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Abstract: In contemporary design practices, building structures are expected to not only meet 

safety requirements but also be optimized. However, optimal designs can be highly sensitive 

to random variations in model parameters and external actions. Solutions that appear 

effective under nominal conditions may prove inadequate when parameter randomness is 

considered. To address this challenge, the concept of robust optimization has been 

introduced, which extends deterministic optimization formulations to incorporate the 

random variability of parameter values. In this study, we demonstrate the applicability of 

robust optimization in the design of building structures using a simple orthogonal frame as 

an example. The static-strength analysis is conducted based on the displacement method, 

utilizing second-order theory. To assess the safety level of the steel frame, a preliminary 

evaluation is performed by determining the reliability index and failure probability using the 

Monte Carlo Method. Robust optimization is then employed, leveraging the second-order 

response surface. Experimental designs are generated following an optimal Latin hypercube 

plan. The proposal of a mathematical-numerical algorithm for solving the optimization 

problem while considering the random nature of design parameters constitutes the 

innovative aspect of this research. 

Keywords: reliability; robust optimization; second order theory; displacement method 

1 Introduction 

The design of complex structures places a dual responsibility on engineers: ensuring 
building safety while simultaneously minimizing construction costs and structural 
weight. This trend has led to an increasing interest in optimization methods to 
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achieve efficient material utilization, making optimization an indispensable tool for 
rational structural design. While optimization modules are commonly incorporated 
in design approaches based on the Finite Element Method, they are typically 
employed in a deterministic manner. In this traditional approach, the random nature 
of design parameters is considered by incorporating partial safety factors into the 
optimization formulation. These factors, defined by relevant design standards 
(codes) [N1-N3], are often calibrated to suit a broad range of design tasks. However, 
this approach frequently yields overly conservative solutions, as the partial safety 
factors do not directly account for the random variations in design variables. 
Consequently, optimal structures may not achieve the desired level of reliability.  
If ensuring structural safety is a primary design requirement, it is worth considering 
a reliability-based design optimization (RBDO) formulation [1-7]. RBDO-based 
design constraints are formulated using probabilities of failure, which represent the 
likelihood of exceeding specific permissible states related to load capacity or 
allowable displacement. These permissible states are incorporated into the 
formulation through relevant limit functions in reliability analysis, commonly 
known as 'performance functions.' 

Random fluctuations in structural response degrade its quality, leading to deviations 
from intended functionality and increased maintenance costs (e.g., inspections, 
maintenance, and repairs). An effectively designed building should minimize such 
costs, ensure proper functioning, and be less sensitive to the random nature of 
design parameters. To meet the required level of quality, design methods and 
procedures have been developed, collectively referred to as 'robust design'  
[8-10]. This methodology aims to design structures, devices, and production 
processes that maintain high functionality within a system. The objective is to find 
solutions that are as resistant as possible to variations in design parameters. Limiting 
or eliminating the variability of input parameters can reduce variance in quantities 
characterizing the structural state, such as displacements and stress. However, 
implementing such procedures often incurs unacceptable costs. A more effective 
approach is to reduce parameter variability without altering the variance of the 
structure's input parameters. This approach is known as robust optimization. 

Robust optimization provides solutions that are less sensitive to model parameters 
that are challenging to control. This paper focuses on highlighting this significant 
aspect of optimal design for bar structures using robust optimization. The analysis 
centers on an orthogonal steel frame, with specific emphasis on columns subjected 
to high axial forces. The analysis incorporates the second-order theory, and the 
preliminary assessment of the steel frame's safety level involves determining the 
reliability index and failure probability using the Monte Carlo Method. Robust 
optimization is performed using a second-order response surface, which effectively 
mitigates the impact of uncontrollable model parameters. The second-order method 
accounts for non-linearity and interactions between variables in the model, enabling 
the identification of optimal solutions with a reduced need for experimental 
analysis. Reliable results are generated using an optimal Latin cubes plan for 
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conducting experiments, ensuring even and balanced sampling of the parameter 
space. This approach accelerates the analysis process while maintaining result 
reliability. The proposal of a mathematical-numerical algorithm for optimization 
that accounts for the random nature of design parameters contributes to the 
innovative nature of this research. 

2 Materials and Methods 

2.1 Displacement Method and Second-Order Beam Theory 

To reduce computation time, we employed explicit forms of the performance 
function and constraints. The calculations are based on the classical displacement 
method and the second-order theory. This method involves several simplifying 
assumptions, including assuming small curvatures of the member axis in the current 
configuration, assuming flat cross-sections (known as Bernoulli's geometric 
hypothesis), assuming longitudinal non-deformability, assuming a linear-elastic 
physical law, and assuming material continuity, homogeneity, and isotropy. 
However, the second-order theory does not account for the principles of stiffness 
(small displacements) and superposition. The degrees of freedom consist of 
translational and rotational displacements of nodes. By imposing constraints on 
unknown displacements, the level of geometric indeterminacy can be determined, 
resulting in the derivation of additional equilibrium equations known as canonical 
equations. The right-side vector in the system of canonical equations represents the 
reactions of constraints determined by the external load. 

These formulas establish a relationship between the forces and displacements 
associated with the local system of a given member. Our analysis focuses on a 
perfectly elastic prismatic rod with a length of 'l' and a bending stiffness of 'EJ' (see 
Figure 1). This rod serves as an illustration of the behavior of the columns in the 
frame, where significant axial force is considered alongside bending. 
Transformation formulas are derived through analytical solutions to the relevant 
boundary problem. 

To perform the computations, it is necessary to derive a differential equation 
representing the equilibrium of forces on two planes perpendicular to the axis, 
located at distances 𝑥𝑥 and 𝑥𝑥 +  𝑑𝑑𝑥𝑥 from the origin of the coordinate system.  
Figure 2 depicts a cut section of the member with a length of 𝑑𝑑𝑥𝑥 in a deformed 
configuration, subjected to external load and two systems of cross-sectional forces 
that represent the interaction with the remaining portions of the member. 
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Figure 1 
Rod in deformed configuration 

 
Figure 2 

Section of the rod dx long 

The section of the rod must be in equilibrium, so the equilibrium must be met: �𝛴𝛴𝛴𝛴 = −𝑇𝑇 + 𝑇𝑇 + 𝑑𝑑𝑇𝑇 + 𝑝𝑝𝑑𝑑𝑥𝑥 = 0𝛴𝛴𝑀𝑀𝐵𝐵 = −𝑀𝑀 + 𝑀𝑀 + 𝑑𝑑𝑀𝑀 − 𝑇𝑇𝑑𝑑𝑥𝑥 − 𝑆𝑆𝑑𝑑𝑆𝑆 + 𝑝𝑝𝑑𝑑𝑥𝑥 ⋅ 𝑑𝑑𝑑𝑑2 = 0
   (1) 

The quantity dx in the equation 𝑝𝑝𝑑𝑑𝑑𝑑22  is infinitesimally small, so we can skip it. 

�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑝𝑝 = 0𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇 − 𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0 → 𝑇𝑇 =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑      (2) 

�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 − 𝑆𝑆 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2          (3) 

𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 − 𝑆𝑆 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 = −𝑝𝑝  (4) 𝑀𝑀 = −𝐸𝐸𝐸𝐸 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2   (5) 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 = −𝐸𝐸𝐸𝐸 𝑑𝑑4𝑑𝑑𝑑𝑑𝑑𝑑4   (6) −𝐸𝐸𝐸𝐸 𝑑𝑑4𝑑𝑑𝑑𝑑𝑑𝑑4 − 𝑆𝑆 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 =
−𝑝𝑝⋅(−1)

  (7) 
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𝐸𝐸𝐸𝐸 𝑑𝑑4𝑑𝑑𝑑𝑑𝑑𝑑4 + 𝑆𝑆 𝑑𝑑2𝑑𝑑𝑑𝑑𝑑𝑑2 = 𝑝𝑝 (8) 

Transformating into the dimensionless space, we can write: 𝜉𝜉 =
𝑑𝑑𝑙𝑙  𝐸𝐸𝐸𝐸𝑙𝑙4 ⋅ 𝑑𝑑4𝑑𝑑𝑑𝑑𝜉𝜉4 +

𝑆𝑆𝑙𝑙2 ⋅ 𝑑𝑑2𝑑𝑑𝑑𝑑𝜉𝜉2 =
𝑝𝑝⋅ 𝑙𝑙4𝐸𝐸𝐸𝐸  (9) 

𝑑𝑑4𝑑𝑑𝑑𝑑𝜉𝜉4 +
𝑆𝑆𝑙𝑙2𝐸𝐸𝐸𝐸 ⋅ 𝑑𝑑2𝑑𝑑𝑑𝑑𝜉𝜉2 =

𝑝𝑝𝑙𝑙4𝐸𝐸𝐸𝐸    (10) 𝜎𝜎2 =
𝑆𝑆𝑙𝑙2𝐸𝐸𝐸𝐸 ,   dimensionless parameter 2σ  𝑆𝑆IV + 𝜎𝜎2𝑆𝑆II = 0   (11) 

The solution of the homogeneous differential equation is an exponential function:  𝑆𝑆 = 𝑒𝑒𝑘𝑘𝜉𝜉  (12) 

where: k – the coefficient that we determine by substituting into the equation (11) 
the corresponding derivatives: 𝑘𝑘4𝑒𝑒𝑘𝑘𝜉𝜉 + 𝜎𝜎2𝑘𝑘2𝑒𝑒𝑘𝑘𝜉𝜉 = 0   (13) 

(𝑘𝑘2 + 𝜎𝜎2)𝑘𝑘2𝑒𝑒𝑘𝑘𝜉𝜉 = 0   (14) 𝑘𝑘2 = 0 𝑜𝑜𝑜𝑜 𝑘𝑘2 + 𝜎𝜎2 = 0⇓ ⇓𝑘𝑘1 = 𝑘𝑘2 = 0 𝑘𝑘3 = 𝑖𝑖𝜎𝜎 𝑘𝑘4 = −𝑖𝑖𝜎𝜎   (15) 

The general integral of the equation (11) is therefore a function 𝑆𝑆𝑜𝑜 = 𝐶̃𝐶1 + 𝐶̃𝐶2𝜎𝜎𝜉𝜉 + 𝐶̃𝐶3𝑒𝑒𝑖𝑖𝑖𝑖𝜉𝜉 + 𝐶̃𝐶4𝑒𝑒−𝑖𝑖𝑖𝑖𝜉𝜉    (16) 

After using the Euler formula 𝑒𝑒±𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑜𝑜𝑐𝑐 𝛼𝛼 ± 𝑖𝑖 𝑐𝑐𝑖𝑖𝑠𝑠 𝛼𝛼  𝛼𝛼 ∈ 𝑅𝑅    (17) 

Get: 𝑆𝑆𝑜𝑜 = 𝐶𝐶1 + 𝐶𝐶2𝜎𝜎𝜉𝜉 + 𝐶𝐶3 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 + 𝐶𝐶4 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉 𝑆𝑆𝑜𝑜𝐼𝐼 = 𝐶𝐶2𝜎𝜎 − 𝐶𝐶3𝜎𝜎 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉 + 𝐶𝐶4𝜎𝜎 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 𝑆𝑆𝑜𝑜𝐼𝐼𝐼𝐼 = −𝐶𝐶3𝜎𝜎2 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 − 𝐶𝐶4𝜎𝜎2 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉                 (18) 𝑆𝑆𝑜𝑜𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐶𝐶3𝜎𝜎3 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉 − 𝐶𝐶4𝜎𝜎3 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 𝑆𝑆𝑜𝑜𝐼𝐼𝐼𝐼 = 𝐶𝐶3𝜎𝜎4 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 + 𝐶𝐶4𝜎𝜎4 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉 

The cross-sectional forces: the bending moment and the transverse force after 
switching to a dimensionless variable 𝜉𝜉 =

𝑑𝑑𝑙𝑙  will be as follows:  𝑇𝑇 = − 𝐸𝐸𝐸𝐸𝑙𝑙3 (𝑆𝑆III + 𝜎𝜎2𝑆𝑆𝐼𝐼) = − 𝐸𝐸𝐸𝐸𝑙𝑙3 𝜎𝜎3𝐶𝐶2           
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𝑀𝑀 = − 𝐸𝐸𝐸𝐸𝑙𝑙2 𝑆𝑆II =
𝐸𝐸𝐸𝐸𝑙𝑙2 𝜎𝜎2(𝐶𝐶3 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 𝜉𝜉 + 𝐶𝐶4 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎 𝜉𝜉)               (19) 

The integration constants present in the above formulas depend on the way the 
member is supported. For a fixed rod with support on both ends, as shown in 
Figure 3, the following boundary conditions can be written: 

⎩⎪⎨
⎪⎧ w(0)=wi

wI(0)=lφ
i

w(1)=wj

wI(1)=lφ
j

                     ⎩⎪⎨
⎪⎧ C1+C3=wi

C2σ+C4σ=lφ
i

C1+C2σ+C3 cos σ +C4 sin σ =wj

C2σ-C3σ sin σ +C4σ cos σ =lφ
j

  (20) 

 

Figure 3 
Fixed rod fixed on both sides 𝛷𝛷𝑖𝑖 = 𝑀𝑀(0); 𝛷𝛷𝑗𝑗 = −𝑀𝑀(1); 𝛴𝛴𝑖𝑖 = −𝑇𝑇(0); 𝛴𝛴𝑗𝑗 = 𝑇𝑇(1)  𝛷𝛷𝑖𝑖 =

𝐸𝐸𝐸𝐸𝑙𝑙2 𝜎𝜎2𝐶𝐶3;  𝛷𝛷𝑗𝑗 = − 𝐸𝐸𝐸𝐸𝑙𝑙2 𝜎𝜎2(𝐶𝐶3 𝑐𝑐𝑜𝑜𝑐𝑐 𝜎𝜎 + 𝐶𝐶4 𝑐𝑐𝑖𝑖𝑠𝑠 𝜎𝜎)  (21) 

After some rearrangement, we obtain: 𝛷𝛷𝑖𝑖 =
𝐸𝐸𝐸𝐸𝑙𝑙 �𝛼𝛼𝜑𝜑𝑖𝑖 + 𝛽𝛽𝜑𝜑𝑗𝑗 − 𝜗𝜗𝜓𝜓𝑖𝑖𝑗𝑗�            𝛷𝛷𝑗𝑗 =
𝐸𝐸𝐸𝐸𝑙𝑙 �𝛽𝛽𝜑𝜑𝑖𝑖 + 𝛼𝛼𝜑𝜑𝑗𝑗 − 𝜗𝜗𝜓𝜓𝑖𝑖𝑗𝑗�         𝛴𝛴𝑖𝑖 =
𝐸𝐸𝐸𝐸𝑙𝑙2 �𝜗𝜗𝜑𝜑𝑖𝑖 + 𝜗𝜗𝜑𝜑𝑗𝑗 − 𝛿𝛿𝜓𝜓𝑖𝑖𝑗𝑗�                           (22) 
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𝛴𝛴𝑗𝑗 = − 𝐸𝐸𝐸𝐸𝑙𝑙2 �𝜗𝜗𝜑𝜑𝑖𝑖 + 𝜗𝜗𝜑𝜑𝑗𝑗 − 𝛿𝛿𝜓𝜓𝑖𝑖𝑗𝑗� 

The coefficients α, β, δ, 𝜗𝜗 are not numbers, but the complex trigonometric functions 
of the parameter σ. 

 
Figure 4 

Rod fixed at one end and freely supported at the other 

For a rod of the type fixed-joint (Figure 4), on the simply supported side (right), the 
bending moment is equal to zero 𝛷𝛷𝑗𝑗 = 0 𝛷𝛷𝑗𝑗 = 0 ⇒ 𝛽𝛽𝜑𝜑𝑖𝑖 + 𝛼𝛼𝜑𝜑𝑗𝑗 − 𝜗𝜗𝜓𝜓𝑖𝑖𝑗𝑗 = 0 

𝛷𝛷𝑖𝑖 =
𝐸𝐸𝐸𝐸𝑙𝑙 �𝛼𝛼𝜑𝜑𝑖𝑖 + 𝛽𝛽 �− 𝛽𝛽𝑖𝑖 𝜑𝜑𝑖𝑖 +

𝜗𝜗𝑖𝑖 𝜓𝜓𝑖𝑖𝑗𝑗� − 𝜗𝜗𝜓𝜓𝑖𝑖𝑗𝑗� =
𝐸𝐸𝐸𝐸𝑙𝑙 ��𝛼𝛼 − 𝛽𝛽2𝑖𝑖 ��������𝑖𝑖𝐼𝐼

𝜑𝜑𝑖𝑖 − �𝜗𝜗 − 𝛽𝛽𝜗𝜗𝑖𝑖 ��������𝑖𝑖𝐼𝐼
𝜓𝜓𝑖𝑖𝑗𝑗�  

𝛴𝛴𝑖𝑖 =
𝐸𝐸𝐸𝐸𝑙𝑙2 �𝜗𝜗𝜑𝜑𝑖𝑖 + 𝜗𝜗 �− 𝛽𝛽𝑖𝑖 𝜑𝜑𝑖𝑖 +

𝜗𝜗𝑖𝑖 𝜓𝜓𝑖𝑖𝑗𝑗� − 𝛿𝛿𝜓𝜓𝑖𝑖𝑗𝑗� =
𝐸𝐸𝐸𝐸𝑙𝑙2 ��𝜗𝜗 − 𝜗𝜗𝛽𝛽𝑖𝑖 ��������𝑖𝑖𝐼𝐼

𝜑𝜑𝑖𝑖 − �𝛿𝛿 − 𝜗𝜗2𝑖𝑖 ������𝛿𝛿𝐼𝐼
𝜓𝜓𝑖𝑖𝑗𝑗�  

𝛴𝛴𝑖𝑖 =
𝐸𝐸𝐸𝐸𝑙𝑙2 �𝛼𝛼𝐼𝐼𝜑𝜑𝑖𝑖 − 𝛿𝛿𝐼𝐼𝜓𝜓𝑖𝑖𝑗𝑗�  𝛴𝛴𝑗𝑗=-
EJ𝑙𝑙2 �𝛼𝛼𝐼𝐼𝜑𝜑𝑖𝑖  - δ𝐼𝐼𝜓𝜓ij� 

2.2 The Reliability Assessment using Monte Carlo Method 

According to the codes [N4], the assessment of structural reliability is based on the 
concept of limit states, and their verification is conducted using a semi-probabilistic 
method with the use of partial safety factors. The purpose of these factors is to 
ensure the desired level of structural reliability. Approximate methods such as 
FORM [11-15] and SORM [16-18], as well as simulation techniques such as Monte 

S

w
j

ϕi

i j

Wi

Wj

Φi

i jS

ψij
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Carlo [19-23] and Importance Sampling [24-26], are extensions of the semi-
probabilistic limit state method. The probabilistic approach allows for a more 
accurate and realistic modeling of structural materials, geometric parameters, and 
loads. In the present study, the Monte Carlo method was employed to determine the 
probability of failure. 

The classic Monte Carlo simulation method involves generating realizations of the 
random vector 𝑿𝑿 according to the joint probability distribution density function 𝑓𝑓(𝑥𝑥). In the next step, for each realization of the random vector 𝑿𝑿, the performance 
function is computed. The ratio of the number of 'hits' in the failure area to the total 
number of simulations provides an estimator of the probability of failure  
(see Figure 5). The above idea can be expressed by defining the characteristic 
function of the failure area set as: 

XΩf
(x)= �1  if    x∈ Ωf

0 if     x∉ Ωf
  (24) 

 
Figure 5 

Idea of Monte Carlo method 𝑋𝑋𝛺𝛺𝑓𝑓(x) is therefore a random variable with a two-point distribution: 𝑃𝑃 �XΩf
(X)=1�=Pf        P�XΩf

(X)=0�=1-Pf  (25) 

where: Pf = P[X ∈ Ωf] 

𝑉𝑉𝑉𝑉𝑜𝑜 �XΩf
(X)�  = E ��XΩf

(X)�2� - �E �XΩf
(X)��2 = Pf - Pf

2 = Pf�1 - Pf�             (26) 
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In the Monte Carlo method, an estimator of the mean value of the characteristic 
function of the set of the form: 

X�Ωf

0
 = 

1

K
∑ XΩf

(Xk) = Pf
�K

k=1   (27) 

where: Xk - independent random vectors with a probability distribution defined by 
the density function fx(x), K - the number of simulations.  

The mean value and variance of the estimator are given as: 

Pf
0� = E�Pf

� � = 
1

K
∑ XΩf

0 (Xk) = 
1

K
K ⋅Pf = Pf

K
k=1                                              

σPf
�2  =Var�Pf

� � = 
1

K2 ∑ Var[XΩf

 (Xk)] = 
1

K2 K⋅Pf�1 - Pf� =
 1

K

K
k=1 Pf�1- Pf�               (28) 

The coefficient of variation of the estimator is of the form: 

vPf
�  = 

σPf
�

Pf
0� =�1 - Pf

K⋅Pf
  (29) 

The formula above indicates that in order to obtain a coefficient of variation of the 
estimator of 0.1 along with the expected probability of failure, which typically 
ranges from10 -7 to 10 -4, for real structures, it requires conducting K = 10 9 - 10 6 
simulations. 

2.3 The Robust Optimization 

Robust optimization is a non-deterministic optimization method that takes into 
account the random nature of parameters, which leads to scattering of the response. 
It typically enhances the reliability of the structure. In robust optimization, the 
objective function commonly includes the variance of the selected structural 
response quantity. Constraints can be deterministic or expressed through statistical 
moments. The optimal structure achieved through robust optimization is more 
resilient to fluctuations in parameter values. Unlike other types of optimization 
(e.g., reliability optimization), the precise determination of probability distribution 
types is not crucial. The values of the first statistical moments of the structural 
response primarily depend on the first moments of random variables. In the absence 
of adequate data, a uniform or normal distribution of variables is often assumed. 

The goal of robust optimization is to minimize both the mean value and the variation 
(standard deviation) of the target function. Consequently, the task of robust 
optimization can be formulated as follows: 

Find values for variables: Xd, μx  (30) 

Minimizing: {E [ f (Xd, X, P)], σ[f (Xd, X, P)]}  (31) 

Subjected to: 

E [g
i
(X

d
, X, P)] - β

i
�  σ[g

i
(X

d
, X, P)] ≥ 0,   i=1,…, kg,  (32) 
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σ [ck (X
d
, X, P)] ≤ σk

u,                              k=1,…, kc,  (33) 

Xd 
j

l ≤ Xd 
j
 ≤ Xd 

j

u                                      j = 1, …, nd,  (34) 

μxr
l ≤ μxr

≤ μxr
u,                                          r = 1, …, nx,  (35) 

where: f – objective function, Xd – vector of deterministic design variables, X, P – 

vectors of random variables with expected values μx and μp respectively, gi – 
constraint functions, ck – functions whose standard deviations cannot exceed the 
permissible values σk

u,  β
i
 �> 0 – the coefficients corresponding to the constraints,  

gi ≥ 0 represents the safety margins. 

The vectors of random variables have been distinguished due to their different 
nature. Random variables X can be defined as random design variables because their 
expected values μx change during the optimization process (where μx represents the 
design variable). This leads to a shift in the probability density function fX(x). On 
the other hand, the probability distribution of the vector P remains unchanged 
during optimization, making these variables pure random parameters. 

The concept of robustness is illustrated in Figure 6. The objective is to ensure that 
at the optimal point, the mean values of the constraint function gi , i = 1, ..., kg, are 
greater than or equal to their corresponding standard deviations. The natural 
consequence of robust optimization is an increase in the reliability of the structure. 

 
Figure 6 

The concept of robust optimization limitations 

In the above formulation, we are dealing with a multi-objective optimization 
problem: the mean value of E [f(𝑿𝑿𝒅𝒅, X, P)] and the standard deviation of 
σ[f(𝑿𝑿𝒅𝒅, X, P)]. 

A widely used approach for identifying points in the Pareto set is scalarization of 
the multi-objective optimization problem, where a linear combination of the 
objectives is used as the objective function. By adjusting the coefficients (weights) 
assigned to each component of the vector, one can obtain points in the Pareto set. 
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The values of these points are also influenced by the designer's preferences, which 
focus on minimizing both the average value and variance. Therefore, the task can 
be reformulated as the following scalar optimization problem: 

Find values for variables: 𝑿𝑿𝒅𝒅, μx  (36) 

Minimizing: F� =
1 – γ
μ*

E[f (𝑿𝑿𝒅𝒅, X, P)] + γ
σ*

 σ[f (𝑿𝑿𝒅𝒅, X, P)]                                  (37) 

subjected to: 

E [g
i
(𝑿𝑿𝒅𝒅, X, P)] - β

i
�  σ[g

i
(𝑿𝑿𝒅𝒅, X, P)] ≥ 0,   i=1, …, kg,  (38) 

σ[ck (𝑿𝑿𝒅𝒅, X, P)] ≤ σk
u,                                k=1, …, kc,  (39) 

Xd 
j

l ≤ Xd 
j
 ≤ Xd 

j

u                                        j = 1, …, nd,  (40) 

μxr
l  ≤ μxr

≤ μxr
u,                                           r =1, …, nx,  (41) 

The weighting factor γ ∈ [0, 1] in the formula determines the meaning of each 
criterion, while μ* and σ* are normalizing constants. Assuming γ = 0, the 
optimization problem is transformed into a simple task of minimizing the mean 
value, while for γ = 1 to the task of minimizing the variance of the target function 
in the other words increasing structural robustness.  

In the algorithm of robust optimization, we can distinguish 7 stages: 

1) Definition of the permissible and choice of weighting factor γ. 

2) Generating N implementation of the vector of design variables, which are 
evenly distributed in the current permissible area, according to the plan of optimal 
Latin Hypercubes. 

3) Determination of statistical moments of the objective function and the 
constraint function for each of the N realizations of the vector {𝑿𝑿𝒅𝒅, μx}. 

4) Structure of the response surface, e.g. by kriging, directly for individual 
statistical moments: μ�

f
, σ�f, μ�gi

, σ�gi
, σ�ck

 . 

