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Abstract. The size of railway out-of-gauge cargo is large, and the loading outline 

will exceed the railway gauges. In the actual transportation organization, how to 

choose a safe and economic transportation route is an important issue in the trans-

portation of railway out-of-gauge cargo. The purpose of this paper is to solve the 

route selection problem of railway out-of-gauge cargo transportation, taking the 

safety distance and curve radius as constraints and railway capacity loss and 

transportation cost as objective functions to construct the route selection model 

considering gauge modification. And on this basis, a route search heuristic algo-

rithm can be designed to solve it. The case verification shows that the most eco-

nomical route for railway out-of-gauge cargo transportation can be derived based 

on the model and algorithm. 

Keywords: Railway out-of-gauge cargo (ROC)·Transportation route selec-

tion(TRS)·Railway gauge·Railway capacity loss·Transportation 

cost·Gauge modification 

1 Introduction 

Railway out-of-gauge cargo (ROC) refers to the cargos whose outline size exceeds the 

rolling stock gauge. It has strict requirements for the transportation route selection 

(TRS), of which the most critical influencing factor is the railway gauge. At present, 

there are some scholars for the railway gauges and the ROC-TRS have been studied. 

They agree that by using complex methods of gauge and outline measurement it will 

be possible to allow cargo trains to pass on otherwise prohibited sections [1] and that 

the gauges or outlines of ROCs are different on straight and curve lines [2]. At the same 

time, the detection methods for rolling stock gauges [3] and comprehensive structural 

gauges [4] have been proposed, providing the theoretical basis for route selection. At 

present, the research on railway cargo transportation route decision [5-9] provides the 
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basis for the development of solutions for ROC-TRS [10,11], and some of the related 

models and algorithms are of great reference value. In most of the current studies, once 

there is no route in the railway freight network that can simultaneously satisfy various 

constraints, including railway gauges, then it is considered impossible to find a feasible 

ROC transportation route. However, the types of ROC are often large equipment related 

to national defense and military, or industrial and agricultural production, which are 

extremely important for the development of national economy, science and technology, 

and national defense, as well as for improving the competitiveness of railway in the 

transportation market [12]. Therefore, in order to improve the possibility of route se-

lection, modification measures can be considered for the railway gauges. This approach 

can improve the mechanism of decision for ROC-TRS, and ensure that the railway sec-

tor can complete more complex ROC transportation tasks, and may even obtain route 

selection results with smaller comprehensive costs. 

In this paper, we will construct the TRS model according to the feasible and rational 

factors influencing the ROC-TRS, add the practice of modifying railway gauges to ob-

tain feasible routes and their costs into the model, and design effective algorithms to 

solve the model, so as to provide a route selection solution for ROC transportation or-

ganization. 

The rest of the paper is structured as follows: in Section 2, the safety distance be-

tween the ROC loading outline and the comprehensive minimum structural gauge and 

the minimum curve radius required for out-of-gauge trains (OGTs) are taken as con-

straints, and the route selection model is constructed with the objective of reducing 

railway capacity loss and transportation cost caused by operating OGTs under the prem-

ise of considering gauge modification. A route selection heuristic search algorithm is 

designed based on the model features in Section 3. In Section 4, two transportation 

examples are used to verify the rationality of the model and algorithm. In Section 5, we 

conclude and make plans for future research. 

2 Model Construction 

In order to facilitate the construction of the model, the ROC transportation network to 

be involved in route selection is denoted as 𝑁 = {𝑆, 𝑅}, where 𝑆 = {𝑆𝑎|𝑎 = 1,2,···, 𝑛} 

(𝑛 is the number of nodes) denotes the set of stations located at both ends of the railway 

or at railway crossings, and the stations of this class are called nodes;  𝑅 =
{𝑅𝑎𝑏|𝑎, 𝑏 = 1,2,···, 𝑛} denotes the set of railway sections between the nodes, and the 

sections of this class are called node sections, and use 𝑛𝑎𝑏 to denote the number of 

intervals within the node section 𝑅𝑎𝑏. Also, to facilitate the description of route selec-

tion, a 0-1 variable 𝑥𝑎𝑏(𝑎𝑏 ∈ 𝑅) is set here, and its specific value is taken as 

𝑥𝑎𝑏  = {
1,       𝑛𝑜𝑑𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑏 𝑐𝑎𝑛 𝑝𝑎𝑠𝑠 𝑅𝑂𝐶 𝑡𝑟𝑎𝑖𝑛𝑠
0,                           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                    

                        (1) 

2.1 Constraints 

2.1.1      ROC Loading Outline and Structural Gauges 
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ROC loading outline refers to the calculated width at different heights of the loaded 

cargo’s inspecting section, including the measured width of the calculation point and 

the deviation to be considered when passing through the curve section. 

