF route in which safety and economics are taken into consideration. The proposed method and ROF
safe and economic transportation route decision support approach described in this paper can be used
to plan ROF routes in which possible routes can be calculated and ranked, and the best safe and
economic route can be determined. A case study is presented in this paper to demonstrate the

application of the proposed methodology. The results show that the proposed method can provide very
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useful information for railway operators and managers to choose the best ROF route to meet their

objective priorities of safety and economics.
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