5) Solving the task of deterministic optimization 

Find the values of the variables: 𝑿𝑿𝒅𝒅, μx  (42) 

Minimizing : f̃DRS
=

1 – γ
μ*

μ�
f
 �𝑿𝑿𝒅𝒅, μ

x
�+ 𝛾𝛾

σ*
 σ�f �𝑿𝑿𝒅𝒅, μ

x
�   (43) 

Subjected to: 

μ�
gi

�𝑿𝑿𝒅𝒅, μ
x
� - β

i
�  σ�gi

 �𝑿𝑿𝒅𝒅, μ
x
� ≥ 0,            i=1, …, kg,  (44) 

σ�ck
 �𝑿𝑿𝒅𝒅, μ

x
� ≤ σk

u,                                  k=1, …, kc,  (45) 

Xd
� 

j

l
 ≤ Xd

� 
j
 ≤ Xd

�  
j

u,                                  j=1, …, nd,  (46) 
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μ�xr

l
 ≤ μxr

≤ μ�xr

u
,                                      r=1, …, nx,  (47) 

where: Xd
� 

j

l
,  Xd

�  
j

u
, μ�xr

l
, μ�xr

u - the current boundaries of the permissible area, μ* and 
σ* – the normalization factors determined on the basis of the extreme values of the 
relevant moments obtained in point 3. 

6) Check the terminate convergence condition. 

7) Moving the permissible area over the optimal point determined in step 5. 
Reduction of the permissible area and return to 2. 

2.3.1 Determination of the Response Surface by Polynomial 

Approximation 

A crucial component of the algorithm employed in robust optimization is an 
efficient method for estimating the mean values and deviations of objective 
functions and constraints. To achieve this, various techniques have been utilized to 
approximate implicit functions of design variables using metamodels, also known 
as response surfaces. These surfaces are constructed by fitting suitable 
approximating functions to a set of experimental data points (Li et al. [26], Tang, 
Xu [27], Vining, Myers [28], Yeniay et al. [29]). 

To approximate the response function, a commonly used method is to employ a 
low-degree polynomial. The purpose of the polynomial is not to precisely describe 
the entire response surface of the structure, but rather to provide the closest possible 
approximation near the limit state. 

If the response of the structure is confined to a narrow region, it is possible to 
approximate the response surface using a linear function of independent random 
variables, which corresponds to a polynomial of the first-degree. Such a model is 
referred to as a first-order model and can be represented as: 

y�(x) = B0+ ∑ Bixi + εn
i=1   (48) 

where: Bi, i = 0, 1, ..., n – dimension of the boundary state surface, – design 
variables, 𝑥𝑥𝑖𝑖ε – error taking into account the scatter of yi values. 

In cases where there is interaction between the realizations of random variables xi, 
the first-order model can be extended to include second-order interaction terms, 
which take into account the curvature of the surface (taking into account the 
curvature of the surface) (Box, Wilson [30]):  

y�(x)=B0+ ∑ Bixi
n
i=1 + ∑ Biixi

2n
i=1 + ∑ ∑ Bijxixj

n
j=2 +εn

i<j   (49) 

In the strategy described in the paper, response surfaces are constructed not for the 
target function f or the constraint functions gi or ck, directly, but for their statistical 
moments. The approximate surfaces of the mean value and the standard deviation 
of these respective functions are taken into consideration. Typically, these surfaces 
are represented in polynomial form: 
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y�μ(z) = b0
μ
 + ∑ bi

μ
zi + ∑ bii

μ
zi

2+
ndX

i=1
∑ ∑ bij

μ
zizj

ndX

j=2, j>i

ndX

i=1

ndX

i=1   (50) 

y�σ(z) = b0
σ
 + ∑ bi

σ
zi + ∑ bii

σ
zi

2+
ndX

i=1
∑ ∑ bij

σ
zizj

ndX

j=2, j>i

ndX

i=1

ndX

i=1   (51) 

where: y�μ – approximation of the mean value of the function (f, gi or ck); y�𝑖𝑖  – 
approximation of the standard deviation of the function (y�σ f, gi or ck); zi,  i=1, ..., 
ndX – design variables (Xd and μx); ndX = nd + nx – number of design variables. 

3 Numerical Example 

In order to illustrate the advantages of robust optimization, a steel single-storey 
frame with dimensions L=600cm and B=550cm (Figure 7) was analyzed. Both the 
bolt and the columns of the frame were modeled with steel square tubes with 
dimensions D = 39cm and d = 33cm, Young's module E = 210GPa, Poisson 
coefficient v = 0.3, yield strength fy=235MPa. The structure was loaded with two 
forces with values, S = 1200kN and P = 120kN. 

Static Analysis 

According to the method of displacement, only horizontal displacement of the bolt 
is possible. Therefore, adopting the basic scheme of the displacement method, an 
additional bond blocking the movement was introduced. The reaction R in the bond 
was determined from the equilibrium equation of ∑ X floor 1-2 of the frame 
(Figure 8). ∑ X =0      

P+R-W1-W2=0                            (52) 

R=W1+W2 - P=0 

 

 

Figure 7 
Geometry and cross-section of the steel single-storey frame 
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Figure 8 

Basic scheme of the frame according to the method of displacement 

The values of the parameter σ on both columns are the same (σ=�SL2

EI
). In the case 

of a unit displacement Δ, the angles of rotation of the columns 1-A and 2-B are 
equal to Ψ1A=Ψ1B=

1

L
 . Using the transformation formulas, the equilibrium equation 

can be written:  

2δI (σ)⋅Δ = 
P⋅L3

EI
  (53) 

The horizontal displacement of the frame bolt is: 

Δ = 
P⋅L3

2EIδI(σ)
  (54) 

M =
EI

L2 �-αI(σ)� PL3

2EI⋅δI(σ)
 = -

PL

2σ
 tg σ  (55) 

Reliability Analysis 

The reliability analysis of the structure was carried out using the Monte Carlo 
method (random sample size: 106). The geometrical characteristics of the cross-
sections of the members were adopted as random variables (D – the external 
dimension of the cross-section, d – the internal dimension of the cross-section).  
The random variables are described in Table 1. Random variables are not correlated. 
The initial mass of the modeled structure is M = 5935.36 kg. The value of the 
coefficient of variation was set at 2% for the external dimension D and 1% for the 
internal dimension d of the cross-section. 

The example assumes two boundary functions describing the serviceability limit 
state SGU and the ultimate limit state SGN, respectively.  
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Table 1 
Description of random variables  

Random 
variables 

Xi 

Average 
values 
[cm] 

Standard 
deviation 

[cm] 

Coefficient of 
variation 

[%] 
D 39 0.78 2 
d 33 0.33 1 

f
SGU

 = Δmax - Δ   (56) 

where: Δ – horizontal displacement of the frame bolt, Δmax – maximum horizontal 
displacement equal to L/150=4 cm. 

f
SGN

 = 0.87·Wy·fy - M  (57) 

where: Wy·– the section modulus. 

The reliability index for SGU and SGN were βSGU = 2.29 and βSGN = 3.82, 
respectively. 
Deterministic Optimization 

In the next step, we look for optimal cross-section dimensions, using the classic 
deterministic optimization algorithm. 

The objective function is the mass of the structure: 

f
C

 = minimum (ρ⋅A ∑ Li )3
i=1  = min (Mass)  (58) 

where: Li – length of the ith member, A – cross-sectional area, ρ – volumetric density 
of steel. 

Simple bounds are described in Table 2. They are the upper and lower limits of the 
searched design variables. 

Table 2 
Simple bounds of design variables  

Design variable Lower limit 
[cm] 

Upper limit 
[cm] 

D 36.66 41.34 
d 32.34 33.66 

Simple bounds were imposed on the basis of literature [31, 32, N5, N6]. For this 
case 2% tolerance of the cross-sectional dimensions of the pipe was assumed. 
Inequality limitations are formulated as conditions for not exceeding the 
permissible displacement of the horizontal bolt of the frame and not exceeding 87% 
of the load capacity for bending: 
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f
SGU

 = Δmax- Δ = 4 - Δ  (59) 

f
SGN

 = 0.87·Wy·fy - M  (60) 

The resulting cross-sectional dimensions are summarized in Table 3. The value of 
the objective function was 3862.916 kg. 

Table 3 
Values of design variables obtained in deterministic optimization 

Design variable Optimal value 
[cm] 

D 37.61 
d 33.66 

The probability of failure and the reliability index were also verified. For SGU and 
SGN functions, respectively: pSGU = 0.495, βSGU = 0.011, pSGN = 0.065, βSGN = 1.51.  

Robust Optimization 

The objective function is mass of the structure, but assuming that it takes into 
account the weighting factor γ determining the meaning of each of the criteria. 
Design variables are the expected values of the external and internal dimensions of 
the cross-section: μD, μd. The value of the coefficient of variation was set at 2% and 
1%. 

The task of robust optimization takes the form of: 

Find the values of the variables: μD, μd (61) 

Minimizing: f
C

 = 1- γ
η*

 E [Mass] + 𝛾𝛾
σ*

 σ [Mass]  (62) 

Subjected to: 

E[4 - Δ]   -     βSGU�⋅ σ[4 - Δ] ≥ 0 (63) 𝐸𝐸 �0.87·Wy·fy - M�  -     βSGN�
 ⋅ σ �0.87·Wy·fy - M�  ≥ 0 (64) 

36.66 ≤ µ𝐷𝐷 ≤ 41.34 (65) 

32.34 ≤ µ𝑑𝑑 ≤ 33.66 (66) 

where: γ ∈ [0, 1] – weighting factor determines the importance of each of the 
criteria, η*, σ* - normalizing constants, 

Robust optimization was performed using the second-order response surface. 
Experiments are generated according to the plan of optimal Latin cubes.  
The parameters: γ = 0.5, β𝑆𝑆𝑆𝑆𝑆𝑆�  = 2.0, β𝑆𝑆𝑆𝑆𝑆𝑆�  = 3.0.  

The values of the design variables obtained as a result of robust optimization are 
summarized in Table 4. The weight of the structure in this case was 5150.32 kg. 
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Table 4  
Mean values of random variables obtained in robust optimization 

Random variable Optimal value 
[cm] 

D 38.03 
d 32.34 

The probability of failure and reliability index were verified for SGU and SGN 
functions, respectively: pSGU = 0.04452, βSGU = 1.700, pSGN = 0.00035, βSGN = 3.390. 

Impact of the γ Weighting Factor on Optimization Results 

The weighting factor γ ∈ [0, 1] determines the importance of each of the criteria of 
the objective function. If γ = 0, the optimization problem is transformed into a 
regular average value minimization task, while for γ = 1 into a variance value 
minimization task. The influence of the weighting factor on the values of the 
optimized design variables is presented on Figure 9. 

The higher the weight of the average value, the more optimal the structure should 
be. And when weights of the standard deviation is increased, the robustness of the 
structure is increasing, but optimality is reduced. 

 
Figure 9 

Mass of optimal structure depending on the weight of the average value 

Conclusions 

An indispensable element of rational structural design should include both 
deterministic optimization and robust optimization. Through robust optimization, 
we obtain designs that are slightly less optimal in terms of weight but significantly 
safer, as indicated by the reliability indices. Optimal structures are sensitive to 
imperfections in design parameters. Optimal solutions located near the limit state 
surface can easily become infeasible if parameter values deviate even slightly from 
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the assumed nominal values. Incorporating the uncertainty of design parameters in 
the formulation of robust optimization effectively addresses this issue by providing 
the designer with control over the level of structural safety. By controlling the value 
of the weighting factor, we can consciously decide whether to prioritize minimizing 
the average value or the variance of the target function. 

Furthermore, it is recommended to integrate robust optimization as a standard 
practice in structural design processes. This approach allows engineers to account 
for the random nature of design parameters and provides a more realistic and 
accurate representation of the structure's behavior under uncertain conditions. By 
considering both the mean value and variance of the target function, designers can 
achieve designs that are not only efficient but also resilient to parameter variations. 

Future research efforts should focus on refining the methodologies and techniques 
used in robust optimization, such as improving the accuracy of response surface 
models and exploring advanced optimization algorithms. Additionally, 
investigations into the impact of different probability distribution assumptions and 
the development of techniques for handling correlated random variables would 
further enhance the robustness and reliability of structural designs. 

In conclusion, incorporating robust optimization into the design process enhances 
the overall safety and performance of structures, ensuring their functionality and 
minimizing the risks associated with parameter uncertainties. By embracing robust 
optimization as a standard approach, engineers can achieve designs that strike a 
balance between efficiency and resilience, meeting the demands of modern 
structural engineering. 
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Abstract: Geosynthetic-Reinforced-Pile-Supported (GRPS) embankments are a trustworthy 

option ideal to support the railways over soft soils. They are widely used for the time-bound 

infrastructure projects. The majority of earlier research concentrated on the analysis of the 

GRPS embankments under static loads while the studies on the behavior of these 

constructions under dynamic loads are scarce. The fundamental purpose of this study has 

been to better comprehend the dynamic behavior of GRPS embankments in terms of 

stresses and settlements distribution via 3D modeling employing the finite element method 

(FEM). The advanced constitutive model of Hardening soil with small-strain stiffness was 

utilized to simulate the behavior of the soils under dynamic loads and the train load was 

modeled according to the recommendations of LM71 Eurocode. The results indicate to the 

contribution of the piles and geosynthetic reinforcement in the decrease of the settlements. 

The behavior of settlements and stresses under static and dynamic loads is similar.  

The load efficiency of the piles decreases during the passage of the train remarkably. The 

train speed affects obviously on the behavior of the GRPS embankment 

Keywords: GRPS embankment; 3D modeling; stresses and settlements distribution; 

dynamic loads; load efficiency 

1 Introduction 

Rail transport is among the most ecologically responsible solutions of 
transportation in the world since it relies heavily on electric haulage [1]. 
Generally, the geosynthetic reinforcement with piles is considered an ideal 
solution to support the embankments of high-speed railways over soft soil layers 
[2]. This technology contributes to substantially reduce embankment settlement, 
construction time, and cost [3]. 

The behavior of Geosynthetic-Reinforced Pile-Supported (GRPS) embankments 
under static loading is investigated extensively. The mechanism of load transfer in 
the GRPS embankments is described as a combination of different phenomena: 
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the soil arching due to the difference between stiffness of piles and surrounding 
soft soil, tensioned membrane effect of the geosynthetic, frictional behavior of 
soil-geosynthetic interface and the soft soil support. Different researchers have 
investigated the behavior of GRPS embankments and suggested many analytical 
methods of design (Terzaghi [4], Low et al. [5], Russell & Pierpoint [6], 
Abusharar et al. [7], BS 8006 [8], EBGEO [9], CUR226 [10], Pham [11]). 

In regards of cyclic loading, the literature review is much more limited, however 
the behavior of the GRPS embankment under this type of loading is crucial owing 
to the real representation of the problem. Heitz et al. [12] indicated that numerous 
factors reduce the soil arching and, as a result, the load efficiency (E is the ratio of 
load applied over the pile head to the total load). Based on a small-scale model of 
a GRPS embankment exposed to cyclic loading. These factors include pile 
configuration, layers of geosynthetic, number of cycles, and loading frequency. 
Yu et al. [13] compared the difference in the behavior of piled embankment under 
static and traffic loads, the results indicate that the soil arching phenomenon has 
disappeared after 300 cycles and the vertical stress carried by the soft soil 
increases with the cycle numbers. Han and Bhandari [14] developed a 2D discrete 
element model (DEM) of a GRPS embankment and discovered that the stress 
concentration ratio (SCR is the ratio of the stress over the pile head to the stress 
over the soft soil in a unit cell) and the geogrid tension increase as the 

embankment height, geogrid stiffness, and pile elastic modulus increase under 
cyclic loads. 

Han et al. [15] created a laboratory model and the model tests was followed by FE 
analysis. The findings indicate that the dynamic load has an obvious influence on 

the soil arching if the embankment height is not enough. Moreover, the geogrid 
presence contributes in more stability of the soil arch if the ratio of embankment 
height to pile spacing is more than 1.4. Zhuang et al. [16] investigated the 
behavior of piled embankment using FE method and Mohr–Coulomb to model the 
embankment soil. The results indicated that the applied vertical stress over the pile 
cap increases with the increase of cyclic loading to a certain point of time and then 
decreases due to the reduction of the soil arching. The vertical stress increases also 
with the decrease of the vehicle speed. The researchers stated that the complicated 
dynamic soil behavior of the embankment cannot be represented adequately due to 

the adoption of the simple constitutive model Mohr-Coulomb. To investigate the 
behavior of the GRPS embankment, Houda et al. [17] performed several 3D 
small-scale model tests under low frequency cyclic load. The investigation 
revealed a settlement accumulation, particularly in the first ten cycles, where 50 % 
settlement accumulation occurred. Furthermore, applying the cycles increases load 
efficiency. After 20–30 cycles, a value of roughly 1, in which practically the full 
load is transferred to the pile heads, is obtained and thereafter remains stable. 

Zhuang et al. [18] investigated a range of 3D finite element (FE) models of GRPS 
embankment under cyclic load. The parametric study revealed that settlements 
increase with vehicle wheel load and speed, whereas the soil arching is reduced 
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with larger vehicle load and speed. 3D numerical simulations of GRPS 
embankment were conducted in the Pham et al. [19] study. The analysis results 
indicated that the SCR decreases with the number of cycles due to the reduction of 
the soil arching, the vehicle speed contributes to quick disappiation of the soil 
arching. Additionally, the cumulative settlements increase as the vehicle speed 

and embankment height rise. The researchers also discovered that the influence of 
the number of geosynthetic layers could be negligible. Wang et al. [20] observed 
through the 3D dynamic analysis that the pile stiffness and the fixed end piles can 
reduce the stresses in the soft subsoil. Aqoub et al. [21], based on experimental 
analysis, observed an improvement of the GRPS embankment behavior related to 
the load efficiency and settlement under cyclic loading with the increase of 
geosynthetic layer numbers. It was noticeable that approximately 50% of the 
embankment surface settlement occurred during the first 100 cycles. On the other 

hand, the researchers found also that the geosynthetic tension increases during 
different cyclic loading stages, however, remains nearly constant in every stage. 

The static and dynamic performance of GRPS embankment was investigated Bi et 
al. [22] numerically, the researchers observed that the SCR decreases under long-

term traffic loads and the stiffness of the soft soil has a main role in undermining 
the performance of soil arching. They observed also that the differential 
settlements increase with the cycles number to finally be in a stable state. Zhuang 
et al. [23] evaluated the GRPS embankment under cyclic loading and unloading 
through the FE analysis. The parametric study demonstrates that the higher 

vehicle speed and the wheel load and the lower the geosynthetic stiffness, the load 
efficiency lower. Patel et al. [24] analyzed the dynamic response of GRPS 
embankment and found that for an embankment height to pile spacing ratio (a) of 
less than or equal to 4.5, geosynthetic stiffness of 3000 kN/m is adequate to 
achieve high SCR, as well as to decrease the differential settlements under 
dynamic loads and different heights of the embankment. If a is more than 4.5 then 
the SDR increases with the geosynthetic stiffness. Fang et al. [25] provided a dual-
beam model to simulate the pavement and geosynthetic in order to assess the 
dynamic behavior of the GRPS embankment. The findings indicate that the 
moving load position has an influence on the GRPS embankment's stress and 
deflection distribution. Deflection and stress increase as the speed of the moving 
load increases. By increasing pile stiffness and geosynthetic modulus, the effect of 
moving load speed on the GRPS embankment can be decreased, these two 
parameters contribute to improve the stability of the GRPS embankments. Duan et 

al. [26] discussed the redistribution of the dynamic stress under moving train load 
due to the soil arching phenomenon in the embankment body and the contribution 
of geogrid in this process. 3D simulations are employed in the study to better 
elucidate the dynamics of GRPS embankments under a single cycle of high-speed 
train. Proper constitutive models are utilised to simulate the behavior of the 
bearing soil, soft soil and embankment fill based on the recommendations of 
Shahraki et al. [27] to better representation of their behavior. Results highlight the 
influence of using piles and the geosynthetic reinforcements to sustain the 
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embankment, and the behavior of the vertical stresses and settlements in the 
embankment body. The indices of describe the behavior of the GRPS 
embankment are different as shown in the literature, this paper adopts the load 
efficiency, the geosynthetic tension, and the settlements to find out the influences 
of the embankment height, cover ratio, and train speed on the aforesaid indices. 

2 Finite Element Modelling 

2.1 Description of GRPS Embankment Model 

The technology employed to support embankments consists of (i) a network of 
vertical elements (piles), which are commonly slender and cylindrical in shape. 

The installation method (driving, boring, etc...) and mesh pattern (square, triangle, 
rectangle, etc…) of the piles are adopted based on soil conditions and both 
geometry and nature of applied loads. The installation of piles is regarded as the 
first stage of construction. (ii) a load transfer platform (LTP), this platform 
typically composed of a granular soil and one horizontal layer or more of 
geosynthetic reinforcement, and this is the second stage of construction. The last 
stage is the construction of the embankment body [28].  

GRPS embankment is constructed atop a simple geological profile consisting of a 
10-m soft soil layer resting on a stiff soil of gravel. The groundwater level is 
located directly at the soft soil layer surface. The 13.0 m wide embankment with a 
height of 2.6 m and slope angle of 1:1.15 is supported by a network of piles and 

one layer of geogrid as illustrated in Figure.1. 

At the top of the embankment, a clustered ballast layer with a thickness of 0.35 m 
capped by transverse sleepers to support the railway track. In a square pattern, 
circular-cross-section piles with a diameter of 0.6 m and pile spacing of 2.0 m are 
installed. This network of piles penetrates the gravel's stiff layer. The geogrid 
layer with a stiffness of 5000 kN/m is located 0.1 m above the pile heads.  
The following points are utilized to display the outputs of the numerical analysis. 
Points B and D are located on the ballast surface. Points A, C, and E are located 
on the embankment's base level, as indicated in Figure 1. Longitudinally, Points 
D, C, and E are 2 meters from the boundaries, whereas Points B and A are 3 
meters away. 
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Figure 1 

GRPS embankment profile (a) Plan view at the embankment base plane; (b) section I-I; (c) section II-II 

2.2 3D Modelling of the Problem 

To simulate the dynamic behavior of the GRPS embankment under the moving 
load which represents the high-speed train, a model of 96 m length and 45 m 
width was created in Plaxis 3D CONNECT Edition V20 program. The absorbent 
boundaries and Standard fixities were employed to minimize the reflections of the 
waves at the boundaries. The finite element mesh of the GRPS embankment is 
shown in Figure 2. 
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Figure 2 

(a) Numerical model of GRPS embankment; (b) Side view; (c) Front view 

The rails, rail fastening systems, and sleepers, all of which lay on the ballast layer 
and the underlying subgrade represent the typical components of the railway track 

[29]. The rails and sleepers are modeled as beam elements. The properties of UIC 
60 rail [30] are adopted in the simulation, and the distance between the two rails is 
1.5 m. The properties of concrete sleeper type B70 [30] are adopted by supplying 

the area moment of inertia, the model included 121 sleepers with a center-to-

center distance of 60 cm. The properties of rail and sleepers are listed in Table 1. 

Table 1 

The properties of UIC60 rail and B70 sleeper 

Basic parameters 
Characters and 

units UIC60 rail B70 sleeper 

Cross-sectional area a (m3) 0,0077 0.0513 

Unit weight γ (kN/m3) 78 25 

Young's modulus E (MPa) 200000 36000 

Inertia moments 
I2 (m4) 0,00000513 0.00024 

I3 (m4) 0,00003 0.0253 

The LM71 Eurocode load model was used to simulate the moving train, which 
includes eight dynamic point loads of 125 kN vertical force with a constant 
distance of 1.6 m. Each point load has its own dynamic multiplier in Plaxis 3D, 

which is characterized as a time-shear force signal. The “Beams on the elastic 
foundation” theory can be used to determine the shear forces in the rails.  
The shear force signal is multiplied by the dynamic point load (125 kN) in each 
time step, if the moving train's acceleration is negligible and the distance between 
the dynamic point loads is constant, the time step is deemed constant. In our case 
study, the train with speed of 250 km/ h passes 1.6 m in 0.023 sec., the time frame 
during which the dynamic load may be deemed fixed is represented by the earlier 
period. In this model of 96 m long, the total time between the first and the last 
load is 1.38 sec., an extra 1.12 sec. was provided to dissipate the majority of the 
waves created by the moving train to obtain full dynamic time of 2.5 sec. All of 
the point loads have their values for each time step. As a result, the point loads are 
continually triggered and reach their maximum levels when the moving train 
passes over them. 
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2.2.1 Material Parameters 

Benz [31] proposed the generalized Hardening Soil model with Small-strain 
stiffness (HSS) through the development of the Hardening Soil (HS) model, this 
model takes the small strain characteristics of soil at high stiffness into 
consideration. The HSS model exhibits typical hysteretic behavior under cyclic 
loading. Based on that, this model is used to simulate the behavior of embankment 
soil, soft soil, and the bearing layer soil [27]. Several authors have utilized the 
HSS model to simulate the soil behavior under dynamic loading in different 
geosynthetic reinforced earth (GRE) structures. They found that the results are 
consistent with the field measurements [32]. The ballast is modeled with Mohr–
Coulomb (MC) model [27]. The properties of the different soils are listed in 
Tables 2 and 3. 

The piles are represented by embedded beam elements with a unit weight of 24 
kN/m3, a Young's Modulus of 20 GPa, and a Poisson's ratio of 0.20. The biaxial 
geogrid, on the other hand, is represented as an elastoplastic material. 

Table 2 

The properties of embankment fill, soft soil, and gravel  

 

Basic parameters Embankment fill Soft soil Gravel 

Saturated unit weight:  (kN/m3) 20.0 15.0 20.0 

Unsaturated unit weight:  

(kN/m3) 
18.0 12.0 19.0 

 Internal friction angle:  
ϕ (˚) 

 

35.0 25.0 38.0 

Dilatancy angle: Ψ (˚) 5.0 0.0 8.0 

Cohesion: c (kPa) 5.0 5.0 1.0 

Reference secant stiffness:  

(kN/m2) 
36000 1500 48000 

Reference tangent stiffness:  
(kN/m2) 

36000 750 48000 

Reference unloading /reloading 
stiffness:  (kN/m2) 108000 6000 144000 

Exponential power: m (-) 0.5 0.7 0.5 

Reference shear modulus at small 
strain:  (kN/m2) 100800 15000 114400 

Reference strain threshold:  0,00014 0.00026 0.00012 

Coefficient of earth pressure at rest: 

 (-) 
0.419 0.5775 0.384 

Unloading/reloading Poisson's ratio: 
 (-) 

0.2 0.2 0.2 
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Table 3 

The properties of ballast soil 

Ballast 
 =  = 25 kN/m3 ϕ =40  Ψ =0  c=10 kPa  

E=100000 kPa v=0.2 k=1.0 m/day 

3 Results and Discussion 

The reference case is created in order to investigate the behavior of the GRPS 
embankment under a single cycle of high-speed train. It is composed of a 2.6 m 
embankment supported by a network of piles and one layer of geogrid as indicated 
previously in section (2.1). A loading cycle is produced by a train speed of 250 
km/h. 