The outline formed by the buildings and equipment along the railway on the side 

close to the line is structural gauges. In the actual transportation process, the vehicles 

and cargos may vibrate or the position of the cargos may skew, so a safe distance 𝜃 

needs to be maintained between the loading outline and the comprehensive minimum 

structural gauge, then the node section that can pass OGTs should satisfy 

𝑥𝑎𝑏𝑑(𝐺, 𝑔𝑎𝑏
𝑘 )＞𝜃,    𝑘 = 1,2,···, 𝑛𝑎𝑏 , ∀𝑎𝑏 ∈  𝑅                          (2) 

where 𝑑(𝐺, 𝑔𝑎𝑏
𝑘 ) denotes the distance between the loading outline 𝐺 and the com-

prehensive minimum structural gauge 𝑔𝑎𝑏
𝑘  of the 𝑘th interval within the node section 

𝑅𝑎𝑏. 

2.1.2      Minimum Curve Radius 

For the ROC with different degrees of out-of-gauge, the railway transportation sector 

will also choose different types of cargo vehicles for loading. For the minimum curve 

radius 𝑟𝑚𝑖𝑛 that can make the OGTs pass safely, the minimum curve radius 𝑟𝑎𝑏
𝑘  of the 

𝑘th interval in the node section 𝑅𝑎𝑏 should satisfy 

𝑥𝑎𝑏𝑟𝑚𝑖𝑛 ≤ 𝑟𝑎𝑏
𝑘 ,   𝑘 = 1,2,···, 𝑛𝑎𝑏 , ∀𝑎𝑏 ∈  𝑅                                 (3) 

2.2 Objective Function 

2.2.1      Railway Capacity Loss 

The particularity of the transportation of OGTs can cause disturbance to the normal 

operation of the railway and form railway capacity loss. The railway capacity loss 𝑐𝑎𝑏
𝑘  

of the 𝑘th interval within the node section 𝑅𝑎𝑏 needs to be quantified using the mem-

bership function. When the OGTs running speed 𝑣𝑎𝑏
𝑘  in the 𝑘th interval of node section 

𝑅𝑎𝑏 is less than or equal to the minimum value of the limit speed 𝑣𝑎𝑏,𝑚
𝑘 , the railway 

capacity loss is the largest. And the maximum value of the quantitative expression of 

railway capacity loss is set as 𝑝. The rest are decimals between 0 and 𝑝, i.e. 

𝑐𝑎𝑏
𝑘 (𝑣𝑎𝑏

𝑘 ) = {
 𝑝,                                    𝑣𝑎𝑏

𝑘 ≤ 𝑣𝑎𝑏,𝑚
𝑘

𝑝𝑒−𝑏(𝑣𝑎𝑏
𝑘 −𝑣𝑎𝑏,𝑚

𝑘 )
,          𝑣𝑎𝑏

𝑘 ＞𝑣𝑎𝑏,𝑚
𝑘

  ,   𝑏＞0, 𝑝＞0             (4) 

For the optimal transport route, the loss of capacity caused by OGTs should be min-

imized: 

𝑚𝑖𝑛𝐹1 = ∑ 𝑥𝑎𝑏 ∑ 𝑐𝑎𝑏
𝑘𝑛𝑎𝑏

𝑘=1𝑎𝑏∈𝑅                                              (5) 

2.2.2      Transportation Cost 

Transportation cost can be divided into basic cost and extra cost for modifications to 

railway gauges where necessary. 
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(1) Basic cost 

The basic cost is mainly determined by the weight of the cargo, the freight base price, 

and the route mileage selected out between the origin and destination. If 𝑙𝑎𝑏
𝑘  denotes the 

route mileage of the 𝑘th interval in the node section 𝑅𝑎𝑏, when the freight base price is 

𝑤𝑏  (¥/t-km), the weight of ROC is 𝑚 (t), the freight rate escalation ratio is 𝜀 , the basic 

cost can be expressed as 

𝑤 = ∑ 𝑥𝑎𝑏[𝑚(1 + 𝜀)𝑤𝑏 ∑ 𝑙𝑎𝑏
𝑘 ]

𝑛𝑎𝑏
𝑘=1𝑎𝑏∈𝑅                                      (6) 

(2) Cost of gauge modification 

If there is no route that can fully satisfy the constraints of ROC transportation be-

tween origin and destination, in order to complete the transportation task or reduce the 

cost as much as possible, the gauge modification can be carried out.  

When there are gauges in the optimal route that need to be modified, the transporta-

tion cost after considering the cost of gauge modification should be the least: 

𝑚𝑖𝑛𝐹2 = ∑ 𝑥𝑎𝑏[𝑚(1 + 𝜀)𝑤𝑏 ∑ 𝑙𝑎𝑏
𝑘 ]

𝑛𝑎𝑏
𝑘=1𝑎𝑏∈𝑅 + 𝑤′𝑛𝑡                      (7) 

where 𝑤′ denotes the average cost of gauge modification (¥), 𝑛𝑡 denotes the number 

of intervals in the route that require gauge modification. 

2.3 ROC-TRS Model 

Combined with the above, in the case of considering gauge modification, let the com-

prehensive minimum structural gauge after modification be 𝑔𝑎𝑏
𝑘̅̅ ̅̅ ̅ , then Formula (2) 

should be rewritten as 

𝑥𝑎𝑏𝑑(𝐺, 𝑔𝑎𝑏
𝑘̅̅ ̅̅ ̅)＞𝜃,    𝑘 = 1,2,···, 𝑛𝑎𝑏 , ∀𝑎𝑏 ∈  𝑅                         (8) 

Since the two objective functions of railway capacity loss and transportation cost 

have different dimensions, they need to be normalized: 

ℎ(𝐹𝑘) = (𝐹𝑘 − 𝐹𝑘
𝑚𝑖𝑛)/(𝐹𝑘

𝑚𝑎𝑥 − 𝐹𝑘
𝑚𝑖𝑛) ∈ (0,1), 𝑘 = 1,2                (9) 

Where 𝐹𝑘
𝑚𝑎𝑥  and 𝐹𝑘

𝑚𝑖𝑛  denote the maximum and minimum values of 𝐹𝑘 , respec-

tively, and the weight coefficient 𝜆𝑘 is assigned to ℎ(𝐹𝑘) according to the actual situa-

tion, and the dual-objective decision is transformed into a single-objective decision, 

then the ROC-TRS model can be obtained as follows: 

𝑚𝑖𝑛𝐹 = 𝜆1ℎ(𝐹1) + 𝜆2ℎ(𝐹2),   𝜆1, 𝜆2＞0, 𝜆1 + 𝜆2 = 1                 (10) 

𝑠. 𝑡.  

𝑥𝑎𝑏𝑑(𝐺, 𝑔𝑎𝑏
𝑘̅̅ ̅̅ ̅)＞𝜃,    𝑘 = 1,2,···, 𝑛𝑎𝑏 , ∀𝑎𝑏 ∈  𝑅                          (11) 

𝑥𝑎𝑏𝑟𝑚𝑖𝑛 ≤ 𝑟𝑎𝑏
𝑘 ,   𝑘 = 1,2,···, 𝑛𝑎𝑏 , ∀𝑎𝑏 ∈  𝑅                            (12) 

𝑥𝑎𝑏 = 0 𝑜𝑟 1 , ∀𝑎𝑏 ∈  𝑅                                          (13) 
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3 Approach Solution 

3.1 Algorithm Design Precondition 

For a node station ∀𝑆𝑎 ∈ 𝑆 in the railway freight network, establish an evaluation 

function 𝑓(𝑎) for the node 𝑆𝑎, which represents the estimated cost of passing from the 

starting point 𝑜 through the node 𝑆𝑎 and then reaching the target point 𝑑. The expres-

sion of the evaluation function 𝑓(𝑎) is 

𝑓(𝑎) = 𝑔(𝑎) + ℎ(𝑎)                                               (18) 

where 𝑔(𝑎) denotes the actual cost of reaching node 𝑆𝑎 from the starting point 𝑜, 

ℎ(𝑎) denotes the estimated cost of reaching the target point 𝑑 from node 𝑆𝑎, and ℎ(𝑎) 

is expressed as 

ℎ(𝑎) = 𝜇𝑎(𝑙, 𝑣)                                                   (19) 

Where 𝑙 denotes the route mileage between the nodes and 𝑣 denotes the average 

speed of the OGT running between the nodes, i.e., the evaluation function is expressed 

using the route mileage and the speed of the OGT running when other necessary con-

ditions are known. 