The first part of this study introduces the following: 

• A comparison between the GRPS embankment and the conventional 
embankment with the behavior of settlements. 

• A comparison of the behavior of vertical stresses and settlements under the 

static (embankment weight) and dynamic loads. 

• The behavior of vertical wave velocity at two points (C, D). 

A parametric analysis is conducted in the second part to examine the effect of the 
height of the embankment, cover ratio, and train speed on the behavior of the 
GRPS embankment in terms of the load efficiency (point A), the geosynthetic 

tension (point E), and the settlements at the ballast surface, (points D and B).  
The parametric analysis focuses on the time of the train operation. This time 
changes with the variation of the embankment height and moving train speed.  
For example, for different speeds (v1= 80 km/h, v2= 160 km/h, v3= 250 km/h), 
Plaxis 3D outputs demonstrate different time of the maximum load over the pile 
head (t1= 0.36 sec., t2= 0.23 sec., t3= 0.16 sec.) respectively. 

3.1 Assessment of the Pile and Geogrid Influence on an 

Embankment Subjected to Moving Train Load 

The embankment supported by a network of piles and one layer of geogrid was 
compared to the case of the unsupported (conventional) embankment to assess the 
function of the pile and geogrid in the dynamic response of the embankment 
erected over soft soil. Figure 3 depicts the embankment failure scenarios of the 

Failure ratio:  (-) 0.9 0.9 0.9 

Permeability: k (m/day) 1.0 5.55E-4 1.00 
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entire geometry in two cases (A) unspported embankment and (B) GRPS 
embankment. 

  

(A) (B) 

Figure 3 

Failure scenario of (a) unsupported embankment, (b) GRPS embankment 

For a more explanation, the piles serve to transfer the majority of the load to the 
bearing soil layer, reducing the load on the soft soil and, as a result, the vertical 
settlements of the railway structure. Furthermore, the geogrid reinforcement 

contributes to strengthen the embankment by increasing compressive strength, 
which reduces the effect of dynamic loads on the railway structure. Figure 4 

shows the maximum vertical settlement behavior at the ballast surface (point D) in 

the two scenarios during the train's passage (t=0.16 sec.). The use of piles and 
geogrid aids in reducing the vertical settlement to a reasonable level. 

 

Figure 4 

Vertical settlements of (a) unsupported embankment, (b) GRPS embankment 

3.2 Stress Distribution in the GRPS Embankment 

The stress distribution along the embankment body over the pile head (point A) 
and in the midway between four piles (point E) is investigated. The investigation 
was conducted under the static and dynamic loads. 
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At the ballast surface, the vertical stress over the pile axis equal to 0 kPa under 
static load, the amplitude of the vertical stress increases with the depth 
progressively to attain the maximum value over the pile head. Regarding the 
dynamic load, the vertical stress commences with 210 kPa owing the train load, 
this value reduces with depth before increasing again near the embankment base 
and attain the maximum value over the pile head as illustrated in Figure 5. 

On the other side, the stress distribution behaves differently over the midpoint 
between the piles; the vertical stress increases to a specified depth, then starts to 
decrease due to the formation of the soil arch, and subsequently increases again to 
a small extent due to the weight of the soil under the arch. It is noteworthy that the 

vertical stress distribution under the static and dynamic loads is similar.  
As illustrated in Figure 5, the soil arch height in this reference case is 0.83 m, 
representing the phase of vertical stress reduction in the structure. 

 

Figure 5 

Vertical stress distributions in the GRPS embankment body 

3.3 Vertical Settlement Distribution in the GRPS 

Embankment 

The settlements as a function of the embankment height are illustrated in Figure 6 

through points (B, D) on a vertical profile. The settlement distributions were 

investigated the static and dynamic loads. 

The maximum settlements decrease with the depth over the pile and soil as 
illustrated in Figure 6. It is noticeable also that the differential settlements under 
the dynamic loading is larger than those under the static loading. 
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Figure 6 

Vertical settlement distribution along the GRPS embankment height 

The results show that the maximum value of the differential settlement between 
the points (B, D) is 0.0047 m. The intersection point of the two curves (oranges or 
blues) represents the critical height, in this reference case, the authors determined 
that the critical height is more than 2.95 m. The critical height represents the 
height from the pile head level to the plane of equal settlements in the 

embankment body. In other words, the differential settlements can be negligible 

over this plane. 

3.4 Vertical Velocity in the GRPS Embankment 

Figure 7 shows the vertical velocity at points (D, C). The peak of the observed 
amplitude at the ballast surface culminates during the train's passage. The vertical 
velocity begins to attenuates progressively after the train's passage, on the other 

hand, the amplitude of the vertical velocity decreases with the depth as illustrated 
in Figure 7. It is noticeable the low value of the velocity at point (C), this is 
attributed to the involvement of piles and geogrid in improving the ability of the 
soft soil to attenuate the velocity in this medium. 

 

Figure 7 

Vertical velocity of different depths 
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3.5 Parametric Study 

3.5.1 Influence of GRPS Embankment Height (H) 

To consider the influence of the embankment height, the applied load over the pile 
head and the load efficiency are investigated during the passage of the train. 
Figure 8 demonstrates that the applied load increases to a large extent under the 
dynamic loading before decreasing after the train passes. At the same time, despite 
receiving an additional load, it is clear that load efficiency reduces dramatically. 
This may be read as the inability of the soil arch to transfer a considerable portion 
of the dynamic load to the pile, which is reflected in more settlements of the soft 
soil. The load efficiency increases again under the pure load of the self-weight of 
the embankment. 

Figure 8 further illustrates that the load efficiency increases with the higher 
embankment under static and dynamic loading. Moreover, the magnitude of the 
dynamic load transferred to the pile head increases as the embankment height 
decreases. 

 

Figure 8 

The load efficiency in the dynamic time for different embankment heights (Dashed curve represents 
the vertical load on the pile head, solid curve represents the load efficiency) 

Figure 9 shows the geosynthetic tension for different embankment heights.  
As shown in the Figure, for a given dynamic time the geosynthetic tension 
increases when the height increases. It is obvious that the tension increases 
significantly for the low embankment (H=1.3 m) with a tendency to be constant 
progressively after the passage of train. 
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Figure 9 

The tension in the geosynthetic for different embankment heights 

Figure 10 illustrates the variance in maximum and differential settlements at point 
D and points (D, B) on the ballast surface respectively. Due to the increased self-
weight of the embankment, the maximum vertical settlement (columns) of point D 
increases with the embankment height during the train passage. On the other side, 
the differential settlements (lines) decrease as the embankment height increases 
progressively as explained in section (3.3). As can be seen, the differential 
settlements for the different presumed embankment heights cannot be neglected. 

 

Figure 10 

The maximum and differential settlements at the ballast surface for different embankment heights 

3.5.2 Influence of Cover Ratio (a) 

The effect of the cover ratio variation in the dynamic time domain has been 
investigated. For this purpose, three diameters of the pile are used (0.6 m, 0.8 m, 
1.0 m). The cover ratio can be governed by adjusting the pile diameter or by 
enlarging the pile cap. In this reference case, the cover ratio is controlled by the 
pile diameter. The results are depicted in Figure 11. As can be noticed, increasing 
the cover ratio lower the load efficiency. The influence of the cover ratio is more 

noticeable under the static load than dynamic load. 
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Figure 11 

The load efficiency in the dynamic time for different cover ratios 

This phenomenon can be explained as follows, with larger pile diameter, the pile's 
skin friction area expands. Consequently, the negative skin friction generated by 
the stresses over the soft soil along the upper part of the pile increases. 
Conversely, the load applied on the pile's head decreases. The axial forces 
distribution along the pile shaft is illustrated in Figure 12. 

 

Figure 12 

The axial forces distribution for different pile diameters 

The utilize of large-diameter piles contributes to boost the stability of the soil 
arch; in consequence, the magnitude of load transfer through the soil arch 
improves while that transferred to the pile via geosynthetic reinforcement to the 
piles diminish. 
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Figure 13 

The tension in the geosynthetic for different cover ratios 

Based on that, the increase of the cover ratio reduces the tension in the 
geosynthetic which in turn tends to be stable after the train passage as shown in 
Figure 13. It was noticeable in this study that the maximum tension in the 
geosynthetic occurs at the edge of the pile. 

Figure 14 depicts the maximum and differential settlements at the ballast layer 
surface for various pile diameters. It can be seen that settlements decrease as the 
cover ratio increases. The reason for this is that the soil arch develops with the 

increased cross-sectional area of the pile, which contributes to restrict the amount 
of stress applied to the soft soil. 

 

Figure 14 

The maximum and differential settlements at the ballast surface for different cover ratios 

3.5.3 Influence of Train Speed (v) 

The influence of moving train speed on load efficiency is discussed in this section 

in which compares the findings of three different speeds, e.g. 80, 160, and 250 
km/h at the corresponding times (t) = 0.36, 0.23, and 0.16 sec., respectively, as 
shown in Figure 15. The higher train speeds reduce the vertical stress transferred 
to the pile heads. This might be because the amplitude and frequency of the 
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dynamic load increased with speed [33]. These results are compatible with those 

of Pham et al. [19]. The researchers found that the SCR is closer to equal to 1.0 

with high speeds after limited number of cycles, in other words, the soil arching 
reduction is faster with the higher speeds. 

 

Figure 15 

The load efficiency in the dynamic time for different train speeds 

The use of a geogrid contributes to regulate the vibration in the soil during the 
train passage. Referring to the effect of the train speed on the geosynthetic tension. 
Figure 16 shows that the geosynthetic tension of 80 km/h speed is the highest 

under the dynamic loading. Conversely, it is noticeable that the tension increases 
with speed at the end of the dynamic time (static loading). The Figure 16 shows 
also that the different behavior of the geosynthetic tension with the various speeds. 

 

Figure 16 

The tension in the geosynthetic for different train speeds 

Figure 17 refers to the effect of the train speeds on the maximum and differential 
settlements. It is visible from the preceding results that the load efficiency reduces 
with speed, and as a consequence, the vertical stresses applied to soft soil rise. 

Figure 17 depicts the development of the settlements at the ballast surface; the 

maximum settlements increase with the high speeds. At the same time, the 

differential settlements decrease as demonstrated by Meena et al. [34]. 
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Figure 17 

The maximum and differential settlements at the ballast surface for different train speeds 

Conclusions 

In this study, the authors used 3D numerical method to investigate the behavior of 
a GRPS embankment during a single high-speed train cycle. To simulate the 
behavior of bearing soil, soft soil, and embankment fill, the Hardening soil model 
with small-strain stiffness was utilized. The dynamic load which represents the 
moving train was modeled using the LM71 Eurocode recommendations.  
The following conclusions are obtained: 

- The piles and geogrid reinforcement contribute significantly to support the 
railway track the through the reduction of the vertical settlements to a 
reasonable level. 

- The distribution of the vertical stresses in the embankment body is similar 
under the static and dynamic loading. So is the case for the distribution of the 
vertical settlements. 

- The vertical velocity of the waves decreases with the depth remarkably due 
to the involvement of piles and geogrid in improving the ability of the soft 
soil to attenuate this velocity. 

- The magnitude of the dynamic load transferred to the pile head decreases as 
the embankment height increases. An increase in the embankment height 
results in an increase in the load efficiency and the maximum settlement and 
a decrease in the differential settlement at the ballast surface. 

- The increase of the cover ratio by the cross-sectional area of the pile lower 
the load efficiency due to the increase of the negative skin friction generated 
by the stresses over the soft soil along the upper part of the pile. The higher 
cover ratios improve the stability of the railway track due to the reduction of 
the maximum and differential settlements. 

- Given the different train speeds, the higher train speeds reduce the load 
efficiency, and as a consequence, the maximum settlements increase at the 
ballast surface. While the results related to the differential settlements 
indicate that these settlements decrease with the faster the train speeds. 
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Abstract: The high-speed railway in China passes through various seismic zones. As the 

track geometric irregularity is a critical aspect impacting train operation safety and train-

induced vibration, it is meaningful to investigate the influence of earthquakes on the 

seismic-induced track geometric irregularity of high-speed railways. To determine the 

impact of earthquakes on track conditions, a complete study was conducted using various 

earthquake magnitude levels (3.0 to 7.0), varied limiting train speeds, and different track 

structural types (ballasted and ballastless track). The track quality index, long-wave 

irregularities, 10 m chord measurement, and vehicle vibration are analysed to suggest the 

change of track geometric irregularity and its influence after the earthquake. At the same 

time, the vehicle-track analysis model is used to calculate the difference in vehicle 

vibration under different seismic-induced track conditions. The vehicle acceleration, the 

rate of wheel load reduction, derailment coefficient indicators are investigated. These 

results imply that earthquakes have an impact on high-speed railways, causing track 

geometric irregularities to shift, which may contribute to increased vibration while trains 

are running. Compared to the ballasted track, whose normal speed is 250 km/h, the 

ballastless track, whose nominal speed is 350 km/h, was affected by the earthquake less. 

According to data, earthquakes have an influence on long waves greater than 1 m. While 

small and moderate earthquakes have a minor effect on railway safety, they do have an 

effect on train operating comfort because vehicle vibration is amplified as a result of the 

seismic-induced track geometric irregularity being worse. 

Keywords: High-speed railway; track geometric irregularity; seismic-induced response; 

train vibration; track quality index 
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1 Introduction 

In recent years, the development of high-speed railways (HSR) has made 

significant progress in some regions such as East Asia, Europe, and Africa. More 

HSRs are being built in hilly areas and coastal seismic fault belts with significant 

seismic intensity [1], such as in western China and Japan. Due to this situation, the 

probability of high-speed railways interfering with earthquakes has also grown 

significantly. In natural disasters that endanger railway safety, earthquakes are 

difficult to forecast. Destructive earthquakes not only inflict direct damage to 

railway infrastructure, but can produce a variety of secondary catastrophes and 

even result in accidents such as high-speed train derailment and overturning. 

Therefore, the effect of earthquakes on high-speed rail systems has garnered 

increased attention. 

Destructive earthquakes not only inflict direct damage to railway infrastructure, 

but can produce a variety of secondary catastrophes and even result in accidents 

such as high-speed train derailment and overturning [2, 3]. Thus, there is 

considerable interest in the damage to the railway structure caused by earthquakes, 

and various studies are being undertaken in this field. Seismic-induced track 

damage and deformation may be classified into two types: failure of track 

structural stability, e.g., track irregularities [4, 5], and failure of track underlying 

structures such as embankments [6, 7] and bridges [8]. Because bridges are the 

critical components of railway systems, the seismic response of bridges has 

attracted considerable research, including different bridge types: long-span 

bridges, [9], steel truss girder bridges [10], cable-stayed bridges [11]. Also, some 

numerical [12, 13] and analytical [14, 15] train-track-bridge models are 

established to investigate the dynamic seismic-induced response of the track 

structure. 

Although certain extremely severe earthquakes might cause damage to the railway 

structure, the majority of earthquakes are less severe. It can be found that the 

earthquake will not cause damage to the track's subgrade or bridge construction, 

but it will impair the track's stability, irregularity, and residual stress and 

deformation [16]. These irregularities grow may lead to extra train vibration. 

Track irregularity is one of the main factors for the vibration of railway vehicles. 

If the roughness of the track is severer after the earthquake, the train vibration and 

the wheel-rail force induced by the track irregularity will grow with the increase 

of the speed of the vehicle, which cannot be ignored. The earthquakes and track 

irregularities are often combined considered. Stochastic analysis model is built for 

investigating the dynamic track response [17]. The influence of train speed and 

seismic wave propagation velocity on the random vibration characteristics of the 

bridge and train are discussed by using the pseudo-excitation method [18]. 

However, the above studies mainly focused on the track irregularities influence 

when the earthquake occurred. Actually, the earthquake could induce more 

severer track irregularities. The seismic-induced geometric irregularity of rail 
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alignment is investigated. The amplitude for seismic-induced track irregularity 

significantly increases with the increase of earthquake intensity [19]. Additionally, 

the power spectral density curve of track geometry irregularity is considered and 

studied when transverse random earthquakes occur [20, 21]. The effects of track 

irregularity and seismic stresses on the dynamic response of the vehicle system 

demonstrated that track irregularity may greatly enhance the vehicle system's 

dynamic response [22]. Using both measured U.S. earthquake data and a finite 

element model, the frequency-domain distribution of earthquake-induced track 

irregularities was investigated [23]. However, the majority of these conclusions 

are based on model analysis and earthquake database library. Inadequate 

validation of track irregularities test data affected by the earthquake. The analysis 

of high-speed railway seismic-induced track geometric irregularity based on in-

situ measurement data needs further explanation. 

This paper measures and analyses the impact of track irregularities on several 

railway lines in China when subjected to seismic activity. Additionally, choose 

several typical irregularities from the measured data and do additional analysis 

using the vehicle-track coupling model. The impact of the track on the vibration of 

the vehicle is described when the track is affected by an earthquake and the track 

irregularity becomes severe. The in-situ measurement of track irregularities 

affected by the earthquake is introduced in Section 2. Then, the measurement data 

is statistically analysed in Section 3. Combined with a train-track model, the 

introduction of the model and calculation results are drawn in Section 4.  

The conclusion is shown in the end. 

2 On-Site Measurement of Seismic-induced 

Geometric Irregularity 

In reaction to the earthquakes that occurred in China during the last decade, 

special attention has been devoted to the railway infrastructure around the 

epicentre. Sense,t track irregularities impair driving safety and cause vibrations, it 

is essential to consider the effect of earthquakes on track conditions. The geometry 

of the track was compared before and after the earthquake. Track Quality Index 

(TQI) variation and the amplitude of track irregularities were determined twice 

before and following the earthquake. The measurement data is shown below, 

including the train's limited speed 250 km/h ballasted track and 350 km/h 

ballastless track that was severely damaged by the earthquake in all tested cases. 

Numerous in-situ measurements were performed including the track irregularity of 

longitudinal level, alignment level, gauge, cross-level, and twist on the ballastless 

track designed for 350 km/h HSR, and ballasted track designed for 250 km/h HSR. 

 



G. Li et al. The Analysis of High-Speed Railway Seismic-induced Track Geometric Irregularity 

 – 54 – 

The situation of the site is shown in Figure 1 (a). The deformation and track 

irregularity under earthquake effects can be observed in the photographs of the 

site and detected by the track geometry car shown in Figure 1 (b). 

(a)  (b)   

Figure 1 

 On-site measurement (a) Track geometry and (b) Track geometry car 

The original data of the track longitudinal level, alignment, cross level and twist 

for ballastless track is shown in Figure 2. The red dashed box shows a distinct 

difference in the track geometric irregularity from the pre- and post-earthquake. 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

-4

-2

0

2

4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

-4

-2

0

2

4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

-4

-2

0

2

4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

-4

-2

0

2

4

L
o

n
g

it
u

d
in

a
l 

le
v

e
l 

(m
m

)

 Before earthquake

 After earthquake

A
li

g
n

m
e
n

t 
(m

m
)

C
ro

ss
 l

e
v

e
l 

(m
m

)
T

w
is

t 
(m

m
)

Distance (km)  

Figure 2 

Original measurement data of track geometric irregularity. 

The in-situ measurements data in Figure 2 indicated that the track geometric 

irregularity varies dramatically at the HSR beam junction locations.  

The earthquake caused the bridge piers to vibrate, which in turn caused the girders 

to vibrate and then lead to track deformation. Figure 3 illustrated the special sites 

where deformation is expected to occur marked in red dashed line. 
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Figure 3 

Beam junction locations 

2.1 Track Geometric Irregularity 

The waveform of long wave (1-120 m) and medium wave (1-42 m) can be 

analysed based on in-situ track irregularities data. The long wave affects the low 

frequency of the vehicle and vehicle ride comfort. Therefore, the long waveform 

of the track irregularity was selected for analysis. The details of the waveform of 

three cases are shown in Figure 4. As can be observed, the track irregularity has 

altered significantly in many areas with the effects of the earthquake. 
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Figure 4 

Long-waveform longitudinal level in  (a) 250 km/h HSR track (b) 350 km/h HSR track 
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Long-wave track irregularity values up to 7 mm in certain locations of the 250 

km/h HSR track owing to seismic events. The considerable change spans around 

100 m. For the ballastless 350 km/h HSR track, the difference is also up to around 

2 mm, the span of this area is nearly 40 m. These results demonstrate that the 

earthquake had a major effect on the rail structure's long-wave irregularity.  

The track's long-wave irregularity will affect the low-frequency train-induced 

vibration. 

2.2 10 m-chord Measurement Method 

The medium wave affected train safety. In this paper, the 10 m chord 

measurement method, a suitable method to describe the medium wave of track 

geometric irregularity, is used to measure the track irregularity data. The Chord 

measurement method [24] is a typical method to measure the track irregularities. 

Based on measurement data for pre-earthquake and post-earthquake, the left and 

right longitudinal level and alignment difference is shown in Figure 5. 
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Figure 5 

The difference of track irregularity based on 10m-chord method of 250 km/h HSR track including (a) 

longitudinal level and (b) alignment 
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According to the data in Figure 5. there is a significant disparity in longitudinal 

level and alignment. The longitudinal level has a maximum value of 1.4 mm. 

There is, however, no noticeable difference between the data for the left and right 

rails. 

Figure 6 depicts the cumulative distribution of the difference between the output 

values of the 10 m-chord measurement before and after the earthquake at the 

ballasted track designed for 250 km/h HSR. 
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Figure 6 

Cumulative distribution of the value difference of track irregularity 

For 250 km/h high-speed railways, 95% of the cumulative distribution of the 10 m 

chordal measurements of track height before and after the earthquake is within 2 

mm. Because the red and black lines, which indicate longitudinal level track 

irregularities, are lower than the blue and green lines, which show alignment track 

irregularities, particularly in the 0.5-1 mm difference range. As a result, the 

longitudinal level is more changeable than the track alignment, and the difference 

in track irregularities between the left and right rails is more noticeable. 

2.3 Track Quality Index 

Track Quality Index (TQI) [25] is a comprehensive index and assessment system 

that uses quantitative statistics to characterise the track's overall quality. It is the 

total of the standard deviations of the track irregularity in the vertical and 

horizontal direction, gauge, and twist irregularities elements. This number is 

directly connected to the overall track irregularity state, which shows the degree of 

dispersion of the track state in the 200 m segment. The larger the value, the more 

uneven and irregular the track is. It can be denoted as 
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( )
7

2

1 1

1
TQI=

n

ij i

i j

X X
n= =

−∑ ∑  (1) 

where Xij
 means the magnitude of each geometric deviation in 200 m range of 

track. There are 7 standard deviations of items involved in evaluating track 

irregularities including the left longitudinal level, right longitudinal level, left 

alignment, right alignment, the track gauge, cross level and twist. n is the number 

of sampling points in 200 m range. 
iX  is the mean value of each project 

describing the track irregularities. It can be denoted as 

1

1 n

i ij

j

X X
n =

= ∑  (2) 

In this part, three cases reflecting the track irregularity difference are chosen based 

on the measured track deformation degree data after the earthquake.  

The significant TQI changes measured data of 250 km/h and 350 km/h HSR track 

is chosen. A value is recorded every 200 metres, and the most visible gap of 10 

kilometres is picked and shown in Figure 7. 
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Figure 7 

TQI difference influenced by the earthquake in (a) severe case from 350 km/h HSR ballastless track (b) 

severe case from 250 km/h HSR ballasted track (c) slight case from 350 km/h HSR ballastless track and 

(d) slight case from 250 km/h HSR ballasted track 
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It can be known that after the earthquake, although the TQI values have changed 

in selected regions, the difference is not statistically significant when observed in 

raw data. Sense, TQI is a comprehensive index for evaluating track conditions, it 

incorporates not only track height irregularity but also horizontal irregularity, 

gauge, and so forth. As a result, the general status of the track does not alter much 

after the earthquake. 

The percentage of the seven components of the TQI evaluation indicators is 

shown in Figure 8. It includes the standard deviation for longitudinal level, 

alignment, track gauge, cross-level, and twist for ballasted and ballastless track 

that was severely and slightly impacted by the earthquake. 
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Figure 8 

The percentage of 7 indicators from TQI evaluating the track influenced by the earthquake (a) 

severe case and (b) slight case 

It can be seen that longitudinal level and twist account for a reasonably substantial 

amount of the overall TQI value when it comes to the contribution of each sub-

factor to TQI values. Alignment track irregularities have a negligible impact on 

the TQI value. Less than track gauge and cross-level. The ballasted track exhibits 
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a comparatively high shift in longitudinal level and the gauge during seismic 

activity as compared to the ballastless track. In the case that the track is influenced 

by the earthquake significantly, due to seismic influences, the standard deviation 

of the longitudinal level is lower for the ballastless track, while the percentage 

rises for the ballasted track. Twist standard deviation demonstrates the inverse 

pattern. Therefore, the longitudinal level of track irregularities is the indicator 

most affected by the earthquake. 

3 Analysis of Seismic-induced Geometric Irregularity 

of Track 

Based on over 30 observations of the effect of earthquakes on track geometry 

during the last decade, the statistical results of TQI difference maximum value, 

long-waveform variations in the vertical direction, 10m-chord measurement value, 

and vehicle vertical acceleration are analysed. All statistical data of the earthquake 

is shown in Figure 9. This figure contains TQI difference maximum value, long-

wave vertical differences, 95% cumulative value of 10 m-chard measurements and 

vehicle acceleration measured data of all the cases at 250 km/h HSR whose track 

form is mainly ballasted track (red) and 350 km/h HSR track whose track form is 

mainly ballastless track (blue). Different train speeds may cause different train-

induced vibrations. The location of each bubble means the corresponding 

earthquake magnitude and peak ground acceleration (PGA, unit: cm/s2) of each 

earthquake case. The size of each bubble means the evaluated value. 
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Figure 9 

Statistical value of track irregularities (a)TQI difference max value (b) long wave vertical differences 

(unit: mm) (c) 95% cumulative value of 10 m chard measurement (unit: mm) (d) vehicle acceleration 

(unit: m/s2). 

The x axies is the earthquake magnitude scale, y axies is PGA values, which are 

critical for describing the effect and damage caused by earthquakes on 

infrastructure. In China, it can be determined by 

0 1 2 3lgPGA C C M C R C T= + + +  (3) 

where Cn is the factor, M represents earthquake magnitude, R means Epicentre 

distance. T is horizontal earthquake vector. More details can be found in [26]. 

Focus on the maximum difference value between TQI before the earthquake and 

after the earthquake, the value is located approximately in the range of 0-1.6.  

The value is greater for the ballasted track, indicating that the form of the ballasted 

track changes dramatically as a result of the earthquake. The long-wave 

irregularity and vehicle acceleration values follow the same rule, whose range is 

around 1-7 mm and 0-0.12 m/s2 respectively. 95% cumulative value of 10 m chard 

measurement is in the range of 0.2-0.65 mm. It can be found that the larger the 

PGA value, the larger the 95% cumulative value of the 10 m chard measurement. 

According to data, TQI's different maximum values for 350 km/h tracks are less 

than 1, whereas some 250 km/h HSR tracks exceed 1. Similarly, the 350 km/h 

HSR track caused a change in vehicle vibration of less than 0.05 m/s2 after the 

earthquake, but some of the 250 km/h HSR tracks induced a vehicle vibration 

change of more than 0.1 m/s2 following the earthquake. Based on the monitoring 

and analysis of over 30 ballasted and ballastless tracks influenced by the seismic 

dynamics, it can be shown that earthquakes impair track geometric irregularities 

and further influence the safety and comfort of the train. 
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4 Vehicle-Track Analysis Model 

4.1 Vehicle Model 

The vehicle is modelled as a multibody system with 35 degrees of freedom (DOF). 

The vehicle is made up of one car body, two bogie frames, and four wheels. Each 

component has five DOFs, which include lateral movement, vertical movement, 

roll, pitch, and yaw. The sketch of the vehicle model is shown in Figure 10. 

(a)  (b)  

Figure 10 

Vehicle dynamic analysis model (a) Side view of vehicle model(b) Front view of vehicle model 

Kelvin springs, which are composed of a spring and a damping element, could be 

used to replicate the first and second suspensions, which can connect different 

multibody. 

The model of the rail subsystem is constructed using two-layer nodes that 

correspond to the top and lower layers. The rail is a continuous Euler beam 

supported at discrete nodes by an elastic spring. The bottom node corresponds to 

the fastener position, and the spring-damper element between the upper and lower 

nodes corresponds to the elastic constraint imposed by the rubber pad under the 

rail. 

4.2 Vehicle-Track Coupling Equation 

The dynamic simulation analysis system is composed of the vehicle, track, which 

are connected by wheel-rail force. At all times, the system's vibration should 

adhere to force balance and deformation compatibility. The system's motion 

equation is as follows: 

 (4) 

where [M], [C], and [K] represent the mass, damping and stiffness matrix of the 

whole vehicle-track coupling model respectively. Thus, Eq. (4) can be written as 
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c c cc cc cc cc cc c

r r rc rr rb r rc rr rb r r

b b br bb b br bb b b

M x C C x K K x P

M x C C C x K K K x P

M x C C x K K x P

             
             + + =             
                          

 

 

 

 (5) 

The subscript c means car, r means rail, and b means ballast. 

The details of the train and track parameters are shown in Ref. [27]. These values 

are expected to stabilise after the earthquake. The rail pad has a vertical static 

stiffness of 60 MN/m and a vertical damping of 75 kNs/m. The rail pad has a 

lateral static stiffness of 20 MN/m and a horizontal damping of 60 kNs/m. 

The wheel-rail interaction force is simulated by Hertz nonlinear elastic contact 

theory. This theory can be adopted in the normal direction of wheel-rail contact. 

The vertical wheel-rail interaction force is denoted as 

3/2

Z

1
( ) ( )N t Z t

G
δ =   

 (6) 

where G is the wheel-rail contact constant factor, whose unit is m/N2/3.
 

( )Z tδ
 
is 

the elastic compression deformation between wheel and rail whose unit is m. 

Kalker linear creep theory [28] is used to calculate the longitudinal, lateral, and 

rotational creep forces between wheel and rail. 

11
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23 33

x x

y y

z y

F f

F f f

M f f

φ

φ

ξ
ξ ξ
ξ ξ

 = −
 = − −
 = −

 (7) 

where fij is the Kalker creep coefficient. ξ  is creepage. 

The Shen-Hedrick-Elkins theory [29] is utilised to perform nonlinear adjustments 

on the longitudinal and lateral creep slip forces between the wheel and rail. 

The Newmark-β technique approach is used to solve the dynamic equations of the 

train, track, and under-track structure once they have been determined. Multiple 

iterations are required because the interaction between the subsystems at each time 

step is reliant on the system's response at that moment in time. The conditions of 

equilibrium of forces were used to calculate the interaction between the 

subsystems. As a consequence, the displacement difference between two 

successive iterations of the vehicle, rail, and under-rail structure at each time step 

meets the convergence condition's accuracy criterion. The highest precision in 

displacement is 0.1 μm. 
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4.3 Calculation Results 

Four scenarios are selected to investigate the impact of seismic-induced track 

irregularity. It is said to include two types of tracks, ballastless track, and ballasted 

track, as well as two levels of earthquake-affected track irregularities. The term 

'severely' refers to the fact that the track irregularities alter much after the 

earthquake. The term 'slightly' refers to the track irregularities not altered notably 

as a result of the earthquake. Four cases information is summarised in Table 1. 

Table 1 

Case summary 

Case number Track type Track affected by earthquake  

Case A Ballastless track Severely 

Case B Ballastless track Slightly 

Case C Ballasted track Severely 

Case D Ballasted track Slightly 

The power spectrum density of track longitudinal level is shown in Figure 11. 

From the PSD plot, it can be seen that the earthquakes have an influence on long 

waves from track irregularities greater than 10 m. For ballasted track, there is also 

a difference zone at wavenumber 0.1-0.3 (1/m) range which corresponding to the 

wavelength range 3-10 m. 
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(c)
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Figure 11 

PSD of track irregularity longitudinal level from (a) Case A, (b) Case B, (c) Case C and (d) Case D. 

The vehicle vibration, the rate of wheel load reduction, and derailment coefficient 

in time domain are shown in Figure 12. It can be known that within the green 

dashed line, the track geometric irregularity generated by the earthquake results in 

a more apparent deviation. 
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Figure 12 

Vehicle vibration, the rate of wheel load reduction, and derailment coefficient in time domain. 

4.3.1 Vehicle Acceleration  

Focus on the vehicle acceleration, the maximum value and root mean square 

(RMS) value of acceleration in time domain is shown in Figure 13 corresponding 

to four cases introduced in Table 1. 
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Figure 13 

The vehicle acceleration value and differences (a) maximum value and (b) RMS value 

The RMS value is calculated based on: 

2
2 2 2

1 1 2
rms

N

i
i N

X
X X X

X
N N

= + + +
= =
∑   (8) 

where Xi means the data sample and N is the number of sampling point. 

From Figure 13, it is shown that there is a considerable rise in the maximum value 

of vehicle vibration for conditions that are badly affected by the earthquake, and 

the difference in the maximum value of vehicle vibration for circumstances that 

are slightly impacted by the earthquake is not significant. Focus on the RMS value 

of vehicle acceleration increase based on seismic-induced track geometric 

irregularities increased, the ballasted track can lead to more vibration increase 

compared with the ballastless track. 

All the results presented above assume that after the earthquake, the track 

irregularity is altered while the track parameters remain unchanged. In this section, 

the RMS values of the vehicle are investigated when the track's vertical 

parameters are modified after the earthquake. Case C after the earthquake is 

selected as the reference case, and the RMS values of the vehicle are summarized 

in Table 2. 

Table 2 

RMS value under different track parameters 

Parameters: changed item RMS value (m/s2) 

Vertical stiffness: 48 MN/m (increase 20%) 0.115 

Vertical stiffness: 72 MN/m (decrease 20%) 0.111 

Vertical damping: 60 kNs/m (increase 20%) 0.116 

Vertical damping: 90 kNs/m (decrease 20%) 0.111 
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From the results, it is evident that reducing the vertical stiffness and damping of 

the track after the earthquake leads to an increased response of the train (Case C 

exhibits an RMS value of the vehicle as 0.1125 m/s2). 

4.3.2 The Rate of Wheel Load Reduction 

The rate of wheel load reduction is an indicator to evaluate the train’s safety.  

It can be calculated by: 

2 1

0 2 1

P PP
P

P P P

−∆
= =

+
 (9) 

where P is the rate of wheel load reduction P∆  is lowering load side wheels' 

heavy load reduction. P0 is the average wheel weight. P1 signifies the wheelset's 

decreasing wheel side, while P2 denotes the wheelset's growing wheel side.  

The safety standard from Chinese standard is less than 0.65 for first limit related 

to vehicle operation security and less than 0.60 for second limit, which is related 

to safety allowance. The maximum value of the rate of wheel load reduction and 

the power spectrum density value of the rate of wheel load reduction before and 

after the seismic dynamic response is introduced in Figure 14. 
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Figure 14 

The rate of wheel load reduction (a) maximum value for one wheelset and (b) PSD value for case A 

It can be known that for the ballastless track, the rate of wheel load reduction rises 

when the track is substantially affected by earthquakes and remains relatively 

constant when the track is not disturbed. When the ballasted track is also 

extensively affected by the earthquake, the rate of wheel load reduction rises, 

although not as much as on the ballastless track. Therefore, focusing on Case A, 

the PSD value is investigated. There is a significant difference in the 20-40 Hz 

frequency band. The rate of wheel load reduction above 50 Hz does not change 

significantly due to the track geometric irregularity caused by the earthquake. 
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4.3.3 Derailment Coefficient 

The derailment coefficient is defined as the Q/P ratio of the lateral force Q to the 

vertical force P operating on the wheel at any given time. It can be denoted as 

tan

1 tan

Q

P

α µ
µ α

−
=

+
 (10) 

where Q means the lateral force act on the wheel, P means the vertical force act on 

the wheel. μ means the fiction coefficient, α means the maximum flange contact 

angle. For rail safety considerations, the Chinese standard specifies that this 

indicator be smaller than 0.8. 

The maximum value and Case A PSD value of derailment coefficient is shown in 

Figure 15. 
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Figure 15 

The derailment coefficient (a) maximum value and (b) PSD of Case A 

From Figure 15, it can be seen that Case A has the highest derailment coefficient, 

followed by Case C. After the earthquake, the derailment coefficients for Cases B 

and D remain almost unchanged. The maximum value differences of derailment 

coefficient are from Case A, thus, the PSD value analysis from Case A is 

investigated. The main trend PSD of Case A is similar before and after the 

earthquake. There are some not very significant differences at 30 Hz and 150 Hz. 

Although the derailment coefficient and rate of wheel load reduction have 

increased somewhat in maximum value as a result of the earthquake, they remain 

within the specification's normal range. This demonstrates that minor and 

moderate earthquakes have little effect on train operation safety. 

Conclusion 

The seismic-influenced track states of HSR were evaluated, as was the effect of 

earthquakes of various magnitudes level (3.0-7.0), different lines, and varied track 

types (ballasted and ballastless). Additionally, the impact of various earthquake-

induced track irregularities on vehicle vibration are estimated and investigated 
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using the vehicle-track dynamic analysis model. Some conclusions can be 

summarised. 

According to measurements and statistical analysis of the track state on-site after 

the earthquake in China, the earthquake had varying degrees of influence on the 

HSR track., The long-wave irregularity, 95% cumulative value of 10 m-chard 

measurements, and track quality index vehicle acceleration measured data are seen 

as the parameters for evaluating the seismic-induced track geometric irregularity. 

These parameters suggest that high-speed railways are affected by earthquakes 

which can produce a certain amount of track irregularities changes. 

The statistical conclusions of TQI differences value, long-waveform vertical 

waveform, 10 m-chord measurement value, and vehicle vertical acceleration are 

analysed based on over 30 measurement sites of the influence of earthquakes on 

track geometry during the previous decade. For a ballast track with a nominal 

speed of 250 km/h, the TQI variation can reach a maximum of 1.6 and the track 

geometric irregularity variation of 1.4 mm obtained by 10 m chord measurement, 

both of which are greater than for a ballastless track with a nominal speed of 350 

km/h, whose TQI variation value is up to 0.75, and track irregularity variation 

based on 10 m-chord method is around 1mm. 

A train-track coupling model is built to calculate the train running safety and 

comfort under different track geometric irregularities. The ballasted track can 

induce higher train vibration. The maximum value from calculation results is 

around 0.45 m/s2. The rate of wheel load reduction and derailment coefficient is 

higher for the ballastless track, whose value is up to 0.28 and 0.0476 respectively, 

compared with that indicator for the ballasted track. However, all of these 

indicators meet the requirement. 
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Abstract: In the modern railway superstructure construction and maintenance, particularly 

where higher speeds are required, the rail sections may be welded together to form 

Continuous Welded Rail (CWR). There are various methods for welding the rails, such as 

thermite welding, flash-butt welding, gas-pressure welding, enclosed-arc welding, etc. 

Narrow Gap Welding is another way of welding the rail joints and because of the lower 

implementation costs, easier, quicker process and acceptable performance, it is usually used 

over other methods in maintenance operations. Since this method is newer than others, there 

is lack of knowledge concerning the standard process of narrow gap welding and the factors 

that affect the final quality. In the narrow gap welding, two different welding electrodes are 

used for the welding process. One electrode, with higher stiffness, is used for the rail head 

and the other electrode, with lower stiffness, is used for the rail web and foot. In this research, 

the relationship between these different welding electrodes and the amount of stress in rail 

joint was investigated via experiments and modeling, by a finite element method. The results 

indicate that the number of stresses, in the junction of rail head and web, was reduced by 

37%, when the electrode with higher stiffness was used for the whole rail head, plus 1 cm of 

rail web. Field investigations demonstrated that the performance of rail welds was 

acceptable. 

Keywords: railway superstructure; rail joint; welding electrodes; narrow gap welding; finite 

element method 

1 Introduction 

In railway tracks, the use of fishplates and bolts was common to connect the rail 
sections, before the advent of producing longer rail sections and using welding 
technology, for the connection of rails in joints [1]. In this method, the rail sections 
are connected only through the rail web using bolts, nuts and fishplates on both 
sides of the rail web [2] [3]. This system has numerous disadvantages, such as: 
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• Creating very large dynamic forces in rail joints when the train passes 
through the track 

• Weakening the railway structure 
• Reducing the service life of the track elements including rails, sleepers and 

the fastening system 
• Increasing the cost of maintenance and repair operations by 25% 
• Increasing the cost of the maintenance and repair operations for the railway 

track and rolling stock 
• Defects, such as crushing of the end of the rails in joints and failures due to 

the inherent fatigue 
• Generation of excessive noise while the vehicle is passing on the track 
• Deterioration of the desired track geometry in a short time [2, 4, 5] 

As the speed and the axel loads of the rolling stock increase, the destructive effects 
of the expansion joints become more important [6] [7]. In order to reduce the 
negative effects of the expansion joints in railway tracks, there are two solutions: 1-
using longer rails and thus reducing the number of expansion joints required to 
connect rail sections to each other and 2-using the welding techniques to connect 
the rails to each other (In this way, the expansion joints are completely welded to 
form CWR tracks) [8-11]. Therefore, welding the rails in joints is done to achieve 
these goals: increasing the continuous length of the rail and thus reducing the 
number of joints, fishplates and bolts; overcoming the weakness of the track due to 
the expansion joints; saving money by reducing the volume of repair and 
maintenance operations; increasing the service life of the track; and so on [12] [13]. 
There are different methods of welding the rails in joints in Iranian railways 
including thermite welding, electric welding, gas pressure welding, electric arc 
welding and narrow gap welding. Thermite welding is a set of processes in which 
the filler material is made of molten metal created by a highly exothermic chemical 
reaction [14-16]. The chemical reaction or thermite usually takes place between the 
oxide of a metal (iron or copper) and aluminum powder at a high temperature.  
A rapidly ignited powder is used as a detonator to provide the heat needed to start 
the reaction [1]. Two examples of the chemical reactions in this type of welding are 
as given in the following Eq. (1) and (2): 

Fe2O3 + 2Al → 2Fe + Al2O3 + Heat (1) 

3CuO + 2Al → 3Cu + Al2O3 + Heat (2) 

This type of welding is more like casting and there is a mold around the two 
components that must be welded together [15]. The molten metal produced by this 
chemical reaction is directed to this mold and is hardened inside the welding mold 
due to cooling [12]. In this welding method, there is no need for energy supply 
systems such as electricity generators and the welding process can be carried out 
anywhere [12]. The main disadvantages of this method are: 
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1) The welding process generates gaseous pollutants (hydrogen) and also slag. 
2) Sometimes the high temperature of the process causes distortion and 

relatively large deformations at the welding joint [17-19]. 

Electric welding along with thermite welding is a common method to remove rail 
joints by welding the rail sections. One of the advantages of electric welding 
compared to thermite welding is performing the welding process without adding 
extra material, which has a great impact on the strength of the rail and its service 
life [13]. Electric welding is done in two different methods in railways. In the first 
method, the rail sections are welded to the required lengths and then a crane is used 
to transport them to the site for installation. In the second method, welding 
operations are carried out by modern fixed and mobile welding machines [20]. 

Gas pressure welding is another method to build a CWR track. Special equipment 
is needed to weld the rails in this method and the welding process take more time 
than the previous methods. This method also requires trained technicians and the 
welding quality is higher [13]. 

Narrow gap welding is a relatively newer method than other rail welding methods. 
In the narrow gap welding method, according to the results of research from 1975 
to 2000, the quality of rail at welded joints has improved compared to the original 
metal [13] [21]. The quality of this type of welding  is greatly improved by using 
the appropriate electrode, designing and optimizing suitable alloys, and using water 
or air cooling shoes to control the rate of temperature during the welding process. 
The quality of the narrow gap welding is directly related to the skill and experience 
of the welding technicians and the welders [13] [21]. Besides, it is very important 
to provide precise instructions for the whole process which have to be observed, 
since the slightest change in the correct narrow gap welding process will cause a 
defect in the welded joint. This factor prolongs the time needed to carry out the 
narrow gap welding process compared to other rail welding methods, and also 
causes human errors [8, 13, 22]. Although the narrow gap welding method is 
currently used in the most railways under construction and has been accepted as a 
welding method, so far there are no comprehensive and complete instructions for 
the implementation of this method. In this research, while the existing criteria for 
narrow gap welding are investigated, the optimal pattern of the electrodes is defined 
by a finite element method. 

2 Narrow Gap Welding 

Within the railway industry, the narrow gap welding method is utilized for the 
construction of CWR tracks and also, for repair and maintenance operations. This 
method is widely used due to its advantages than other methods of welding namely, 
lower costs compared to other welding methods and also fulfilling the structural 
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standards needed for railway operations based on the loading and velocity of the 
rolling stock [23]. As mentioned before, this method requires skilled welding teams, 
precise welding process and strict regulations and instructions [8, 13, 21, 22]. 

There are some materials used to perform narrow gap welding including electrodes 
and retaining molds. The electrodes used in this method must be selected such that 
they can accommodate to the original rail properties [1]. The elasticity as well as 
the abrasion resistance of the weld must be proportional to the reference metal and 
this is possible by selecting the appropriate electrode. Tensile strength parameter 
should be considered in selecting the appropriate electrode for the rail web and foot, 
and abrasion resistance along with tensile strength should be considered in selecting 
the appropriate electrode for the rail head. Welding of rail joints by narrow gap 
method is done inside a chamber including rails and retaining molds [13]. These 
molds are made of cast copper whose dimensional characteristics are proportional 
to the type of electrode, type of rail and operating temperature. The retaining molds 
must be thermally conductive; therefore, the molds are made of copper. In addition, 
the molds control the tension of the rail and welding. The molds have several 
separate sections for the rail web and foot. The retaining molds must be carefully 
maintained, as they can lose their original geometry, over time [4, 8, 13, 22, 24]. 

The narrow gap welding method has two steps. The first step is preparation, which 
its purpose is to prepare the rails and joints for welding. This step must be done 
carefully and it has to be controlled multiple times. Prior to welding, the rails at the 
joint must be free of defects like cracks and crushed heads, and if these defects are 
already occurred, the rails must be ground and cut with the related machines [22]. 
In the tracks with Vossloh-fastening system, to carry out the welding, only the 
screws of the near sleepers can be opened. Because when the screws are opened, 
the dust is infiltrated into the dowels. In order to perform a clean weld, the cross 
section of the rail at the joint must be completely polished and free of any greasy or 
impure materials. In this regard, the rail and weld materials are completely 
connected by using a continuous electric arc between the rail and the electrode, and 
consequently a perfect weld is created [13]. One of the most important factors in 
performing a desirable weld by narrow gap method is adjusting the rail joint.  
The rail ends at the joint should be aligned vertically and horizontally so that the 
foot, web and head of both rails are in the same direction [8, 21, 25]. 

The second step is welding the rails. After adjusting the rail joint, the rails at both 
sides of the joint, are heated to a distance of 100 mm, which is called, preheating 
[1, 12, 13]. When the rail reaches a certain temperature, the welding process begins. 
The special mold for the rail foot is fixed at the certain position, before starting the 
welding process. Then the lowest part of the rail is welded. As mentioned before, 
accuracy and skill in performing welding are very important in its quality.  
The electrode used in this step is exerted for both the foot and web [25]. In this 
research, the mechanical properties of ESAB OK 74.78 electrode are considered for 
the web and foot. Welding of rail foot is carried on until the beginning of rail web 
section. At this stage, the special web mold is installed in the desired position and 
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welding process continues. When the web section welding is completed, the head 
of the joint is welded immediately and without interruption [22]. As previously 
described, the electrode used in the head of the joint has different materials than the 
foot and web section. This electrode must have abrasion resistance [25]. In this 
research, the mechanical specifications of ESAB OK 83.28 electrode have been 
considered for the head. Following the end of the welding process, the molds are 
separated and the original rail and the welded joint are leveled using the grinding 
machine. The last step in narrow gap welding is the post-heating operation [21] 
[22]. In the post-heating operation, the parts are heated to a certain temperature after 
welding and then cooled at a gentle rate. This prevents unwanted compressive and 
tensile stresses from welding process [25]. 

As illustrated earlier, two different electrodes are used for welding the rail sections 
in the narrow gap welding method. The electrode used for welding the rail head 
must resist against abrasion. The properties of the electrodes used in this research 
are demonstrated in Table 1. 

Table 1 
The properties of the electrodes in the narrow gap welding 

Category Yield Stress (MPa) 

ESAB OK 74.78 600 
ESAB OK 83.28 650 

One of the most important steps in the narrow gap welding is determining the 
position where the different electrode must be used for welding the rail head. 
According to Fig. 1 there are three options for this position. Determining this 
position will affect the construction, maintenance and repair costs of the railway 
tracks, since the electrode used for the rail head is more expensive. Also, each of 
the three patterns “a”, “b” or “c” is effective in finding the stresses created in the 
weld section. Although experiential observations demonstrate that the best pattern 
is option “b”, but there are less scientific investigations in this issue [21, 22, 25]. 
Therefore, in this research, three models based on the Fig. 1 are created in the 
ABAQUS software to analyze the produced stresses in the welded joint due to the 
loading of rolling stock. 

 
Figure 1 

The yellow area shows the special electrode with abrasion resistance: a- 70% of the rail head, b- rail 
head and 1cm of web, c- the whole rail head area 
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3 Railway Loadings 

The railway structure is subject to various forces. Since there is direct connection 
between the rail and the wheel, and the first component which is bearing the loads 
of rolling stock is the rail; all of loads are transferred by the rail to other components 
[26-30]. So, analyzing the various rail stresses, is the first step, in designing the 
railway track [8, 31-36]. 

One way to classify the forces applied to the rail is based on the direction of the 
force, which is divided into three categories of vertical, lateral (horizontal force and 
perpendicular to the track) and longitudinal forces (horizontal force and in the track 
direction) [37] [38]. These forces are shown in the Fig. 2. 

 
Figure 2 

Different forces introduced by a wheel on a rail 

Another method classifies the forces applied to the railway track into two categories 
of static and dynamic forces[39]. Static forces are mainly due to the weight of the 
railway vehicles, but it should be noted that since the rolling stock is passing over 
the rail and due to the existence of geometric and structural defects in the rails and 
in the railway vehicles, the nature of the vertical and lateral forces on the rail is 
dynamic [8, 40-47]. 

In this paper, the vertical and lateral forces are considered based on the railway track 
systems in Iran, and the longitudinal forces are ignored. The lateral forces on the 
rail are calculated based on the model calibrated by Sadeghi (2008) which is 
appropriate for the Iranian railway network [48]. The advantage of this model is 
that it is based upon the two parameters of velocity and the radius curve in the track. 
In this equation the curve radius is considered an infinite number since it has been 
presumed that the joint is located in the direct track and not in the curve[49, 51, 53]. 
This equation has been shown in the Eq. (3): 𝐻𝐻 = �1𝑅𝑅� (0.028𝑉𝑉2 + 7.62𝑉𝑉 + 4742.1) + 𝑉𝑉(1.34 × 10−4𝑉𝑉 + 0.036) + 22.43 (3) 

H: Lateral load (kN) 
V: Velocity (Km/h) 
R: Radius curve (m) 
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The axle load of 22.5 tons is considered as the vertical force, which is the common 
axle load in the Iran’s railway network. Therefore, the single wheel vertical static 
force is 11.25 tons. In order to consider the dynamic impacts of the railway vehicles, 
a dimensionless dynamic impact factor is multiplied by the vertical force. 

The train wheels motion and the shocks caused by the movement of wheels on the 
uneven surface of rails are two main reasons for the dynamic nature of railway 
loading. There are various methods to calculate dynamic loads in the literature and 
it is performed by considering a dimensionless dynamic loading coefficient. In this 
research, Eq. (4), which is offered by AREMA, has been used to calculate the 
dynamic coefficient[49].  𝜑𝜑 = 1 + 5.21

𝑉𝑉𝐷𝐷        (4) 

V: Velocity (Km/h) 
D: Wheel diameter (mm) 

In Iranian railway network the passenger and freight trains are running 
simultaneously from the tracks which means that the tracks are designed to carry 
the loads coming from both passenger and freight trains[48]. The loading pattern on 
the railway track is considered as a mixture of axle load from wagons and 
locomotive. The axle load of wagons and locomotives of passenger trains are 12 
and 22.5 tons respectively[48]. The axle load of freight trains is considered as 22.5 
tons. Hence, the designation axle load in the railway tracks in Iran railway network 
is 22.5 tons. According to the Iranian Railways system, the train speed is 120 km/h 
and the wheel diameter for wagons and locomotive is 1000 and 1200 mm 
respectively. Consequently, the values of dynamic coefficients are 1.62 and 1.52, 
for wagon and locomotive respectively [51] [53]. A standard UIC 60 rail profile and 
concrete sleepers are assumed for the modeling. The distance between sleepers is 
considered 600 mm. It has been presumed that the joint is located in the direct track 
and not in the curve. Also, there is no longitudinal or lateral slope in the track.  
It has to be mentioned that the gravitational forces are simulated in the model due 
to the weight of the materials. After determining the vertical and lateral forces 
introduced on the rail, these forces are applied to the weld section in the model to 
analyze the weld and rail stresses at the joint. 