3.2 Algorithm Description 

Inputs: 𝑁 = {𝑆, 𝑅}, 𝐺, 𝑔𝑎𝑏
𝑘 (or 𝑔𝑎𝑏

𝑘̅̅ ̅̅ ̅), 𝜃, 𝑟𝑎𝑏
𝑘  and 𝑟𝑚𝑖𝑛, 𝑙𝑎𝑏

𝑘 , 𝑣𝑎𝑏
𝑘 , 𝑣𝑎𝑏,𝑚

𝑘 , 𝑤′,  𝑤𝑏 , 𝑚, 𝜀, 

original station 𝑜, destination station 𝑑, weight coefficient 𝜆𝑘. 

Outputs: ROC transportation optimal route 𝑅∗, values of objective function 𝐹. 

Step1: Create a 𝑛𝑒𝑥𝑡 list (store the feasible subsequent nodes of the current node) 

and a 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 list (store the nodes of the optimal route). Store the original station 𝑜 in 

𝑛𝑒𝑥𝑡 list and set 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 list to the empty list. 

Step2: If 𝑛𝑒𝑥𝑡 list is not empty, execute Step3; otherwise, there is no feasible route 

for ROC transportation, i.e., no solution. 

Step3: Calculate the evaluation function values of all nodes in 𝑛𝑒𝑥𝑡 list and move 

the node 𝑆𝑎 with the smallest value from 𝑛𝑒𝑥𝑡 list to 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 list. If there are multiple 

nodes with tied minimum evaluation function values, the better node is selected in the 

priority order of a smaller number of intervals to be modified, less railway capacity loss 

caused, and lower transportation cost. 

Step4: Determine whether node 𝑆𝑎 is the destination station 𝑑, if yes, output the op-

timal route and objective function according to the order of nodes in 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 list; if 

not, execute Step5. 

Step5: Let the set of subsequent nodes of the current node 𝑆𝑎 be 𝑝(𝑎) and the set of 

subsequent feasible nodes be 𝑞(𝑎) = ∅. 

Step5.1: Railway gauge constraint. For the current node 𝑆𝑎  and ∀𝑆𝑏 ∈ 𝑝(𝑎), 

determine whether Formula (2) is true, if yes, add 𝑆𝑏  to 𝑞(𝑎); otherwise check 

whether the gauges of section 𝑅𝑎𝑏 can be modified to make Formula (8) true, if yes, 
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add 𝑆𝑏 to 𝑞(𝑎), and record the modification cost. If 𝑞(𝑎) = ∅, execute Step6, other-

wise execute Step5.2. 

Step5.2: Minimum curve radius constraint. For the current node 𝑆𝑎 and ∀𝑆𝑏 ∈
𝑞(𝑎), determine whether Formula (3) is true, if yes, 𝑆𝑏 remains unchanged; other-

wise remove 𝑆𝑏 from 𝑞(𝑎). If 𝑞(𝑎) = ∅, execute Step6, otherwise execute Step7. 

Step6: Remove the current node 𝑆𝑎 from 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 list and execute Step2. 

Step7: Add the node in 𝑞(𝑎) to 𝑛𝑒𝑥𝑡 list and set a pointer to its parent node 𝑆𝑎 for 

it, then execute Step2. 

4 Case Studies 

There is a ROC loaded by the type N17 wagon. The sizes of loading outline are shown 

in Table 1. 

Table 1. The sizes of loading outline 

Location 
Higher height 

(mm) 

Lower height 

(mm) 

Half-width 

(mm) 

Middle-center 

Height 
4250 - 1231 

1st-side height 4050 3290 1780 

2nd-side height 3050 2170 1830 

3rd-side height 1970 1470 1750 

4th-side height 1470 1170 1400 

Fig. 1(a) shows a part of the railway freight line between the origin (𝑆1) and desti-

nation (𝑆𝑑) stations, where the blue circles indicate nodes, and since the destination 

station is not a node, it is treated as a node here for ease of description and model solv-

ing, and two resulting node sections (𝑅9𝑑, 𝑅𝑑10) are added. Use 𝑆𝑎𝑏
𝑘  to denote the 𝑘th 

interval demarcation station within the node section 𝑅𝑎𝑏.  