4 Modelling of Railway Track 

The modeling of a railway track and the welded joint has been performed based on 
finite element method (ABAQUS software). There are eight steps for creating a 
model of a railway structure. In the first step (part step), the geometry of the 
different components of railway structure is drawn. According to the common 
railway systems of the Iran's railway network, a UIC 60 rail profile and simple 
concrete sleepers are used in the model (Table 2). 
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Table 2 
The properties of the rail in the finite element model 

Rail geometric properties 

Rail type 
Head width 

(mm) 

Height 

(mm) 

Base width 

(mm) 

Web thickness 

(mm) 

 60E1 
(UIC60) 72 172 150 16.5 

 

Rail mechanical properties 

Rail type 

Rail steel 

hardness 

(MPa) 

Yield 

stress 

(MPa) 

Ultimate 

stress 

(MPa) 

Allowable 

elongation 

(mm) 

Poisson’s 

ratio 

Elastic 

modulus 

(GPa) 

Specific 

mass 

(Kg/m3) 

60E1 
(UIC60) 900  580  1000  10 0.3 200 7854  

Also, the joint between the two rail sections that is supposed to be filled with 
welding electrodes, is drawn separately. The width of the joint is considered as 10 
mm. The joint is drawn in three different cases based on the patterns shown in Fig. 
1. In the second step (property step), all the specifications and mechanical properties 
of the materials, including electrodes, rail and concrete sleepers, are assigned to the 
materials based on the standards and the relevant regulations (Table 3). 

Table 3 
The properties of the materials in the finite element model 

Sleeper (B70) properties 

Sleeper type Fc (MPa) Ft (MPa) Section dimension (cm2) 

Pre stressed B70 50 5 20 * 20 

 

Electrode properties 

Electrode type Yield stress Tensile strength Elongation Welding current 

ESAB OK 
74.78 600 MPa 650 MPa 24% DC+, AC 

ESAB OK 
83.28 650 MPa ------ 24% DC+, AC 
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In the assembly step, all components of the track structure are put together 
according to Fig. 3, and in the fourth step, the type of analysis is determined which 
is semi-dynamic. An essential aspect of the assembly process is to ensure that each 
component of the railway track is accurately positioned at the appropriate angle to 
facilitate reasonable interactions between elements such as the rail to sleeper and 
sleeper to ballast etc. In addition to the precise positioning of the railway track 
components during assembly step, it is also crucial that their dimensions are 
accurately defined to enable direct connections between them. This is particularly 
important in subsequent steps, such as the meshing process, where the components 
need to be securely interconnected to form a stable and functional railway track in 
the model. Also, the type of interaction between the materials is determined in the 
next step (interaction step), which means that the contact of the surface of the 
components including rail to sleeper and sleeper to ballast is defined in this step. 
The loading is assigned according to the Iran’s railway network which has been 
discussed in the previous section. Boundary conditions are also considered in the 
load step, with proportional stiffness to simulate the ballast and subgrade layers 
under the sleepers [50]. 

Table 4 
The properties of the ballast and sub-ballast in the finite element model 

Item Eb (MPa) Φ (o) Stiffness (KN/mm) 

Ballast  250  20 25.53 

Sub-ballast 150  35 25.53 

To calculate the stiffness in the ballast, sub-ballast and subgrade, the ballast pyramid 
model has been used.[48, 52, 54]. In this research, stiffness of the ballast, sub-ballast 
and subgrade is calculated as 25.53 KN/mm which detail of the layers has been 
shown in Table 4. This stiffness is considered as the total stiffness under the sleeper 
and is implemented in the model. 

The stress measurements are specifically focused on the part of the rail that lies 
between the sleepers. Referring to Fig. 3, it is observed that the blue section 
represents the welding point, while the orange section represents the rail's cross-
section where the analysis is conducted. Mesh step is one of the most important 
parts of modeling and this module is for creating finite element meshes. In the mesh 
step the nodes, number of nodes and size of the elements of the track are defined. 
The nodes of the elements of the different components must have the necessary 
coordination with each other. The size of each component should be defined so that 
the number of elements is appropriate, which means that the number of elements 
will increase. This will increase the precision, but it should not cause any numerical 
errors. 
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Figure 3 

Finite element model 

To ensure greater accuracy in the interaction between components and reduce the 
computational load, it is necessary for the size of the elements in the rail foot to be 
consistent with the size of the sleeper's upper surface. By maintaining the same 
dimensions, a more precise representation of the component interaction can be 
achieved, while simultaneously minimizing the volume of calculations required. 
Finally, according to the existing system, the analysis operation is performed and 
the results are extracted to be analyzed. As mentioned before, the model is created 
in three different cases for all the three patterns “a”, “b” and “c” according to Fig. 
1; so, the analysis of the stresses in the rail and the welded joint, is performed three 
times. 

5 Results and Discussion 

5.1 Finite Element Analysis and Loading 

The results of stress distribution in the welded joint and rail cross sections are shown 
in the Figures 5-7  ,based on the model created for the three different patterns “a”, 
“b” and “c”. The figures demonstrate two cross sections: one cross section exactly 
at the welded joint location; and the other cross section at the rail close to the welded 
joint. 
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The bending stresses caused by the vertical and lateral forces are calculated in 3 
critical points at the rail, including rail head, the junction of rail head and web and 
the junction of rail web and foot in which there is stress concentration.  
The measured stresses are shown in Table 5. 

Table 5 
The measured stresses at 3 stress concentration zones in the rail 

Measured 

point 

Stress (MPa) 

Pattern (a) Pattern (b) Pattern (c) 

Rail head 153.48 169.30 155.06 

Junction of rail 
head and web 142.41 142.40 142.41 

Junction of rail 
web and foot 79.11 94.94 50.63 

Since the stress concentration occurs at the junction of the rail head and web and 
also at the end of the rail foot, the stress value in these points has been investigated 
in the three patterns “a”, “b” and “c”. The results in the welded joint cross section 
for the patterns “a”, “b” and “c”; indicated that the maximum stress at the junction 
of the rail head and web occurred at the pattern “c” where the whole rail head has 
been welded by the abrasion resistant electrode. The lowest stress at the junction of 
the rail head and web in the welded cross section occurred at the pattern “b”, where 
the whole head and 1 cm of the web have been welded by the abrasion resistant 
electrode. The results demonstrated that the stress value decreased by 37% from 
pattern “c” to pattern “b” at the mentioned position. The stress value at the junction 
of the rail head and web for the pattern “a”, is similar to the pattern “c” according 
to Fig. 4 and Fig. 6. The results of stress analysis in the rail foot indicated that the 
pattern “c” achieved the best performance compared to other patterns.  
The maximum stress value in the pattern “c” for the rail foot decreased by 28% in 
comparison with stress value at the patterns “a” and “b”. 

Regarding the results of modeling and the stress distribution at the rail cross section 
close to the welded joint, a negligible difference between the stress values of three 
patterns has been observed at the junction of the rail head and web. However, in the 
rail foot, the maximum stress value in pattern “c”, decreased by 21% compared to 
patterns “a”, and “b”, and the pattern “c” performed more properly than other 
patterns. 

To validate the model, a comprehensive analysis was performed by comparing its 
outputs with previous studies. Specifically, the stress levels in the rail were 
evaluated and compared with those calculated in prior research based on relevant 
leaflets and standards. The results indicated that the stress values predicted by the 
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model fell within a similar range as those obtained from previous studies, thus, 
confirming the model's accuracy and reliability in assessing rail stresses. [48, 49, 
51, 53, 55]. 

 
Figure 4 

Stress distribution in the pattern “a” 

 
Figure 5 

Stress distribution in the pattern “b” 
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Figure 6 

Stress distribution in the pattern “c” 

5.2 Field Investigations 

Based on the results of finite element modeling and the stress distribution in three 
patterns “a”, “b” and “c” for a welded joint by narrow gap welding method, it is 
recommended to use pattern “b” as the most effective way of using electrodes in the 
narrow gap welding in Iran’s railway network. The welding process of rail sections 
in Iran has been conducted by narrow gap welding method and using pattern “b” is 
shown in Fig. 7 (a). 

The ultrasonic and portable hardness tests have been used to evaluate the 
performance of welded joints after the welding process. The outcome of the tests 
showed that the performance of welded joints was acceptable and the welding 
process has been done according to the recommended instructions. The procedure 
of ultrasonic test is demonstrated in Fig. 7 (b). 

Although the narrow gap welding method is a new innovative way for rail joint 
welding, in its primary prototypes have had an acceptable performance and based 
on statistics and limited tests in railway track, it has been proven that it can be used 
on a large scale in the railway industry. An important aspect to highlight is the 
relatively new adoption of the narrow gap welding method within Iran's railway 
industry. Due to the limited knowledge and confidence surrounding its 
implementation, this welding technique has been utilized in only a few selected 
projects thus far. Consequently, there is a scarcity of information pertaining to the 
narrow gap welding method, necessitating further studies and research in the 
coming years. As the industry progresses, it is expected that increasing attention 
will be directed towards exploring and refining the potential of the narrow gap 
welding method, for railway applications in Iran. 
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Figure 7 

(a) Welding process by narrow gap welding method (b) The ultrasonic test for rail welds 

Conclusions 

In the modern railway systems, the rail sections are welded together to form a 
Continuous Welded Rail (CWR) track. According to the predicted increase in train 
speed and axle loads, the use of CWR tracks could increase the safety and comfort 
of trains. There are different methods for welding the rails. Meanwhile, Narrow Gap 
Welding, is a common method in the construction and maintenance of railways, 
which has advantages, such as availability and lower costs. In the Narrow Gap 
Welding process, two types of electrodes are used with different stiffness; one 
electrode with abrasion resistance is used for the rail head and the other for the rail 
web and foot. In the current research a ESAB OK 74.78 electrode is considered for 
the rail web and foot, and an ESAB OK 83.28 electrode for the rail head. Due to the 
limitations of this welding method, the procedure concerning the use of the harder 
electrode in the rail head is less discussed. In this study, three different patterns for 
welding the rail head with harder electrode are investigated and modeled, based on 
a Finite Element Method (FEM). In the pattern “a”, 70% of the rail head is welded 
by the harder electrode, in the pattern “b”, the whole rail head plus 1 cm of the rail 
web is welded by the harder electrode and in the pattern “c”, the whole rail head is 
welded by the harder electrode. The results of modeling and stress distribution in 
the mentioned patterns, indicated that in the welded joint, the stress value at the 
junction of the rail head and web in the pattern “b” is 37% less than the stress value 
at the same point in the patterns “a”, and “c”. Also in the rail foot, the maximum 
stress value in the pattern “c” is 70% of the maximum stress value of other patterns. 
According to the modeling results and analysis of existing stresses, it is 
recommended to use pattern “b”, in the Narrow Gap Welding method. 
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Abstract: A popular metaheuristic algorithm named Jaya is preferred to solve the problem 

of finding the minimum weight of tower structures. Joints coordinates of free nodes and the 

area of bar elements are constrained using the lower and upper bounds of these design 

variables for shape and size optimization, respectively. The constraints used in this study are 

the Euler buckling, allowable stress, and displacement. The presented algorithm is tested 

with two classic benchmark problems: the spatial truss tower with 39-bar and the 

transmission tower with 272-bar. The Jaya algorithm is coded in MATLAB environment and 

implemented into the linear finite element solver. 

Keywords: weight optimization; tower structures; shape and size optimization; continuous 

optimization; Jaya algorithm 

1 Introduction 

The feasible optimal design of structures is an interesting topic to engineers in 
practice. The minimal cost and the optimal geometry of the construction are the 
basic purposes of the engineers when designing the structure by taking into account 
the constrained objective function. We are interested in designing structures with 
high reliability. Many optimal algorithms for this aim were tested, including 
innovative algorithms and classical methods. 

Until now, many meta-heuristic methods have been presented for the structural 
optimization problems. Some of the most popular optimization algorithms are GA: 
Genetic Algorithm, SA: Simulated Annealing, PSO: Particle Swarm Optimization, 
HS: Harmony Search and ACO: Ant Colony Optimization.  

In the recent years, JA: Jaya Algorithm was presented as a new metaheuristic 
technique and it has a very simple form and does not use more specific parameters. 
Many studies were made by using this algorithm. The optimization of cables size in 
cable-stayed bridge with Jaya algorithm was used by Atmaca et al. [1], optimum 
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design of steel grillage was presented by Dede [3], braced dome structures with 
natural frequency constraints was studied by Grzywiński et al. [4]. Grzywiński et 
al. [5] studied four benchmark problems (trusses 2D ten-bar, 3D thirty-seven-bar, 3D 
seventy-two-bar and 2D two-hundred-bar by TLBO (Teaching-learning based 
optimization) algorithm. The optimization of spatial truss tower (25-bar, 39-bar, 72-
bar, and 160-bar) based on Rao algorithm was analyzed by Grzywiński [6]. 

2 Jaya Optimization Algorithm 

As a popular optimization method the Jaya was firstly presented by Rao [11, 12, 
14]. The meaning of this new algorithm is the “victory” in the Sanskrit language. 
The basic rules of this method are to close the best solution and stay away from the 
worst solution in a population consist of the potential solutions for an optimization 
problem. The main properties of this algorithms is that it does not has a special 
parameter to carry out the optimization process. Like the other population-based 
algorithms, Jaya need a population size (Pn) and the use a generation number (Gn). 
The general equation for Jaya is given in Eq. (1). 𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖 + 𝑟𝑟1,𝑘𝑘,𝑖𝑖�𝑃𝑃𝑘𝑘,𝑏𝑏,𝑖𝑖 − �𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖�� − 𝑟𝑟2,𝑘𝑘,𝑖𝑖�𝑃𝑃𝑘𝑘,𝑛𝑛,𝑖𝑖 − �𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖�� (1) 

Let 𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖 it shows the kth design variable for the lth design of the population at the 
beginning of the ith iteration. Where 𝑃𝑃𝑘𝑘,𝑙𝑙,𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 is the updated design variable, and 𝑟𝑟1,𝑘𝑘,𝑖𝑖𝑖𝑖  , 𝑟𝑟2,𝑘𝑘,𝑖𝑖𝑖𝑖 are random numbers which can be change from “0” to “1”. 

The Jaya algorithm has of following steps: 

1) first are define the size of the population (Pn) and the termination criterion, 

2) next program generates the initial population randomly, 

3) algorithm finds the best and worst solutions in the population, 

4) after method looking for a new solution in accordance with the equation (1) 

5) if the updated solution is better than the old one, the updated solution is used for 
the next iteration 

6) if the termination criterion is satisfied, stop the optimization (else go to step 2). 
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3 Optimization of Tower Structures Problems 

Formulation of design optimization includes the weight minimization of tower 
structures subjected to displacement, stress and buckling constraints. The design 
variables and the objective function are given as below; 

obtain  𝐴𝐴 = [𝐴𝐴1,𝐴𝐴2,⋯ ,𝐴𝐴𝑛𝑛𝑛𝑛] (2) 

to optimize 𝑊𝑊(𝐴𝐴, 𝑥𝑥) = ∑ 𝐴𝐴𝑘𝑘𝑛𝑛𝑛𝑛𝑘𝑘=1 ∑ 𝜌𝜌𝑖𝑖𝐿𝐿𝑖𝑖𝑥𝑥𝑖𝑖𝑚𝑚𝑘𝑘𝑖𝑖=1  (3) 

where 𝑊𝑊(𝐴𝐴, 𝑥𝑥) is the total structural weight; 𝐴𝐴𝑘𝑘 is vector of the size optimization 
(cross-section area) and 𝑥𝑥𝑖𝑖 are joint coordinates of the free nodes as shape 
optimization, respectively; 𝜌𝜌𝑖𝑖 and 𝐿𝐿𝑖𝑖 is the density and length of bar elements. 𝑛𝑛𝑛𝑛 
and 𝑚𝑚𝑚𝑚 are the number of groups and the number of bar elements in each groups, 
respectively. 

The structural constraints used in this study are; 

for tensile members,               𝜎𝜎𝑘𝑘  ≤ 𝜎𝜎𝑘𝑘𝑖𝑖  𝑚𝑚 = 1,2, … ,𝑛𝑛𝑛𝑛𝑚𝑚 (4) 

for compressive members,  𝜎𝜎𝑘𝑘  ≤ 𝜎𝜎𝑘𝑘𝑐𝑐  𝑚𝑚 = 1,2, … ,𝑛𝑛𝑛𝑛𝑚𝑚 (5) 

where 𝜎𝜎𝑘𝑘 is the calculated stress, 𝜎𝜎𝑘𝑘𝑖𝑖 and 𝜎𝜎𝑘𝑘𝑐𝑐 is the allowable tensile and the 
compressive stresses, respectively. “ntm” and the “ncm” are the number of tensile 
member and the number of compressive member, respectively. 𝜎𝜎𝑘𝑘 ≤ 𝜎𝜎𝑘𝑘𝑏𝑏   𝑚𝑚 = 1,2, … ,𝑛𝑛𝑛𝑛𝑚𝑚 (6) 

where 𝜎𝜎𝑘𝑘𝑏𝑏 is the Euler buckling and it is given as: 𝜎𝜎𝑘𝑘𝑏𝑏 =
𝐾𝐾∙𝐸𝐸∙𝐴𝐴𝑘𝑘𝐿𝐿𝑘𝑘2   𝑚𝑚 = 1,2, … ,𝑛𝑛𝑛𝑛𝑚𝑚 (7) 

where 𝐸𝐸 is the elasticity property of the material, and 𝐾𝐾 is a constant. The constraint 
for the displacement is given below.  

|d𝑖𝑖| ≤ d𝑚𝑚𝑚𝑚𝑚𝑚   𝑖𝑖 = 1,2, … ,𝑛𝑛𝑛𝑛 (8) 

where d𝑖𝑖 is the nodal displacement, d𝑚𝑚𝑚𝑚𝑚𝑚  is allowable displacement, 𝑛𝑛𝑛𝑛 and 𝑛𝑛𝑚𝑚 are 
number of nodes and number of bar elements, respectively. 𝐴𝐴𝑚𝑚𝑖𝑖𝑛𝑛 ≤ 𝐴𝐴𝑘𝑘 ≤ 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚  𝑚𝑚 = 1,2, … ,𝑛𝑛𝑚𝑚 (9) 𝑥𝑥𝑚𝑚𝑖𝑖𝑛𝑛 ≤ 𝑥𝑥𝑖𝑖  ≤ 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚  𝑖𝑖 = 1,2, … ,𝑛𝑛𝑛𝑛 (10) 

To obtain best solution without the violations a penalty function is transformed 
another form to include the effect of the constraints. Using this function, it will be 
hoped that the optimization problem will find a feasible global solution. Thus, the 
penalized objective function (Fp) is obtained as given in Eq. 11. 
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𝐹𝐹𝐹𝐹 = 𝑊𝑊(𝐴𝐴,𝑥𝑥)[1 + 𝐶𝐶𝐹𝐹] (11) 
The penalized objective function including the nodal violates and member stress 
violates given as: 𝐶𝐶𝐹𝐹 = � c𝑖𝑖 +

𝑛𝑛𝑛𝑛𝑖𝑖=1 � c𝑘𝑘𝑛𝑛𝑛𝑛𝑘𝑘=1  (12) 

c𝑖𝑖 =
|d𝑖𝑖|

d𝑚𝑚𝑚𝑚𝑚𝑚  
(13) 

c𝑘𝑘 =
|𝜎𝜎𝑘𝑘|𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 

(14) 

4 Testing of the Jaya Algorithm 

The 272-bar transmission truss tower with 28 continuous design variables and 39-
bar spatial truss tower with 11 continuous design variables were tested to show the 
performance of the Jaya algorithm. These structural example were taken from 
literature. The present the efficiency and the performance of the proposed algorithm 
the best feasible global solution obtained from this study were compared with the 
previous studies in the tables includes final design variables. In this study twenty 
independent runs were carried out to show the robustness of the Jaya algorithms. 
The Jaya algorithm, optimization tools and a standard linear elastic finite element 
solver were coded in the MATLAB programming by the author of this paper. 

4.1 The First Numerical Example: 39-bar Truss 

The first structural example is 39-bar spatial tower given in Figure 1a with the sizing 
and shape optimization. This tower structure was before designed by Shojaee et al. 
[13], Dede & Ayvaz [2], and Ho-Huu et al. [7]. Input data for this example was 
given in Table 1 and the elements connectivity and nodal coordinates were 
presented in Table 2. Among the total free nodes of the structure, the top and bottom 
nodes have fixed position, and the other middle nodes’ coordinates are taken as 
design variables. At the end of the optimization process, final feasible shape 
obtained using proposed algorithm is given in Figure 1b. To compare the results 
with those given in previous studies, the optimal design variables were listed in 
Table 3. 

The population size and number of iterations is set to 40 and 200, respectively.  
The Jaya algorithm found the best design after 7640 analyses and actually obtained 
an optimum design with the 133.51 kg. In Figure 2 is presented the converge history 
for the best result, and Figure 3 is shown results of 20 independent runs. 
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Figure 1 
The first example: 39-truss spatial truss tower: a) before optimization, b) after optimization 

Table 1 
Material data and the constraints for the 39-bar spatial truss tower 

Properties / constraints Unit Value / notes 
Modulus of elasticity E (GPa) 210 
Material density  ρ (kg/m3) 7800 

Stress constraints 𝜎𝜎 (MPa) 
   240 for tension −240 for compression 

Displacement constraints 𝛿𝛿 (cm) 0.4 for Y directions (nodes 13-15) 
Nodal forces F (kN) ±10  for Y directions (nodes 13-15) 

Euler buckling 𝜎𝜎𝑛𝑛 (MPa) 𝜎𝜎𝑛𝑛 ≤ 𝐾𝐾𝑛𝑛𝐸𝐸𝐴𝐴𝑛𝑛𝐿𝐿𝑛𝑛2  

Table 2 
Initial data for the 39-bar spatial truss tower 

Shape variables Size variables 
joint x (m) y (m) z (m) cross-area node-node 

1 0.000 1.000 0.000 A1 (1-4), (2-5), (3-6) 
2 -0.866 -0.500 0.000 A2 (4-7), (5-8), (6-9)  
3 0.866 -0.500 0.000 A3 (7-10), (8-11), (9-12) 

13 0.000 0.280 4.000 A4 (10-13), (11-14), (12-15) 
14 -0.242 -0.140 4.000 A5 the remaining elements 
15 0.242 -0.140 4.000   
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Figure 2 
Convergence history of 39-bar spatial truss tower 

 

Figure 3 
Results of the twenty runs for the 39-bar spatial truss tower 

Table 3 
Optimal results for the 39-bar spatial truss tower 

Design 
variables 

Group 
members 

DPSO-MMA 
[13] 

TLBO 
[2] 

D-ICDE 
[7] 

JA 
This study 

1 Al (cm2) 10.01 11.9650 13.0 11.9900 
2 A2 (cm2) 9.91 11.1457 12.9 9.7811 
3 A3 (cm2) 8.56 7.8762 9.0 6.9870 
4 A4 (cm2) 3.92 2.7013 2.7 2.0264 
5 A5 (cm2) 3.44 2.4058 1.6 1.7309 
6 Y4 (m) 0.6683 0.8996 0.9232 0.8694 
7 Z4 (m) 1.9000 1.3507 0.5380 1.1972 
8 Y7 (m) 0.4732 0.6917 0.7958 0.6774 
9 Z7 (m) 2.8734 2.3122 2.1637 2.4966 

10 Y10 (m) 0.3002 0.4825 0.5105 0.4697 
11 Z10 (m) 3.4415 3.3031 3.4134 3.3985 
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 W (kg) 176.834 154.13 140.35 133.51 
 MFE N/A 7560 1140 7640 

W: weight; MFE: maximum function evaluations. 

4.2 The Second Numerical Example: 272-bar Truss 

The second structural example is size optimization of the 272-bar transmission 
tower shown in Figure 4. This tower structure was previously designed by Kaveh 
& Massoudi [8], Kaveh & Zaerreza [9], and Kaveh et al. [10]. 

The Young’s modulus is 200 GPa and the allowable stresses for all members is 
±275 MPa. The more information about model: nodal coordinates, topology and 
member grouping find in Kaveh & Massoudi [8]. The transmission tower is grouped 
into 28 continuous design variables. The limit for the design variables of cross-
sectional areas are 10 cm2 and 160 cm2 for the lower bounds and upper bounds, 
respectively. The tower has many different loading cases. The details for these cases 
are given in Table 4. The structural constraints in the case of displacements are 
limited 20 mm in z-direction and 100 mm both x- and y-direction for the joints 1, 
2, 11, 20, 29. 

 
Figure 4 

The second example: the 272-bar transmission tower 
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Table 4 
Load cases for the 272-bar transmission tower 

Load 
case 

Force 
direction 

Nodes 
1 2 11 20 29 other free 

1 Fx (kN) 20 20 20 20 20 5 
 Fy (kN) 20 20 20 20 20 5 
 Fz (kN) -40 -40 -40 -40 -40 0 

2 Fx (kN) 0 20 20 20 20 5 
 Fy (kN) 0 3) 20 20 20 5 
 Fz (kN) 0 -40 -40 -40 -40 0 

3 Fx (kN) 20 0 20 20 20 5 
 Fy (kN) 20 0 20 20 20 5 
 Fz (kN) -40 0 -40 -40 -40 0 

4 Fx (kN) 20 20 20 0 20 5 
 Fy (kN) 20 20 20 0 20 5 
 Fz (kN) -40 -40 -40 0 -40 0 

5 Fx (kN) 20 0 0 0 0 5 
 Fy (kN) 20 0 0 0 0 5 
 Fz (kN) -40 0 0 0 0 0 
6 Fx (kN) 0 20 0 0 0 5 
 Fy (kN) 0 30 0 0 0 5 
 Fz (kN) 0 -40 0 0 0 0 

7 Fx (kN) 0 0 0 20 0 5 
 Fy (kN) 0 0 0 20 0 5 
 Fz (kN) 0 0 0 -40 0 0 
8 Fx (kN) 0 0 20 20 20 5 
 Fy (kN) 0 0 20 20 20 5 
 Fz (kN) 0 0 -40 -40 -40 0 
9 Fx (kN) 0 20 20 0 20 5 
 Fy (kN) 0 20 20 0 20 5 
 Fz (kN) 0 -40 -40 0 -40 0 

10 Fx (kN) 0 0 20 0 20 5 
 Fy (kN) 0 0 20 0 20 5 
 Fz (kN) 0 0 -40 0 -40 0 

11 Fx (kN) 0 0 0 20 20 5 
 Fy (kN) 0 0 0 20 20 5 
 Fz (kN) 0 0 0 -40 -40 0 

12 Fx (kN) 0 0 20 20 0 5 
 Fy (kN) 0 0 20 20 0 5 
 Fz (kN) 0 0 -40 -40 0 0 
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The optimum volume of the 272-bar transmission tower found by Jaya algorithm is 
shown in Table 5. The optimization result is the same as in the PGO algorithm. Jaya 
algorithm find optimal volume after 23100 analyses. In Figure 5 is presented the 
converge history for the best result 1.1681 m3, and Figure 6 is shown results of 20 
independent runs. 

 
Figure 5 

Convergence history for the 272-bar transmission tower 

 

Figure 6 
Results of the independent runs for the 272-bar transmission tower 

Conclusions 

In this article, a proposed popular optimization method named Jaya is preferred for 
the optimization of structural example which are the 39-bar, and 272-bar truss 
spatial towers. The validity of the JA is demonstrated by using these tower 
structures. By taking into account three different structural constraints which are the 
displacement, allowable stress, and Euler’s buckling. The original Jaya algorithm is 
tested for the constrained single objective problem. 

The Jaya algorithm doesn’t use any special parameters to carry out the optimization 
process. By the help of this properties, the Jaya algorithms is a popular optimization 
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algorithm. When compared the feasible optimal solutions obtained from this study 
using Jaya algorithm with those given in previous studies, it an be clearly stated that 
that the Jaya algorithm can be effectively used in the design of spatial tower 
structures. 

Table 5 
Best results for the 272-bar transmission tower 

Group 
members 

SSOA 
[9] 

PGO 
[10] 

JA 
This study 

Group 
members 

SSOA 
[9] 

PGO 
[10] 

JA 
This study 

Al (cm2) 10.00 10.00 10.00 A15 (cm2) 93.20 91.19 91.77 
A2 (cm2) 12.40 12.17 12.34 A16 (cm2) 10.00 10.00 10.00 
A3 (cm2) 24.92 24.45 24.83 A17 (cm2) 10.00 10.00 10.00 
A4 (cm2) 10.17 10.00 10.01 A18 (cm2) 10.02 10.00 10.00 
A5 (cm2) 96.18 95.80 95.51 A19 (cm2) 83.90 91.19 91.77 
A6 (cm2) 10.00 10.00 10.00 A20 (cm2) 10.01 10.00 10.00 
A7 (cm2) 120.64 122.59 123.63 A21 (cm2) 10.00 10.00 10.00 
A8 (cm2) 10.01 10.01 10.00 A22 (cm2) 10.03 10.00 10.00 
A9 (cm2) 10.00 10.00 10.06 A23 (cm2) 79.82 85.41 80.29 
A10(cm2) 10.00 10.00 10.00 A24 (cm2) 10.00 10.00 10.00 
A11 (cm2) 102.17 106.15 102.09 A25 (cm2) 10.00 10.00 10.00 
A12 (cm2) 10.00 10.00 10.00 A26 (cm2) 10.00 10.00 10.00 
A13 (cm2) 10.00 10.00 10.00 A27 (cm2) 75.04 76.57 74.57 
A14 (cm2) 10.00 10.00 10.00 A28 (cm2) 10.00 10.00 10.00 

    V(m3) 1.1682 1.1681 1.1681 
    MFE 14020 23920 23100 
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Abstract: The settlement and bearing capacity of shallow foundation models with different 

shapes and areas on cohesionless subsoil under the applied vertical load are presented in 

this study. Different shapes of foundations with rectangular, square, strip, plus horizontal 

cross-sectional shapes are numerically studied after the validation on the laboratory model 

has been conducted and the constitutive soil model that simulates the behaviour of sandy 

soil has been chosen. The result of the validation showed that the HS model is the most 

suitable for the simulation of stress-deformation behaviour of sand. The effect of the shape 

and area are clearly visible and greatly affects the bearing capacity of the soil. The study 

generally compared Vesic's, Hansen's and German’s bearing capacity equations and 

showed that Vesic's and Hansen's bearing capacity equations are best suited to the bearing 

capacity computed from numerical analysis by Plaxis3D. Finally, as a development of 

Hansen's bearing capacity equation, a new equation of plus shape foundation bearing 

capacity has been determined. 

Keywords: bearing capacity; sand (cohesionless soil); shallow foundations; foundation 

shape 

1 Introduction 

The settlement and bearing capacity of the soil are influenced by the size, shape, 
and depth of the foundations as well as the loads, the physical and mechanical 
properties and reinforcement of the soils ([1]; [2]; [3]). Generally, foundations are 
classified into shallow and deep foundations. Shallow foundations are those that 
transfer structural loads to the soil layers at a relatively shallow depth. According 
to Terzaghi [4], a shallow foundation is one that is laid at a depth Df that does not 
exceed the foundation's width B, or Df/B≤1. Studies conducted later on have 
indicated that Df/B for shallow foundations can be as high as 3 to 4 ([1]; [2]). 

Shallow foundations are a very commonly used type of foundation system. 
Several bearing capacity equations proposed by different authors and adopted in 
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different codes are available to calculate the ultimate bearing capacity of soil at 
foundation levels. However, different methods of evaluating bearing capacity 
yield different results. Subsequently, one should estimate the bearing capacity and 
settlement of this type of foundation on a sound basis and as close to reality as 
possible, which will enhance the selection, design and construction of the 
foundation of the structure. 

Shallow foundations can be built in a variety of shapes, but the most popular and 
extensively utilized are circular, square, and strip foundations. However, the only 
thing that differentiates them from one another is their horizontal cross-sections. 
Extensive research has been carried out on the effect of foundation shapes on 
settlement and soil bearing capacity ([5]; [6]; [7]; [8]; [9]; [10]; [11]; [12]; [13]; 

[14]; [15]; [16]). However, they do not account for the size of the foundation, and 
only a few studies, such as ([17]; [18]; [19]) that focus on plus-shaped 
foundations, came to the conclusion that multi-edge foundations might perform 
better than square-shape foundations. Nonetheless, the majority of these studies on 
multi-edge foundations were conducted on small experimental models. Therefore, 
to solve these issues, and for a more realistic study of the bearing capacity of 
shallow foundations [20], numerical modelling using PLAXIS 3D is used to 
model several areas (Full scale) and shapes of foundations. 

Studying the effect of the foundation shape on the bearing capacity of the 
foundation soil and its settlement by laboratory or field methods requires 
conducting a very large number of laboratory experiments. Given the difficulty of 
conducting these experiments, their high cost and the multiple sources of 
inaccuracy in the results, including achieving the same initial state in all 
experiments, as well as, the great effort and time required, the finite element 
method was used to calculate the numerical bearing capacity and the variables 
were studied more extensively. 

The aim of this research is to study the soil bearing capacity and determine the 

best empirical equation of bearing capacity where the comparisons between the 
numerical bearing capacity, the Hansen, Vesic and German empirical equation of 
bearing capacity are carried out. 

2 Research Materials and Methodology 

The analytical method was used to achieve the objectives of this research, 
according to the following stages: 
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2.1 Laboratory Experiments 

Sufficient laboratory experiments were conducted according to ASTM to 
determine the specifications of the sand used in the study. All laboratory 

experiments were carried out in the laboratory of soil mechanics and foundations 
at the Faculty of Civil Engineering - Tishreen University. 

The granular gradient curve is shown in Fig. 1. It was found that the coefficient of 
uniformity (Cu) was 3.4 and the coefficient of curvature (Cz) was 0.95, so it was 
classified as SP (Poorly Graded Sand) according to the Unified Soil Classification 
System (USCS). Table 1 shows the results of laboratory experiments of sand at 
relative density 60%. 

Table 1 

The results of laboratory experiments of sand at relative density 60% 

Value Parameter Value Parameter 

2.65  G (-) 0.656 emax 

40000  Eoed (kN/m2) 0.402 emin 

34  ϕ (o) 17.6 kN/m3  (kN/m3) 

1.1  c (kN/m2) 21   (kN/m3) 

 

Figure 1 

The granular gradient curve of sand 

2.2 Determination of the Constitutive Model 

The validation of the numerical model in the finite element method is considered 
vital through the comparison of a numerical model results and measurements.  
The validation procedures should take into consideration the appropriate 
constitutive model, geometric simplifications, and other sources of inconsistencies 
to obtain a satisfactory representative numerical model [21]. 
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2.2.1 Laboratory Model 

To select the constitutive model, a laboratory model was built (Fig. 2) consisting 

of a metal cylindrical mould with dimensions of 280 mm (diameter) x 230 mm 

(height) filled with sand at a relative density of 60%, and from a circular metal 
foundation with dimensions: 50 mm (D) x 17 mm (thick), placed on the 
aforementioned sandy soil. The foundation was carried with a vertical load and the 
corresponding settlement was recorded. The dimensions of the mould were 
sufficient, where the diameter of the mould is 5.6 times the diameter of the 
circular foundation, and the height of the mould is 4.6 times the diameter of the 
foundation, which are sufficient dimensions so that the deformations do not reach 
the side borders of the mould and therefore have no effect on the results. 

 

Figure 2 

laboratory model  

2.2.2 Modelling the Laboratory Model using Plaxis 3D 

The same dimensions of the laboratory model were used to determine the 

geometric dimensions of the numerical model, (FE-Model), where a three-

dimensional model (3D-Model) was used, similar to the laboratory model, as the 
sides of the model allowed only vertical settlement, and the bottom of the model 
was fixed. The foundation had a circular shape (D=50 mm) and the foundation has 
been considered a rigid equivalent to a uniformly distributed settlement imposed 
on the soil surface. For reasons of symmetry, only a quarter of the model was 
modelled. Fig. 3 shows the numerical model used in calibration for the laboratory 
model. 
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Figure 3 

Numerical model used to validate the laboratory model 

Two constitutive models were used in simulating the laboratory model, the 

Hardening soil model (HS) being one of the advanced models and the Mohr-
Coulomb model (MC) being one of the most common and widely used models. 
Table.2 and Table.3 show the parameters of each model that are derived from 
laboratory experiments on the sand used in this study. 

Table 2 

Soil parameters used (MC- Model) 

Table 3 

Soil parameters used (MC- Model) 

Value Parameter Value Parameter 

1.1 C (kN/m2) 17.6  (kN/m3) 

34 ϕ  (°) 21  (kN/m3) 

3 ψ  (°) 29500 

 (kN/m2) 

0.2 urν  (-) 40000  (kN/m2) 

0.53 m (-) 120000  (kN/m2) 

Value Parameter Value Parameter 

34 (°) 17.6   (kN/m3) 

1.1  C  (kN/m2) 21   (kN/m3) 

3 Ψ (°) 29500   (kN/m2) 
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Fig. 4 shows a comparison between the results of the numerical model and the 
results of the laboratory model, using the constitutive models mentioned earlier. 

 

Figure 4 

Comparison between the results of the numerical model and the results of the laboratory model 

Where q is the applied stress on circular foundation, S/D is the nondimensional 
relative settlement and S is the corresponding settlement. If the settlement (S) is 

expressed in a nondimensional relative settlement of S/D, the load-settlement 

response is not affected by the scale effect [22]. 

In Fig. 4 a great convergence can be seen between the results of the laboratory 
experiments and the modelling using (HS-Model), This is consistent with the 
findings of [23]. It is also noted that (HS-Model) simulates soil behavior more 
accurately than (MC-Model) until reaching collapse. Therefore, HS is the adopted 
constitutive model in this research. 

3 Results and Discussion 

After it is verified that the constitutive model of the FEM model reflects the 
stress-strain behaviour with acceptable accuracy, compared to the results of the 
laboratory model, the numerical study is conducted in light of the research 

objectives through a parametric study of different shapes and areas of shallow 
foundations to determine the optimal relationship of the bearing capacity of sandy 
soil. 

In this study, the effect of the foundation area and shape on the soil bearing 
capacity is examined. The shapes chosen for the areas 9-50-144-625 m2 are 
displayed in Tables 4-5-6-7. With the use of the HS model, which simulates the 
behavior of the employed sandy soil, foundations are modelled on Plaxis 3D as 
fully solid foundations. The equivalent dimensions L1, B1 represent the 
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dimensions of a rectangular foundation with the same area of the plus foundation, 
as shown in Fig. 5, where these dimensions were used to determine the bearing 
capacity using the empirical equations of Vesic, Hansen, and the German code as 
these relationships are not applicable for irregular or multi-edge foundations [16]. 

Table 4 

shapes related to area 9 m2 

shape of 

foundation 
Symbol 

Area 

(A) 

[m2] 

Dimensions 

[m] 

Equivalent 

width 

B1[m] 

Equivalent 

length 

L1[m] 

L1/B1 

Circular C1 9 D=3.385 3.385 3.385 1 

Square S1 9 L=3 B=3 3 3 1 

Rectangle 
l/B=2 

R1-2 9 
L=4.24 

B=2.12 
2.12 4.24 2 

Rectangle 
l/B=3 

R1-3 9 
L=5.196 

B=1.732 
1.732 5.196 3 

Rectangle 
l/B=5 

R1-5 9 
L=6.71  

B=1.342 
1.342 6.71 5 

Plus sign 
shape + 

P1-0.2 9 
b=2.236 

a=0.4472 
2.9 3.1 1.1 

Plus sign 
shape + 

P1-0.35 9 
b=1.937 

a=0.678 
2.733 3.292 1.2 

Plus sign 
shape + 

P1-0.5 9 
b=1.732 

a=0.866 
2.6 3.464 1.33 

Plus sign 
shape + 

P1-0.75 9 
b=1.5 

a=1.125 
2.4 3.75 1.563 

Plus sign 
shape + 

P1-1 9 
b=1.342 

a=1.342 
2.23 4.03 1.8 

Plus sign 
shape + 

P1-2 9 
b=1 

a=2 
1.8 5 2.78 

Table 5 

shapes related to area 50 m2 

shape of 

foundation 
Symbol 

Area 

(A) 

[m2] 

Dimensions 

[m] 

Equivalent 

width 

B1[m] 

Equivalent 

length 

L1[m] 

L1/B1 

Circular C2 50.26 D=8 8 8 1 

Square S2 50.26 
L=7.09  
B=7.09 

7.09 7.09 1 

Rectangle 
l/B=2 

R2-2 50.26 
L=10.03  
B=5.01 

5.01 10.03 2 

Rectangle 
l/B=3 

R2-3 50.26 
L=12.28  
B=4.09 

4.09 12.28 3 

Rectangle R2-5 50.26 L=15.85  3.17 15.85 5 
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l/B=5 B=3.17 

Plus sign 
shape + 

P2-0.2 50.26 
b=5.284 

a=1.057 
6.76 7.435 1.1 

Plus sign 
shape + 

P2-0.35 50.26 
b=4.576 

a=1.602 
6.46 7.78 1.2 

Plus sign 

shape + 
P2-0.5 50.26 

b=4.09 

a=2.047 
6.145 8.18 1.33 

Plus sign 

shape + 
P2-0.75 50.26 

b=3.545 

a=2.659 
5.67 8.862 1.563 

Plus sign 
shape + 

P2-1 50.26 
b=3.171 

a=3.171 
5.29 9.5 1.8 

Plus sign 
shape + 

P2-2 50.26 
b=2.363 

a=4.727 
4.25 11.82 2.78 

Table 6 

shapes related to area 144 m2 

shape of 

foundation 
Symbol 

Area 

(A) 

[m2] 

Dimensions 

[m] 

Equivalent 

width 

B1[m] 

Equivalent 

length 

L1[m] 

L1/B1 

Circular C3 144 D=13.54 13.54 13.54 1 

Square S3 144 L=12 B=12 12 12 1 

Rectangle 

l/B=2 
R3-2 144 

L=16.98 

B=8.48 
8.48 16.98 2 

Rectangle 
l/B=3 

R3-3 144 
L=20.79 

B=6.93 
6.93 20.79 3 

Rectangle 
l/B=5 

R3-5 144 
L=26.8 

B=5.37 
5.37 26.8 5 

Plus sign 
shape + 

P3-0.2 144 
b=8.94 

a=1.79 
11.5 12.52 

1.1 

 

Plus sign 
shape + 

P3-0.35 144 
b=7.746 

a=2.711 
10.94 13.168 1.2 

Plus sign 
shape + 

P3-0.5 144 
b=6.93 

a=3.46 
10.37 13.86 1.33 

Plus sign 
shape + 

P3-0.75 144 
b=6 

a=4.5 
9.6 15 1.563 

Plus sign 

shape + 
P3-1 144 

b=5.39 

a=5.37 
8.93 16.12 1.8 

Plus sign 
shape + 

P3-2 144 
b=4 

a=8 
7.2 20 2.78 
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Table 7 

shapes related to area 625 m2 

shape of 

foundation 
Symbol 

Area 

(A) 

[m2] 

Dimensions 

[m] 

Equivalent 

width 

B[m] 

Equivalent 

length 

L[m] 

L/B 

Circular C4 625 D=28.21 28.21 28.21 1 

Square S4 625 L=25 B=25 25 25 1 

Rectangle 
l/B=2 

R4-2 625 
L=35.36 

B=17.67 
17.67 35.36 2 

Rectangle 
l/B=3 

R4-3 625 
L=43.3 

B=14.4 
14.4 43.3 3 

Rectangle 
l/B=5 

R4-5 625 
L=55.9 

B=11.2 
11.2 55.9 5 

Plus sign 
shape + 

P4-0.2 625 
b=18.633 

a=3.727 
23.96 26.09 1.1 

Plus sign 
shape + 

P4-0.35 625 
b=16.137 

a=5.648 
22.782 27.434 1.2 

Plus sign 
shape + 

P4-0.5 625 
b=14.434 

a=7.22 
21.664 28.85 1.33 

Plus sign 
shape + 

P4-0.75 625 
b=12.5 

a=9.375 
20 31.25 1.563 

Plus sign 
shape + 

P4-1 625 
b=11.18 

a=11.18 
18.63 33.54 1.8 

Plus sign 
shape + 

P4-2 625 
b=8.33 

a=16.66 
14.98 41.713 2.78 

 

Figure 5 

Symbols and equivalent dimensions of the Plus Foundation 
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3.1 Comparison of the Numerical and Empirical Equations of 

Ultimate Bearing Capacity 

3.1.1 Square, Circle and Rectangular Foundations 

As can be seen from Figures 6, 7, 8, and 9 for areas 9, 50, 144, 625 m2 

respectively, the Vesic equation achieves the best fit for square and circle shapes 
while the Hansen equation achieves the best fit for rectangular shapes. The reason 
being that Vesic uses in his equation the same Nc and Nq terms of the Hansen 

relation but N  is different. 

 

Figure 6 

Comparison of Plaxis' calculation of bearing capacity and an empirical equation of bearing capacity for 
a 9-m2 area 

 

Figure 7 

Comparison of Plaxis' calculation of bearing capacity and an empirical equation of bearing capacity for 
a 50-m2 area 
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Figure 8 

Comparison of Plaxis' calculation of bearing capacity and an empirical equation of bearing capacity for 
a 144-m2 area 

 

Figure 9 

Comparison of Plaxis' calculation of bearing capacity and an empirical equation of bearing capacity for 
a 625-m2 area 

3.1.2 Plus Shape Foundations 

The relationships between the ultimate bearing capacity (qult) and a/b where the 
dimensions a and b are clarified in figure 5. It is noted that the best value of a/b is 
about 0.5 (Fig. 10). This is consistent with the laboratory study of Ghazavi and 
Mirzaeifar [17], because at this value the best blocking occurs and the soil 
between edges behaves as if it was part of the foundation and moves down upon 
loading as a single unit. 

Figures 11, 12, 13 and 14 show a comparison between the numerical results and 
empirical equations of ultimate bearing capacity of different areas 9, 50, 144 and 
625m2 respectively for plus shape foundations using the equivalent dimension of a 
rectangular foundation where L is the length of the enveloped square shape of the 

plus shape foundation and B1=A/L where A is the Area of the plus shape 
foundation as shown in Fig. 5. 
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Figure 10 

The relationships between ultimate bearing capacity (qult) and a/b 

 

Figure 11 

Comparison of Plaxis' calculation of bearing capacity and an empirical equations of bearing capacity 
for a 9-m2 area of plus foundation 

 

Figure 12 

Comparison of Plaxis' calculation of bearing capacity and empirical equations of bearing capacity for a 
50-m2 area of plus foundation 
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Figure 13 

Comparison of Plaxis' calculation of bearing capacity and empirical equations of bearing capacity for a 
144-m2 area of plus foundation 

 
Figure 14 

Comparison of Plaxis' calculation of bearing capacity and empirical equations of bearing capacity for a 
625-m2 area of plus foundation 

It is noted from Figures 11, 12, 13 and 14 that the Vesic equation fits the 
numerical bearing capacity in most cases especially when a/b>0.5 but they do not 
take the effect of blocking well when a/b≤0.5. To solve this issue the Hansen 
equation is chosen since it gives the best results when it is multiplied by the 

blocking coefficient which is determined using the solver feature in Excel. 
Equation (1) is the new equation of bearing capacity of the plus shape foundation 
that is modified from (Chazavi and Hadiani [19]) equation. 

                 (1) 

Where  : is the ultimate bearing capacity calculated by the Hansen 
equation using the equivalent dimension of the rectangular foundation as clarified 

in Fig. 5. Figures 15, 16, 17 and 18 show a comparison between numerical, 
empirical equations and modified equations (1) of the ultimate bearing capacity of 
different areas 9, 50, 144 and 625 m2 respectively. 
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Figure 15 

Comparison of numerical bearing capacity, empirical equations, and a modified equation for a 9-m2 

area 

 

Figure 16 

Comparison of numerical bearing capacity, empirical equations, and a modified equation for a 50-m2 

area 

 

Figure 17 

Comparison of numerical bearing capacity, empirical equations, and a modified equation for a 144-m2 

area 
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Figure 18 

Comparison of numerical bearing capacity, empirical equations, and a modified equation for a 625-m2 

area 

It is clear from Figures 15, 16, 17 and 18 that the modified equation achieves the 

best consistency with numerical results for different areas of the plus shape 
foundation. 

It is worth mentioning that the plus shape foundation at a/b=0.5 achieves the 
highest bearing capacity compared to other shapes that have the same area, as is 

shown in Fig. 19, which depicts the stress-settlement curves for foundations with 
an area of 144 m2. Fig. 20 shows the improvement percentages in bearing capacity 
at a/b=0.5 in comparison to square shape foundations. The percentage increases 

with an increase in the area of the foundation; for example, with the area of 50m2 

the ultimate bearing capacity increases by 25%. 

 

Figure 19 

Stress-settlement relationship curves 
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From these curves in Fig. 19, we can deduce that the shear bearing capacity is the 

highest for the plus shape foundation at the ratio a/b = 0.5, whereas the shear 
bearing capacity is the least for the strip foundation. 

 

Figure 20 

Improvement percentages in bearing capacity at a/b=0.5 as comparison with square shape foundation 

Conclusions 

According to the outcomes of the numerical analysis performed using the Plaxis 
3D software, which uses the finite element method FEM for various foundation 
shapes and with various areas of foundation on sandy soil, the following 
conclusions were made: 

• The Hansen equation provides the closest value to the numerical analysis 
of rectangular shapes, while the Vesic equation is the best fitting for 
circular and square foundations for all areas. 

• The plus foundation outperforms square and circular foundations in terms 
of performance and provides the best shear bearing capacity at the ratio 
a/b = 0.5. 

• Finding the blocking coefficient led to the development of a new 
equation (Equation 1) for the bearing capacity of plus foundations. 

• The improvement percentages in bearing capacity at a/b=0.5 in 

comparison to the square shape foundation increase from 15% to 30% 
with an increase in the area of the foundation from 9 m2 to 625 m2, 

respectively. 
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The following recommendations may be taken into account for further research on 
the topic : 

 Studying new foundation shapes, such as H, T and U-shaped foundations . 

 Investigating how the bearing capacity of sand is affected by alterations 
in the elastic modulus and internal friction angle . 

 Investigating the bearing capacity effects of foundation depth, soil 
layering, load inclination, decentralization, land surface slope, foundation 
base inclination, and groundwater presence. 
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Abstract: The presented studies, research and innovation focus in marshalling yards is on 

providing adequate responses on standard timings or deviations from the normal timetable. 

To address the possible deviations in the marshalling yard daily operation, the decision 

support system called SMART Real Time Management System (RTMY) is developed and 

introduced in this study. In general, Smart RTMY should give real-time responses to 

deviations, and decrease the time for making an adequate decision by providing a decision 

support system with optimal solutions based on selected criteria and optimization objectives. 

The system is based on the optimization function, which calculates the numerical (influence) 

value for each wagon in the marshalling yard, and on the developed expert system.  

The application of SMART RTMY in its current state is verified through the developed web 

application used by experts from universities and railways. This system should bring a novel 

solution to the marshalling yard classification and deviation response systems, thus 

providing a powerful software tool for marshalling yard dispatchers and operators. 