 
(a)                                                                  (b) 

Fig. 1. Railway freight line between 𝑜 and 𝑑, and ROC transportation routes considering gauge 

modification 
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In this case, 𝜃 =40mm, and 𝑤𝑏  is set to the average price of railway cargo transpor-

tation of 0.1551 ¥/t-km, and considering the ROC belongs to super out-of-gauge grade, 

the freight rate escalation ratio 𝜀 is taken as 10%. 

Combining the model and algorithm in this paper, three feasible routes are extracted: 

R1.1 (shown in yellow), R1.2 (shown in green), R1.3 (shown in blue), as shown in Fig. 

2(b). The red lines indicate the intervals that require gauge modification. 

Since none of the three routes has an interval that requires speed-limited operation, 

the objective function considers only the transportation cost (𝜆1 = 0, 𝜆2 = 1). The ob-

jective functions of the three routes are 𝐹𝑅1.1 = 4166.30 + 6𝑤′, 𝐹𝑅1.2 = 6728.01 +
2𝑤′, and 𝐹𝑅1.3 = 5320.48 + 4𝑤′, respectively. The optimal route among the three 

routes may also differ when 𝑤′ takes different values. When 𝑤′ ∈ [0,577.09], 𝑚𝑖𝑛𝐹 =
𝐹𝑅1.1 ; when 𝑤′ ∈ (577.09,703.765) , 𝑚𝑖𝑛𝐹 = 𝐹𝑅1.3 ; when 𝑤′ ∈ [703.765, +∞) , 

𝑚𝑖𝑛𝐹 = 𝐹𝑅1.2. Since the modification of the gauge requires a lot of human and finan-

cial resources, the value of 𝑤′ is usually larger. Therefore, R1.2 is chosen as the optimal 

route here. The data and calculation results of the routes are shown in Table 2. 

Table 2. Routes’ calculation results 

Content R1.1 R1.2 R1.3 

ROC transport route 
𝑆1(𝑜)-𝑆2-𝑆4-𝑆9-

𝑆𝑑(𝑑) 

𝑆1(𝑜)- 𝑆5-𝑆6-𝑆7-𝑆8-

𝑆9-𝑆𝑑(𝑑) 

𝑆1(𝑜)-𝑆2-𝑆4-

𝑆8-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 (𝑛t/Dis-

tance(km)) 
6/134 2/51 4/79 

Routing distance (km) 444 717 567 

Transportation cost (¥) 4166.30+6 𝑤′ 6728.01+2 𝑤′ 5320.48+4 𝑤′ 

Best ROC transport route 

(with conditions) 
𝑤′ ∈[0,577.09] 𝑤′ ∈[703.765, +) 

𝑤′ ∈(577.09, 

703.765) 

It can be seen from Table 2 that although R1.2 has the longest mileage; smaller ob-

jective function values can be obtained due to the lower cost of its gauge modification. 

Therefore, when solving the problem of ROC-TRS, it may be more economical and 

efficient to make a detour under the premise of ensuring safety. 

5 Conclusions 

In this paper, a method for ROC-TRS is proposed. Taking railway capacity loss and 

transportation cost as the objective function, a TRS model considering gauge modifi-

cation and a route search algorithm are designed. Its effectiveness is verified by cases. 

From the above calculation results and analysis, it can be seen that the model and 

algorithm proposed in this paper can effectively solve the problem of ROC-TRS. The 
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possibility of TRS can be increased when gauge modification is considered. When the 

number of intervals on the route that require gauge modification or speed limit opera-

tion is high, it tends to reduce the possibility of it becoming the optimal route. There-

fore, the route with the shortest distance may also not become the optimal choice.  

In Section 3 we assume that the distance between the loading outline and the com-

prehensive minimum structural gauge can be obtained from historical information or 

actual measurements, but since the loading outline and the gauge are often complex, 

some important distance calculation points may be lost. How to accurately calculate the 

distances between loading outline and gauge in practical problems by designing effec-

tive algorithms will be our main research goal in the future. 
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