Keywords: decision support system; software; marshalling yard; expert system 
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1 Introduction 

Marshalling Yard (MY) is a complex system with many processes that should be 
properly executed. The main processes in marshalling yard are: Pre-notification of 
incoming and outgoing trains, Arriving and checking incoming trains, 
Disaggregating/aggregating trains; Wagon shunting within the yard; Throwing 
wagons using the hump and/or the locomotive; Checking and departure outgoing 
trains; Wagon maintenance. These are standard processes and part of the standard 
and usual daily data flow [1-5]. The common processes are automated on 
satisfaction level with various IT applications [2]. Besides the developed 
applications, numerous research solutions address the problems with marshalling 
yard operations, and all of them are focused on keeping the operations active and 
removing bottlenecks. In general, the complex problem of managing the 
marshalling yard can be divided into smaller problems and partially addressed [6]. 
Considering sorting algorithms the existing literature already covers numerous 
types, which can be divided into three main categories [7]. The first consists of 
simple heuristics or rule-based sorting schemes, which can be easily applied in 
practice. The rule-based sorting schemes can further be divided into sequential 
(meant to rearrange wagons within a single train) and simultaneous sorting schemes 
(rearranging multiple input trains into other outgoing trains). The second category 
of algorithms are the exact methods that try to calculate an optimal solution, similar 
to the one presented in this research. Lastly, there is a third category of complex 
deterministic heuristics that tries to solve the sorting problem, by finding a good 
instead of an optimal solution. These methods are used in most classification 
activities, but each marshalling yard has some specific properties that should be 
considered. In general, for the classification of arriving trains all cars should 
eventually be rolled to the siding that has been assigned to the train they're supposed 
to depart with. There is usually a problem with capacity of these tracks, so 
experienced dispatcher or train operator should conduct actions to use mixing tracks 
for wagon classification properly. The studies [8, 9] presents a solution for these 
operations by introducing image discrimination theory and different online planning 
strategies tested using stochastics and deterministic approaches. The first tested 
strategy assigns tracks to trains on a first-come-first-served basis, while the second 
strategy uses time limits to determine when tracks should be assigned to departing 
trains. The research [10] investigates the influence of inbound traffic volume 
variation and schedule flexibility on classification yard performance. Simulation 
experiments using YardSYM, a discrete-event simulation model developed for 
hump classification yard analysis, quantify the interaction of these factors through 
different yard performance metrics. Simulation results suggest increasing schedule 
flexibility causes classification yard performance to decline while increasing 
volume variability has a less pronounced effect. 

Expert systems are decision making systems that provide semantic solutions to 
different problems and are defined by rules and facts. They are a means to share and 
distribute knowledge [11], acquired directly or indirectly from domain experts of 
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different scientific areas. They not only aid users lacking specific know-how but 
also provide support and guidance [12], if not even substitutes, for human experts. 
Therefore, the power of an expert system should be its ability to mimic the human 
decision process [13]. An example of this kind of system is a solution for the output 
recommendations with an increased workload of the Baladjar station, presented in 
[14]. An expert system based on structured technology is introduced and applied to 
address this issue. Structural technologies are a set of technological techniques that 
allow you to control the properties of the structure of the station. With these 
methods, it is possible to bring the structural properties of the station closer to the 
optimum in any mode of operation. However, studies have shown that introducing 
"elastic technologies" in practice can increase stations' capacity only in the short-
term. For greater efficiency in this direction, it is more advisable to use the 
technique of structural technologies together with the gradual optimization of the 
track development of the station. 

Regarding the presented studies, research and innovation activities focus on 
providing adequate responses on standard timings or on deviations from the 
standard timetable. Special attention is given to deviations from decision making 
processes in marshalling yards. Different types of deviations are presented in [6, 15, 
16] and can be summarised as the following: Deviations of the incoming train – 
later (delay) or earlier than timetable plan; Deviations of the outgoing train - later 
(delay) or earlier than timetable plan; Deviations in personal resources – lack of 
train driver or other staff for operations in MY; Deviations in individual wagons 
modification; Unexpected repair or breakage of sections of rail line; Unexpected 
repair or breakage of wagons; Deviations or incorrect weight of incoming trains or 
wagons; Priorities in cases of congested infrastructure or other priority policies; 
Extraordinary requests; Not defined deviations. All deviations can be grouped 
related to four factors: time, the present state of infrastructure, personal resources, 
and additional cargo operators' demands. The main factor is time, which is why the 
first two above deviations are also one of the consequences of all other deviations. 
Each deviation has causes, consequences of deviations, decisions that need to be 
realized, and consequences of selected decisions. 

To address the possible deviations in the marshalling yard daily operation, the 
SMART Real Time Management System (RTMY), i.e., decision support system is 
developed and introduced in this study. In general, Smart RTMY should give real 
time responses to deviations, and decrease the time for making an adequate decision 
by providing support system with optimal solutions based on selected criteria and 
optimization objectives. This means the system is based on past experience (past 
interactions) and includes additional yard operational parameters (static and 
dynamic – content-based systems). Furthermore, the proposed solution is based on 
the optimization function, which calculates the numerical (influence) value for each 
wagon in the marshalling yard and the developed set of expert system rules.  
The expert system represents a hybrid decision support system because it includes 
rules and calculated influence factor to propose solutions. Therefore, SMART 
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RTMY should bring novel solution to the marshalling yard classification and 
deviation response systems, thus providing a powerful software tool for marshalling 
yard dispatchers and operators. 

2 The Overall System Architecture 

Smart RTMY is a decision support system represented by the developed web 
application (https://tehnogenijalci.rs/smartvis/). The web application is open and 
free to use. However, the application is still in the testing phase, and responses from 
different experts are required to improve it in future work. It is composed of 
visualization and an optimization module. The other developed modules are 
supporters (security, data exchange and transformation modules) or providers (e.g. 
data input module). The visual representation module displays the current status of 
the marshalling yard to the user, based on manually entered data acquired from a 
specific marshalling yard. In addition, this module will also display the future state 
of the marshalling yard based on input data and the optimal marshalling process 
planning results. The optimization or marshalling process planning module 
implements an expert system based on the optimization function and expert 
knowledge acquired from the Popovac (Serbia) marshalling yard. 

The developed expert system is a Decision Support System or Decision Making 
System that provides instructional data to the marshalling yard dispatcher or 
operator. To properly define the functional and technical requirements of the 
SMART RTMY, Unified Modeling Language (UML) is used [17]. UML diagrams 
are created for all specific marshalling yard and software requirements and used to 
develop software modules. There are nine selected types of deviations in decision 
making processes in marshalling yards, and they can be described as use cases in 
UML. They are modelled and presented in Fig. 1. To properly model deviations and 
data included in marshalling yard management systems, additional parameters are 
defined as static (yard connections, layout data, operative times, equipment) and 
dynamic (data flow, restrictions and deviation) and presented in [18]. This is 
standard data already applied in marshalling yard operations. Finally, the data and 
object model were created and used as the basis for making the Decision support 
system application. The data model is expressed through a developed relational 
database, and the object model was developed using MVC (Model – View - 
Controller) pattern [19]. The database structure was defined with separate tables for 
trains, wagons, sidings, timetables, traffic directions, and users [18]. Database 
defines the structure of a Marshalling yard data model on which the object model 
depends, and it includes all requirements and limitations restricting the use of 
freight transport in the marshalling yard and freight transport that will be processed 
in the marshalling yard. 
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Figure 1 

Use case diagram of defined types of deviations in the marshalling yard 

The defined composition of the database, allows input and processing of all the 
described deviations and inputs or outputs. In addition, static and actual data from 
marshalling yard Popovac, Serbia was inserted into the database for further 
manipulation and processing. 

To conclude, the Smart RTMY system uses the following: 

• Material: Marshalling yard data from Popovac, Serbia; Expert knowledge 
gained from university and marshalling yard staff; 

• Methods: Numerical Optimization; Expert system based on rules and facts; 
Relational database for data manipulation; MVC framework for 
application development 

3 The Methodology 

Smart RTMY complex structure enables a complete overview of the marshalling 
yard infrastructure and adequate real-time response by applying its developed 
modules. The visualization module can display status of the marshalling yard to the 
user, based on data entered manually or the possibility of showing data acquired 
automatically from a railway information system in the future upgrade. In addition, 
it displays the current snapshot of the marshalling yard infrastructure (warehouse, 
repairing station). Based on the security level, visual representation is differently 
formed for different users, e.g., dispatchers or marshalling yard operators [18]. 
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The visualization module receives data from the database as statical and optimized 
data (from the optimization module) and shows it to the user. It also enables data 
manipulation by using web app forms dedicated to yard elements (e.g., wagons, 
sidings, trains). Every modification of the data is reflected in recreating the data 
process, which creates a distinct visual representation of yard elements and inserts 
changes to the database. Furthermore, the database regularly makes replications 
using automatic DBMS service due to the possible errors in yard elements 
classification, which can be reverted to the previous verified state. 

The module was developed using the following technologies: Front End – JQuery 
(standard, generally known JavaScript library) and D3.js (Data-Driven 
Documents); Back End – Currently, cakePHP is used as the main platform 
framework. It is important to mention that application works in a closed 
environment due to the railway regulations, but with the possibility to share data 
over secured connections. 

The optimization module is created to control the classification of the trains 
(wagons) in the marshalling yard, and its overall composition is presented in Fig. 2. 
The diagram(s) are created by using adapted Structured Analysis and Design 
Technique - SADT [20]. Data analysis includes (P1) a static and dynamic dataset. 

 
Figure 2 

Optimization module of the Decision support system 

The disturbance model presented in the scheme is currently under development, but 
its behaviour should be controlled like in the workflow systems, i.e., these should 
represent workflow interruptions. Furthermore, the disturbance model should 
encompass interruptions not defined in the system as deviations, i.e., unknown 
deviations. The decision system contains software solutions and manual progress 
monitoring (marshalling yard experts), defined in a scheme by "Data Modification 
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and Preparation" – P2, "Forming of solutions" – P3, "Solution analysis" – P4. P2 
includes an intelligent system that controls the input dataset processing. The P2 
process outputs data in a numeric-readable form (arrays, matrices) and process P3 
creates human-readable data (presented in Fig. 3c) in a state of the solutions, which 
goes to P4 for the final verification (software can make wrong conclusions). In the 
process of "Solution(s) acceptance" – P5, solutions are finalized, modified 
marshalling classification is stored in the database for the next iteration, and new 
data is sent to the visualization module for display. 

In the developed application, deviations are defined as: 

• D1 - Train & Infrastructure, which includes Time deviation for incoming 
and outgoing trains and Wagon Malfunction (Fig. 3a) 

• D2 - People (characterized by a shortage of people): Machine operator, 
Worker, Support worker. (Fig. 3b) 

• D3 – Other generally refers to marshalling yard out of service (Fig. 3c) 

  
a) Train & Infrastructure deviation form                                b) People deviation form 

 
c) Others deviation form with filled deviation – out of service 

Figure 3 
Web forms (Smart RTMY) for entering marshalling yard deviations 

To control the data flow based on the defined deviations and to find the optimal 
solutions, decision support system application (SMART RTMY) based on the 
developed expert system is applied. The Expert system is based on the marshalling 
yard dispatcher and operators' experience and it is included as a set of rules and 
facts. The optimization function (calculated influence factor) is part of the expert 
system as a numbering tool that presents the current influence on the specific wagon 
and/or train to the marshalling yard classification. The two elements of the expert 
system can be separated and work independently. Currently, the expert system is 
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developed by using an if-then set of rules and predefined parametric sentences 
(similar to parametric queries in relational databases) that simulate standard 
operator's responses, but it will be transferred to the experta package 
(https://experta.readthedocs.io/) in the future versions. The developed system 
contains standard rules for operating wagons and their classification, used for many 
years in the marshalling yards. The expert system is good up to a point, or up to a 
number of rules and their capabilities to respond to the marshalling yard 
requirements. The expert system should provide correct answers for the D2 and D3 
deviations because these two are standard, and responses are uniform and 
straightforward. It is more complicated for deviation D1, which includes trains and 
wagons. Rules can be set, but sometimes it is required to optimize wagon 
classification and to properly distribute wagons to an adequate siding (outgoing 
train, for the service, etc.). The logical/mathematical model is defined and described 
in the following section to respond to this possible complex situation. 

Wagons are defined as matrices elements in Wagons matrix (WM [S x N]) – Sidings 
are rows, and positions are columns. Wagons dimensions are standard, and for the 
marshalling yard infrastructure definition, it is enough to know the starting position 
of each wagon, and its dimension. Another defined matrix is positional wagon 
matrix (PWM [S x N]) which relates to each wagon in WM and it defines wagons 
dimension and position which relates to siding length, and all values are 
transformed between [-1:1]. Siding length is defined as 100%. Each wagon length 
defines a percentage of that length, which is reflected to real numbers, up to 1. These 
matrices represent a current snapshot of the marshalling yard infrastructure and 
wagon distribution, i.e. if a wagon is re-positioned, the positional matrix is changed. 
If wagon leaves the station, it can be (is) deleted from both matrices. One note, 
timetable influence on the matrix is defined by adding virtual or physical incoming 
(-1) and outgoing sidings for outgoing trains (1). This feature of the proposed 
classification enables "bubble" sorting for wagons before they hit the yard, allowing 
proper reaction for train time deviation. 

We introduce the new category called temporary trains with influence factor 
between -1 and 1 – They are virtual trains positioned on each siding, and its vector 
TWM contains rows from WM matric, i.e., individual siding. When temporary train 
reflects incoming or outgoing trains, then we changed category, or influence on -1 
(not yet in the station), or 1 (in the station, scheduled for departure). Each siding is 
influenced by the marshalling yard rules, which can be changed. The influence 
factor on each is defined according to the current timetable for the marshalling yard 
and sidings definition (incoming, outgoing, mixed, or service). These values defines 
the marshalling yard operator or dispatcher. To add a time variable temporary train 
factors are multiplied with the time factors from the timetable. This factor is from 
[-1:1], and it reflects the time schedule of trains coming [-1:0] or scheduled for 
departure [0:1] the station. Factor for temporary trains already in the station, e.g., 
on classification yards, are set to values defined for the train they belong to or the 
trains they will be added. 
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To form a Decision support system, the function (1) which defines the wagon 
influence on the station operation is expressed by space matrices and vectors for 
trains and timetable: 𝑊𝑊𝑀𝑀 =  �𝑊𝑊1,1  ⋯  𝑊𝑊1,𝑛𝑛  ⋮ ⋱ ⋮  𝑊𝑊𝑠𝑠,1  ⋯  𝑊𝑊𝑠𝑠,𝑛𝑛 �;  𝑃𝑃𝑊𝑊𝑀𝑀 =  �𝑃𝑃1,1  ⋯  𝑃𝑃1,,𝑛𝑛  ⋮ ⋱ ⋮  𝑃𝑃𝑠𝑠,1  ⋯  𝑃𝑃𝑠𝑠,𝑛𝑛 �; 𝑇𝑇𝑊𝑊𝑀𝑀 =  �𝑇𝑇1,1  ⋯  𝑇𝑇𝑠𝑠�;  𝐶𝐶𝑇𝑇 =  �𝐶𝐶1,1  ⋯  𝐶𝐶𝑠𝑠 � 𝑊𝑊𝑃𝑃𝑃𝑃,𝑗𝑗 =  ∏ 𝑊𝑊𝑀𝑀𝑃𝑃,𝑗𝑗 × 𝑃𝑃𝑊𝑊𝑀𝑀𝑃𝑃,𝑗𝑗𝑃𝑃=1,𝑠𝑠𝑗𝑗=1,𝑛𝑛 ;   𝑇𝑇𝐶𝐶𝑃𝑃,𝑗𝑗 = ∏ 𝑇𝑇𝑊𝑊𝑀𝑀𝑃𝑃 ×  𝐶𝐶𝑇𝑇𝑃𝑃𝑃𝑃=1,𝑠𝑠 ; 𝑊𝑊𝐼𝐼 =  ∏ 𝑊𝑊𝑃𝑃𝑃𝑃,𝑗𝑗 ×  𝑇𝑇𝐶𝐶𝑃𝑃𝑃𝑃=1,𝑠𝑠𝑗𝑗=1,𝑛𝑛  (1) 

This operation returns the value from [-1:1] for each wagon in the matrix. Therefore, 
the reaction importance for each wagon is presented to the user. For example, if 
some wagon needs to be re-positioned to the outgoing or mixed siding because of 
the timetable schedule, he will get a high influence factor. Multiple wagons can 
have an influencing factor close to or equal to one. Still, for each wagon in the 
expert system, a description is introduced and attached to the influence factor by 
using the following function (2): 𝑊𝑊𝐸𝐸𝐼𝐼 = ∏ 𝑊𝑊𝐼𝐼𝑃𝑃,𝑗𝑗  ×  𝐸𝐸𝑥𝑥𝑃𝑃,𝑗𝑗𝑃𝑃=1,𝑠𝑠𝑗𝑗=1,𝑛𝑛  (2) 

Ex is a matrix (3) of wagon properties already described in the system, based on an 
already known timetable for the marshalling yard and the yard infrastructure.  
The matrix Ex also includes wagons in a timetable, which are defined for future 
arrival, which is essential if we want to create a temporary train in the virtual 
incoming siding. 𝐸𝐸𝑥𝑥 =  �𝐸𝐸1,1  ⋯  𝐸𝐸1,𝑛𝑛  ⋮ ⋱ ⋮  𝐸𝐸𝑠𝑠,1  ⋯  𝐸𝐸𝑠𝑠,𝑛𝑛 �;𝐸𝐸𝑃𝑃,𝑗𝑗 =

[

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠ℎ𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇𝑒𝑒:𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑡𝑡 𝑇𝑇𝑒𝑒 ∶ 𝐼𝐼𝑡𝑡𝑓𝑓𝑇𝑇𝐼𝐼𝑇𝑇𝑓𝑓𝑊𝑊𝑓𝑓𝐼𝐼𝑓𝑓𝑡𝑡 𝑓𝑓𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑇𝑇𝑓𝑓𝑡𝑡𝑓𝑓𝑒𝑒 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑠𝑠: 0 𝑓𝑓𝑓𝑓 1, …

   ] (3) 

Finally, the influence matrix for all existing wagons is formed and applied in the 
expert system, which gives the marshalling yard operator possible actions based on 
the defined deviations in the application. The rules and facts define the expert 
system, but one important addition is created. This addition refers to the set of 
parametric sentences with parameters like train number, wagon id, and incoming 
time, which can be replaced by the actual values based on the expert system 
recommendation. When the expert system creates suggestions/recommendations, it 
uses the parametric sentences and changes the values of parameters with the 
recommended ones, as presented in included examples. The optimization model 
(influence factors) is one of the inputs for the expert decision on wagon 
classification. It is essential to mention that this part of the system is currently under 
development, so most of the rules are now defined in the PHP as a set of if-then 
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statements and will be transferred to the "experta" python package. The python 
library Experta is used for building expert systems and is strongly inspired by 
CLIPS [21, 22], which means that different notations are used to describe rules 
implemented in the system. An expert system is written as a program capable of 
pairing up a set of facts with rules to those facts and executing some actions based 
on the matching rules. Facts are the basic unit of information of Experta (generally 
for any expert system). Rules have two components, LHS (left-hand-side) and RHS 
(right-hand-side). The LHS describes (using patterns) the conditions for executing 
the rule (or firing). The RHS is the set of actions to perform when the rule is fired. 
With expert systems like experta, the program flow should not be defined explicitly. 
The knowledge (Rules) and the data (Facts) are separated, and the Knowledge 
Engine is used to apply the knowledge to the data. The rules for static data are 
defined as is, meaning that these rules are defined descriptively, i.e., if a worker is 
not available for work, call another worker, or if nobody is available, then make 
different scheduling. For dynamic data, rules are made differently, and for example, 
the wagon data is currently defined as object notation: 

• Wi=(wagon={wagon_id=unique_value,sidings_id=unique_value,train_id
=unique_value,positional_data=temporary_value,calculated_matrix=Wi,j
,descriptive_matrix=WEi,…}) 

• Ti=(train={train_id=unique_value,sidings_id=unique_value,wagons=[wa
gon_id_list],...}) 

• Si=(siding={siding_id=unique_value,siding_type=unique_value,...})  

The same notation is performed for the sidings and trains. Because temporary trains 
are introduced, each wagon is classified as part of a train, as a collection object. The 
wagon definition provides complete information for the wagon and it contains data 
from the relation database and calculated data. From the current defined Decision 
support system (not yet transferred to experta, but defined in the required form), the 
marshalling yard operator can analyze suggestions and analyze matrix pattern for 
every station wagon and the incoming or outgoing train. 

To see how the Smart RTMY system works in its current state, two examples are 
presented, one for incoming train delay and one for interruption of yard working 
hours. 

Example 1: Suppose we state the problem of incoming train (40600) one hour 
deviation (Fig. 3a). In that case, possible solutions based on the Smart RTMY can 
be: 

Option 1: If train 40600 is going to be processed first, it means that processing and 
shunting of train 56921 can start at 15:28 and it can leave station with 53 minutes 
delay and leave the yard at 16:21. This mean that workers and shunting locomotive 
for next operation can start at 16:31. 
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Option 2: If train 56921 is going to leave station according to the plan, processing 
will be from 02:27 until 03:30 and processing for the train can start at 03:40 and 
will be finished at 05:38. This means that workers and shunting locomotive for next 
operation can start at 05:48. 

Example 2: Suppose we state the problem of Marshalling yard out of service from 
12 to 17 hours on a specific date. We first need to enter it into adequate web form 
(Fig. 3c), like: Marshalling yard out of service;12;17;2019-09-23. In that case, 
possible solutions based on the developed Smart RTMY can be: 

Option 1: Train 56921 is going to be processed from 17:00 until 17:53. Train 45003 
is going to be processed from 18:03 until 20:01. It can leave yard at 20:01. Train 
44707 is going to be processed from 20:11 until 22:09. It can leave yard at 22:09. 

Option 2: Train 56921 is going to be processed from 17:00 until 17:53. Train 44707 
is going to be processed from 22:19 until 00:17. It can leave yard at 00:17. Train 
45003 is going to be processed from 00:27 until 02:25. It can leave yard at 02:25. 

Option 3: Train 45003 is going to be processed from 17:37 until 18:30. Train 56921 
is going to be processed from 18:40 until 20:38. It can leave yard at 20:38. Train 
44707 is going to be processed from 20:48 until 22:46. It can leave yard at 22:46. 

Option 4: Train 45003 is going to be processed from 17:37 until 18:30. Train 44707 
is going to be processed from 22:56 until 00:54. It can leave yard at 00:54. Train 
56921 is going to be processed from 01:04 until 03:02. It can leave yard at 03:02. 

Option 5: Train 44707 is going to be processed from 17:00 until 18:58. Train 56921 
is going to be processed from 19:08 until 21:06. It can leave yard at 21:06. Train 
45003 is going to be processed from 21:16 until 23:14. It can leave yard at 23:14. 

3.1 Methodology Discussion 

The presented solution defines novel approach for the marshalling yard deviation 
response, and it is based on the expert system application. The Smart RTMY is 
composed of two main parts, which can be completely individual and work 
independently. The first part is defined as a mathematical marshalling classification 
model that defines the influence factor for each wagon on the siding, including 
incoming and outgoing wagons. This exact value reflects the ones stated in the [7, 
8], but with a different approach. The calculation is different because this research 
is focused on wagon influence factor, and mentioned studies on the position of the 
wagons on the yard. The second part represents expert system currently defined as 
if-then rules, and facts already prepared for import in the experta python package. 
In general, machine learning replaces expert systems in many fields. Still, in this 
case, the later represent a good approach because it can reflect marshalling yard 
operator experience, and the rules can be constantly upgraded. The system is 
currently in the testing phase, and the results are promising (found in the web 
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application). Future work on improving the expert system (e.g., implementing 
machine learning) should be conducted to make the system work with a significant 
confidence factor. 

Conclusion 

The decision support system should provide the marshalling yard operator an 
overview picture of the current snapshot of the marshalling yard and provide 
information on possible actions which can be performed in the case of deviations, 
or even in other situations like the energy optimization described in [23, 24], or for 
wagon and track maintenance described in [25-27]. 

It is important the mention the possible benefits of Smart RTMY for the railway 
network structure of the Europe. The support for integration with railway 
information systems will be developed to provide the opportunity to obtain inbound 
and outbound traffic data automatically from external sources, but this requires a 
lot of additional effort and is planned for the future work. In developing support for 
integration with railway information systems the focus will be on data exchange 
following industry standards such as TAF TSI and RailML. Additional information 
may be collected depending on the data available from the railway information 
system, such as traffic information for the next 24 hours (or another defined period). 
With such data the information system could offer information about estimated 
waiting and marshalling time to railway officials planning freight transport. 
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Abstract: Railway sleepers are under different types of dynamic, static, and impact loads. 

Due to a lack of a short span of track maintenance and inspection, damaged railway sleepers 

may not be detected and replaced after sudden damage. Cracks in concrete railway sleepers 

are almost inevitable and difficult to detect. According to the main role of sleepers to keep 

track of standard gauge and transfer loads to railway track interlayers, these damages may 

bring train derailment. Therefore, the application of self-healing methods can provide more 

lifespan time and compensate for some load capacity of damaged sleepers to extend their 

service life until they are inspected and removed from the track. Several self-healing methods 

have been proposed for large-scale beam shape structures, including autogenous and 

autonomous. But according to the special service condition of sleepers, most of these methods 

are not suitable for manufacturing railway sleepers. In this study, most of the available 

methods are reviewed and assessed based on the railway sleeper manufacturing process, 

service environment, loading condition, and lifespan. Finally, some prospective methods 

have been proposed to manufacture self-healing concrete railway sleepers such as the 

application of nanomaterials, vascular methods, and the LatConX system. 

Keywords: Self-healing concrete; concrete railway sleeper; railway track 

1 Introduction 

One of the main roles of railway sleepers is to transfer loads coming from passing 

trains to the track interlayers [1-3]. Moreover, sleepers keep standard track gauge 

to avoid extra rails lateral displacement that may result in train derailment [4, 5]. 
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Therefore, railway sleepers are one the critical components of railway tracks. 

Normally, track inspection is based on million gross tons (MGT) in some specific 

periods of time, unless an emergency damage causes emergency maintenance action 

[6, 7]. Damaged sleepers are detected using several methods such as measuring 

machine, ultrasonic, visual inspection, etc. [6, 8]. Therefore, self-healing railway 

concrete sleeper may avoid sudden failure of sleeper and compensate some load 

capacity of damaged sleepers to save track until next maintenance operation. 

Eequipping conventional sleeper with self-healing feature can increase the final cost 

a sleeper, but due to the healing process and avoiding the sleeper failure under 

operation it can compensate its higher cost [9]. 

1.1 Railway Concrete Sleeper Characteristics 

Railway sleepers include timber, steel, concrete and composite sleepers [10, 11]. 

Concrete railway sleepers have been used extensively. Almost each year 20 million 

concrete sleepers are used in railway tracks construction [12]. These concrete 

railway sleepers are under static, quasi static, dynamic and impact loads that provide 

a complicated loading condition [13, 14]. Concrete sleepers have three main critical 

zones as positive bending moment zone in rail seats and nagative bending moment 

zone in middle of sleeper in which railway damages have been mostly observed, as 

shown in Figure 1. 

Figure 1 

Critical zones in concrete railway sleepers [6] with potential of damage 

1.2 Self-Healing Concrete Methods Classification 

Self-healing concrete is mostly utilized for concrete composites that can repair 

minor cracks without the need for external intervention. Autogenous healing and 

autonomous healing are two types of self-healing techniques. Autogenous healing 

in concrete refers to the hydration of unhydrated cement. Autonomous healing, on 

the other hand, requires a trigger to start the process [15, 16]. Autonomous healing, 

unlike autogenous healing, relies on embedded atypical designed additions rather 

than unhydrated cement to fix bigger cracks. Autonomous healing strategies have 

outperformed most autogenous healing methods in crack healing [17].  

Positive bending moment 

Negative bending moment 
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Most autogenous healing methods are confined to cracks with a width of less than 

150 μm. 

1.2.1 Autogenous Self-Healing Methods 

Table 1 lists some of the recent autogenous self-healing fracture repair techniques, 

including four categorizations as mineral powder, fibers, nanofillers and curing 

agents. Autogenous healing methods can heal crack up to 60%. The cracks mended 

by autogenously healing were observed in various diameters such as 0.05 mm to 

0.87 mm, 5 to 10 μm, 100 μm, 200 μm, 205 μm and 300 μm according to the analysis 
and investigation of different authors [18]. 

Table 1 

Overview of recent autogenous self-healing methods 

Healing 

method 

Sample 

dimensions 
Healing materials 

Crack 

width 
Results Ref. 

 Mineral 

powder 

240 × 60 × 10 
mm  

Blast furnace slag 

and Limestone 

powder 

60 µm 

40%–60% 

healing for air 

cured specimen 

[19] 

360×75×50 
mm 

Fly ash 
˂ 100 
µm 

30 days of 

continuous 

moist curing 

was enough for 

specimens to 

achieve 

ultrasonic pulse 

velocity results 

higher than 

reference 

specimens. 

[20] 

10Ф x 20 cm 

expansive agent, 

geo-materials 

(montmorillonite) 

and chemical 

agents 

0.22 

mm 

The 0.22 mm 

crack of 

concrete was 

self-healed at 

33 days. 

[21] 

Fibers 

360 × 75 × 50 
mm 

Carbon fiber 
60-80 

µm 

Final healing 

improvement 

ranged between 

2.3% and 5%. 

[22] 

85 × 85 × 30 
mm 

synthetic fiber 

(polyvinyl 

alcohol (PVA) 

and hybrid fiber 

reinforcing 

(polyethylene 

(PE) and steel 

code (SC) 

<0.1 

mm 

Only after the 

crack width 

was sufficiently 

narrowed by 

sealing the very 

tiny cracks 

around the 

bridging fibers 

could 

[23] 
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mechanical 

property be 

recovered. 

25 × 25×100 
mm 

steel-fiber 20 μm 

As the healing 

period increases 

from 0 to 14 

days, the 

healing ratio 

increases from 

9.4% to 36% 

for most 

multiple micro-

cracks  widths 

smaller than 50 

μm. 

[24] 

Nanofillers 
360 × 75 × 50 
mm 

Carbon nano tube 
40-50 

µm  

Healing 

processed 

between 2.3% 

and 5%. 

[22] 

Curing 

agents 

160×40×15 
mm 

PVA fiber, 

Superabsorbent 

polymer (SAP) 

(hybrid) 

104 µm 

Hydration was 

continued by 

absorbed water 

and to 

precipitate 

CaCO3. 

[25] 

100 mm × 200 
mm cylinders 

saturated 

lightweight 

aggregates 

(SLWA) 

_ 

The 11.0 % 

mixture is 

slightly more 

hydrated than 

the 55/0.30 

combination 

because the 

11.0 percent 

mixture 

contains a 

minor amount 

of additional 

water in the 

LWA. 

[26] 

70 × 70 × 280 
mm 

water-saturated 

lightweight 

aggregate and 

super-absorbent 

polymer 

_ 

The findings 

show that 

internal curing 

and a shrinkage-

reducing 

additive work 

together to 

reduce cracking 

potential 

significantly. 

[27] 
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150 × 150 
×150 mm 

Polyethylene 

Glycol 
_ 

Healing 

concrete meet 

the minimum 

strength 

requirement as 

25 MPa and 

even with 

strength much 

above 25MPa. 

[28] 

1.2.2 Autonomous Self-Healing Methods 

Table 2 shows recent research in autonomous self-healing methods. Autonomous 

methods can heal wider crackes up to 1.16 mm, especially in vascular technique 

that more healing agent is provided in damaged zone. In micro capusl performance, 

shell which carries healing agent has a significant role. Some shells or cargos are 

easier to break and release the epoxy due to crack and followed by healing agent 

flows into the cracks due to a capillary effect, which is the flow of a liquid through 

a confined space without the aid of external forces such as gravity. 

Table 2 

Overview of recent autonomous self-healing methods 

Healing 

method 

Application 

method 
Cargo 

Crack 

width 
results Ref. 

Electrodepositi

on technology 

Electrolyte 

solutions 

+ Direct 

current 

ZnSO4 and 

MgSO4 

0.3 

mm ± 
0.05 m 

In this method  the 

fastest crack healing 

speed is during the 

first 5 days and the 

cracks are completely 

healed after 20 days 

[29] 

Electro 

chemical 

deposition 

treatment 

processes 

MgCl2 

solution in 

an 

electrolyte 

100 

µm to 

200 

µm 

Magnesium ions 

formed at the mouth 

of a surface-opened 

crack and continued 

to the crack Interface. 

[30] 

Shape memory 

alloy 

embedded 

technology 

NiTi and 

NiTiNb 

shape 

memory 

alloy (SMA) 

_ 
0.5 

mm 

The main crack 

recovery began at 75 

°C and reached 73–
100% in the NiTi, 

38.7–74.1% in the 

NiTiNb specimens. 

[31] 

deformed 

shape 

memory 

alloy fibers, 

NiTi and 

NiTiNb 

_ _ 

The NiTi fibers 

showed the maximum 

enhancement of 67% 

after heat treatment. 

[32] 
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Capsule 

technology 

horone 

diisocyanate 

(IPDI) 

microcapsul

es 

Araffin 

wax, 

polyethylen

e wax, and 

nano silica 

Micro 

cracks 

Concrete containing 

microcapsules 

exposed to sulfate 

attack provided a a 

shield in the pores 

after 14 days. 

[33] 

epoxy resins 

microcapsul

es 

St-DVB 

shell 

Micro 

crack 

The hardened epoxy 

bridged the cracks, as 

the dominant 

elements of C and O 

accounted for 95% of 

the mass in the 

surrounding cracks. 

[34] 

dicyclopent

adiene 

(DCPD) and 

sodium 

silicate 

_ _ 

The modulus of 

elasticity of the 

concrete improved by 

11% and 30% using 

sodium silicate, and 

the healing agent for 

DCPD 

microcapsules. 

[35] 

Vascular 

technolog 

polymeric 

healing 

agents 

poly(methyl 

methacrylat

e) tubes 

1.16 

mm 

Chloride resistance 

was increased in 

cracked concrete 

beams using mixed-in 

capsules (glass or 

PMMA) packed with 

a water-repellent 

chemical. 

[36] 

Methyl 

methacrylat

e 

hollow 

glass tubes 
_ 

In samples containing 

released adhesive, 

flexural toughening 

was increased for the 

second loading event, 

while most of the 

non-adhesive controls 

showed a decrease in 

flexural toughening. 

[37] 

Cyanoacryla

te, Sodium 

silicate 

Heat 

shrinkable 

tube 

_ 

In a 3-point bending 

test, the results reveal 

that pressurizing the 

network increases the 

flow of healing 

agents to the point 

where they fill the 

majority of a 0.2 mm 

crack. 

[38] 

Microbial 

technology 
Bacteria 

porous 

expanded 

0.15 

mm 

The cracks healed 

using mechanism 

bacterial concrete 

[39] 
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clay 

particles 

which occurs due to 

metabolic conversion 

of calcium lactate to 

calcium carbonate. 

Microbial 

induced 

carbonate 

precipitation 

(MICP) 

recycled 

concrete 

aggregates 

(RCAs) 

0.6 

mm 

The average crack 

healing ratio was 71 

%, while the crack 

area healing ratio was 

84 %. 

[40] 

bacterial 

powder and 

calcium 

source 

Mixture of 

sulfo 

aluminate 

cement, fly 

ash, and 

iron sand 

powder 

_ 

The carrier made 

from low-alkali 

cementitious 

materials may protect 

the loaded spores for 

at least 516 days. 

[41] 

2 Recent Studies on Large Scale Self-Healing Beam 

Shaped Structures 

Because the crack width and service circumstances of large scale structures differ 

from those of experimental samples, a specific approach for providing self-healing 

property is required. Based on the polyurethane encapsulation that is integrated in 

the matrix with eight concrete mixes, Huang et al. [42] investigated an autogenous 

approach for manufacturing self-healing concrete sleepers. In the laboratory, 

artificial and man-made cracks have been generated. Modal impact excitation, 

ultrasonic pulse velocity, and visual inspection were used to track crack healing. 

According to the findings, modal impact excitation is the least effective method for 

crack monitoring, especially when the cracks are small. In another study, fracture 

development promotes capsule rupture, release, and subsequent hardening of the 

polyurethane inside the crack, according to Tittelboom et al. [43]. The second 

method involves mixing superabsorbent polymers (SAPs) into the concrete. These 

SAPs absorb water that enters the crack, swell, and close it. They also cause ongoing 

hydration and calcium carbonate precipitation when they release their water content 

later. Smaller cracks are more likely to heal than larger cracks, as seen in Figure 2. 

Crack closing ratios of 40-80% were found for crack widths of 0-50 µm, whereas 
ratios of 10-30% were obtained for crack widths of 200-250 µm. 
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Figure 2 

(a) Layout of long tube PU capsules, (b) Crack healing ratio [43] 

Al-Tabbaa et al. [44] disscused a larger national effort to produce biomimetic 

cementitious infrastructure materials. In Fig. 15a, the daily average air temperature 

acquired from local meteorological stations is shown with the mean crack width 

recorded over the monitoring period. During the first four monitoring sessions, 

crack width readings consistently decreased between November 2015 and February 

2016. The average normalised crack width is shown in Fig. 15b, along with daily 

rainfall totals. One of the most critical factors for successful autogenous self-healing 

is the presence of water. 

 

 

Figure 3 

(a) A schamatic of self-healing capsules, (b) crack width measurements throughout the 6-month period 

[44] 

The long-term behavior of a new self-healing concrete material system was 

compared to that of regular reinforced concrete by Hazelwood et al. [45]. LatConX 

(LCX) is a revolutionary material system that combines reinforcing steel and shape 

memory polymer (SMP) tendons within a cementitious matrix. The tendons' 

shrinkage process is activated when a beam has been cast, cured, and loaded, 

providing a compressive force to the cementitious matrix. Long-term simulations 

demonstrate the LatConX system's potential effectiveness in minimizing fracture 

widths in reinforced concrete structural parts. However, when a polymer shrinkage 

stress of 100 MPa is used and 50% of the damage is healed, the results reveal that a 

65% reduction is possible. 

(a) (b) 

(a) (b) 
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Figure 4 

(a) A schamatic of self-healing beam, (b) Long-term behavior simulations of LCX beam [45] 

The fracture process in self-healing concrete with implanted brittle capsules was 

explored by Dai et al. [46]. The validated numerical model reveals that the ratio of 

capsule slenderness to concrete-capsule interface strength is a critical characteristic 

for a successful self-healing process since it allows complete control over when the 

capsule breaks. The longer the capsule is, the longer it will take to break. 

Furthermore, increasing the length of the capsules has been found to assist improve 

the overall fracture energy of the beam, even after it has been fully broken (Fig. 5). 

 
 

Figure 5 

(a) An overview of tubes layout in the middle of beam, (b) schematic view of the healing tubes setup 

in numerical modeling [46] 

Siahkouhi et al. [9] studied application of embedded different size PU tubes self-

healing method to construct a self-healing railway sleeper. Final results showed that 

different size of PU tubes is needed in rail seat or middle of sleeper. Long tubes 

have a better performance in middle of sleeper and short tubes have a better 

performance in rail seat (Figure 6). 

  

Figure 6 

(a) short tubes at middle and rail seat, (b) long tubes at middle and rail seat of sleepers [9] 

(a) (b) 

(a) (b) 

(a) (b) 
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3 Compatibility of Self-Healing Methods for Sleeper 

Manufacturing 

3.1 Manufacturing Process 

In this section, differences between manufacturing of self-healing concrete and 

concrete railway sleepers are compared. Studying different methods through mix 

design, mixing and molding methods, and curing bring a bright overview of self-

healing sleeper manufacturing. 

3.1.1 Mix Design 

By applying self-healing technology or incorporating the appropriate healing 

methods, concrete's ability to heal itself can be achieved and enhanced [47]. 

Typically, the conventional concrete mix design approach is used to calculate the 

self-healing concrete's mixing proportion [48]. However, some healing methods 

affacts the concrete performance, for instance, rheological performance of fresh 

concrete decreases in presence of geo-materials with swelling characteristics or 

other small particle size materials such as micro and nano materials [49].  

The mechanical properties of concrete may improve or degrade depending on the 

circumstance when mineral admixtures are employed as a partial replacement for 

cement, resulting in a small drop in cement content [50]. Concrete mechanical 

strength may suffer with the addition of capsules [51]. Water/cement (W/C) ratios 

of 0.3 to 0.37 are considered in concrete railway sleeper mix design, resulting in 

low flowability and slump tests of 7 to 9 cm [52]. A small change in the mix design 

for sleepers can make a major difference in flowability. 

3.1.2 Mixing and Molding Methods 

The features of freshly formed and cured cementitious composites are significantly 

influenced by the method, speed, and length of the mixing process, according to 

earlier studies [53]. The fluidity and strength of cementitious composites are 

decreased while the number of pores in the matrix is increased by faster and longer 

mixing durations [54]. So it's important to use the right mixing and dispersion 

techniques. The most typical method of mixing is to place materials in a mechanical 

mixer until they are homogeneous enough [55]. Self-healing components that are 

brittle should be inserted into cementitious composites by the end of mixing to 

prevent them from damaging during production [56]. Brittle self-healing materials 

may have reinforcing steel bars, metallic wires, or fibers which are added during 

fracture formation to delay premature failure and reduce crack width [57]. To 

prevent breaking, capsules need additional protection, especially while combining 

[58]. In particular, for micro and nanoparticles with large surface areas and fibrous 

fillers with high aspect ratios, uniform dispersion of healing materials is necessary 
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for significant self-healing capabilities [59]. Similar to conventional concrete, self-

healing concrete can be molded. In order to obtain appropriate structural 

compaction, fresh concrete is frequently poured into molds in a number of layers, 

each of which is exposed to mechanical vibration [60]. Concrete railway sleeper 

consumes high amount of fresh concrete and has a high frequency vibration process. 

So in case of choosing self-healing method these parameters should be considered. 

3.1.3 Curing 

Water has been proven to be a critical component in improving self-healing 

performance in both autogenous and autonomous healing methods, and even high 

humidity is insufficient to ensure self-healing [34]. When pre-cracked mortars with 

mineral admixtures are dried in still water as opposed to flowing water, the 

permeability coefficient decreases more quickly and the crack width decreases more 

significantly. This is probably because flowing water eliminates calcium and 

hydroxide ions, reducing the pH and calcium ion concentration, both of which are 

necessary for the synthesis of healing products [61]. In terms of mechanical 

recovery, the water/air cycle curing method, followed by periodically renewed tap 

water, contributed to a superior self-healing performance of strain hardening 

cementitious composites [50]. Water curing compared with wet/dry cycles curing 

or wet curing, usually helps microbiological concrete in obtaining a greater fracture 

healing ratio [62]. Figure 7 shows how concrete railway sleepers are cured using 

steam and temperature. Maximum temperature increases to 90 ℃for at least two 

days. 

 

Figure 7 

concrete sleeper curing method [52] 

3.2 Self-Healing Methods Disscussion 

Railway sleepers have been exposed to wear and weathering in a tough 

environment. Temperature, humidity, and other climatic conditions are highly 

variable in the region where sleepers are used, moreover, this structure is exposed 

to the sun without protection. As a result, this service condition precludes the use 

of several self-healing technologies, as shown in Table 3. Electrodeposition 
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technology, which involves conductors (conductive concrete), electricity, and 

electrolytes, is particularly well suited to repairing marine concrete structures. 

Concrete's self-healing tendency with SMA requires thermal stimulation, but that 

with capsules or vascular is usually activated by crack formation. However, both 

autogenous and autonomous healing processes are highly capable of fixing cracks 

that are in micrometers scale width. However, some methods may be suitable to 

manufacture self-healing sleepers which are discussed in the following sections. 

Table 3 

An overview of contradiction between self-healing methods and railway sleeper production 

No. Self-healing methods Contradiction with railway sleeper manufacturing 

1  mineral powder These methods provide self-healing property by 

more hydration to close cracks, for sleepers this 

water cannot be provided externally, unless in rainy 

places. Furthermore, presence of nanomaterials may 

influence on concrete flowability, especially in case 

of sleeper concrete with low w/c. These methods 

mostly are used for microcracks but in case of 

sleepers their crack sometimes is opened in mm 

scale. 

2 fibers 

3 nanofillers 

4 Curing agents 

5  mineral powder 

6 Electrodeposition 

technology 

The existence of micro capsules may decrease 

mechanical performance of concrete. Moreover, 

they may damage during mixing and manufacturing 

concrete railway sleeper. Healing material captive in 

cargo inside of concrete should not be influenced by 

curing temperature of concrete sleepers. Bacteria is 

not suitable for concrete railway sleeper 

manufacturing as it has short lifespan and needs 

special growing environment.  

7 Shape memory alloy 

embedded technology 

8 Capsule technology 

9 Vascular technolog 

10 Microbial technolog 

4 Future Prospective 

4.1 Self-Healing Tubes 

One of the method which can be used for self-healing concrete sleeper 

manufacturing is application of vascular methods such as long and short tubes that 

can provide enough amount of healing agent [63]. Sleepers are under dynamic loads 

that can enforce agents captive inside tubes to come out and cover crack zone due 

to a capillary effect which is the flow of a liquid through a confined space without 

the aid of external forces such as gravity. 
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4.2 Nano Materials 

Application of nanomaterials such as carbon nano tubes (CNTs) can be an option 

to manufacture self-healing concrete sleeper [6], just in case that external water can 

be provided for sleepers. So this method is not suitable for a desert area. Moreover, 

convenient to heal microcracks in long time. 

4.3 LatConX System 

The system comprises cementitious beams with Unbonded pre-oriented polymer 

tendons. When hydration reaction strarts due to the initial curing process, the crack 

is closed by thermally initiating the shrinking mechanism of the constrained 

polymer tendons [64]. 

Conclusions 

This study reviews the potential self-healing methods to manufacture a self-healing 

concrete railway sleeper. First, these methods are categorized and then they are 

compared with concrete railway sleeper manufacturing process, lifespan and 

loading condition. Autonomous self-healing methods are suitable for higher crack 

width than autogenous, but they depneds on some inside triggers such as long and 

short tube PU encapsulation, micro capsules, LatConX system, bacteria etc. There 

are several parameters influence on application of self-healing methods to produce 

sleeper such as water that cannot be provided externally, unless in rainy places, 

presence of nanomaterials which may influence on concrete flowability, especially 

in case of sleeper concrete with low w/c, existance of micro capsules which 

decreases mechanical performance of concrete and they may damage during mixing 

and manufacturing, healing agents captive in cargo inside of concrete which should 

not be influenced by curing temperature, bacteria which has short lifespan and needs 

special growing environment. According to sleeper service condition, vascular 

method, LatConX system and application of nano materials can be suitable self-

healing methods to manufacture self-healing sleeper. Although in a vascular 

method, high amount of healing agent should be supplied in fracture zone for crack 

healing. 
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Abstract: The paper deals with the analytical identification of the critical section of the 

axle of a freight wagon. The procedure for calculating the strength of railway axles in 

accordance with the European standard EN 13103 is shown. Based on this, a method for 

identifying the critical section of the axle was presented. The goal is to find the section or 

zone with the lowest dynamic safety factor. The proposed method was applied to a specific 

example of standard axle of freight wagon for an axle load of 22.5 tons. The obtained 

results have shown that the critical section is located in the zone of transition radius 

between the wheel-seat and the middle part of the axle. The obtained analytical results 

were verified by FEM calculation in the ANSYS software package. The results of the 

research presented in the paper may be interesting and should be considered for future 

design, optimization and standardization of axles of freight wagons. 

Keywords: railway axle; freight wagon; critical section; EN 13103 

1 Introduction 

The axles of railway vehicles are among the most responsible elements in the 

entire railway system. The quality of functioning and reliability of railway axles 

directly affects the safety and security on the railway. Failure of the railway axle 

in running very often leads to the derailment of a given railway vehicle and 

sometimes of a larger part or the whole train (one example is shown in Fig. 1) [1]. 

The consequences of these events are great direct and indirect material damage, 

and very often human casualties. Therefore, research on the problems of railway 

axles takes the one of the most important places in the railway engineering [2, 3]. 

Nowadays, there are many developed methods for analyzing and investigation the 

behavior of vital elements of railway vehicles and track [4-11]. Actual research on 

railway axles is primarily related to analyzing their behavior and characteristics as 

extremely dynamically loaded elements. Martínez-Casas et al. have investigated 

the numerical determination of the stresses of railway axles using the model of 
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interaction between the train and track [12]. In [13] and [14] Nikolov and Krishna 

Sudha et al. have studied the strength characteristics and design of locomotive 

axles. Xue et al. have analyzed the problem of assessing the reliability of axle of a 

freight wagon [15], while Dikmen et al. and Yasniy et al. have investigated the 

problem of estimating the lifetime of the railway axle [16, 17]. Given that railway 

axles belong to unsprung masses, the problem of reducing their weight is a 

constantly current topic. In [18] Han et al. have researched how to reduce the 

weight of axle of a city railway vehicle. Son et al. have studied the problems of 

designing a hollow railway axle [19]. In order to reduce unsprung masses, there 

are approaches to introduce new materials of wheels and axles. In this regard, 

Bruni et al. and Mistry et al. have studied the design of a railway axle made of 

composite material [20, 21]. 

 

 

Figure 1 

Example of derailment of freight train caused by axle failure [1] 

The aim of this paper is to establish an analytical method for identifying the 

critical section of the axle of a freight wagon. The main goal is to identify the 

cross-section of the axle with the lowest dynamic safety factor. In doing so, all 

relevant loads for axle calculation and its strength requirements are taken from the 

relevant international standard EN 13103 [22]. Lastly, the obtained analytical 
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results should be verified by numerical calculations using FEM, which are 

successfully used for a long time in the research of phenomena related to wheel 

and rail [23, 24]. 

2 Strength Calculation in Accordance with EN 13103 

The European standard EN 13103 prescribes authoritative loads for the strength 

calculation of axles of railway vehicles. The scheme of loads for calculation is 

given in Fig. 2. The forces of action on the axle journals are [22]: 

1 10.625 0.075 oh
P m g

b

 = + ⋅ 
 

      (1) 

2 10.625 0.075 oh
P m g

b

 = − ⋅ 
 

      (2) 

1 2H Y Y≈ −         (3) 

 

Figure 2 

Scheme of loads for strength calculation of railway axles [22] 

The reactive forces in the wheel-rail contacts are [22]: 

1 10.3Y m g= ⋅ ⋅                                                     (4) 
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2 10.15Y m g= ⋅ ⋅                                                     (5) 

( ) ( ) ( )1 1 2 1 2

1

2
Q P b s P b s Y Y R

s
= + − − + − ⋅                                                    (6) 

( ) ( ) ( )2 2 1 1 2

1

2
Q P b s P b s Y Y R

s
= + − − − − ⋅                                                    (7) 

In the previous expressions ho is height of gravity center of suspended masses, b is 

half-distance between axle-box cases, s is half-distance between nominal rolling 

circles, R is wheel radius, and m1 is mass, which is defined as the difference 

between axle-load mass (mal) and wheelset mass (mws): 

1 al wsm m m= −         (8) 

The diagram of bending moments of the axle in the yz plane is given in Fig. 3. 

 

Figure 3 

Diagram of bending moments of axle in yz plane 

The bending moments in the plane yz, caused by the loads of axle defined in Fig. 

1 are defined by the following expressions:  

1 0xM =                                    (9) 

( )2 1xM P b s= −                                 (10) 

( )3 1 1xM P b s Y R= − + ⋅                   (11) 
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4 1 1 1xM P b Y R Q s= ⋅ + ⋅ − ⋅                                (12) 

5 0xM =                    (13) 

( )6 2xM P b s= −                    (14) 

( )7 2 2xM P b s Y R= − + ⋅                                (15) 

The maximum bending moment in the plane yz, caused by the braking with shoe 

brake is defined by the following expression: 

( )0.3xbr sM F b sµ= ⋅ ⋅ −                  (16) 

where: µ – friction coefficient between shoe and wheel, Fs = Bk ⋅Pw – braking 

force, Bk – braking coefficient, Pw = (m1 + mws)⋅g /2 – wheel static load. 

The maximum bending moment in the plane xy (Fig. 4), caused by the braking is 

defined by the following expression: 

( )0.3zbr sM F b s= ⋅ −                                (17) 

The torsion moment of the axle (Fig. 4), caused by the braking is defined by the 

following expression: 

0.3ybr wM P R= ⋅ ⋅                                             (18) 

In any axle cross-section, the equivalent stress σe must be less than or equal to 

permissible stress σper: 

e perσ σ≤                    (19) 

The equivalent stress is determined by the following expression: 

3

32 e

e k

M
S

d
σ

π
= ⋅                                                       (20) 

where: 

2 2 2

e x y zM M M M= + +  – equivalent moment in considered cross-section 

d – axle diameter in considered cross-section 

Sk – stress concentration factor in considered cross-section 

The stress concentration factor depends on the location of the considered cross-

section and is defined by the expressions: 

( )( )
( )( )2.5 1.5 0.5

4 1
1;      ;         

5 10
k X Y

Y Y r D
S X Y

D dX
+ −

− −
= + = =

⋅
                    (21) 
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Figure 4 

Diagram of bending moment of axle in xy plane and diagram of torsion moment of axle 

The explication of parameters d, D and r in expression (21) is given in Fig. 5. 

 

Figure 5 

Explication of parameters d, D and r 

The permissible stress is defined as the ratio between the endurance limit σN for a 

given axle material, and the safety factor s: 

N

per
s

σ
σ =                                                       (22) 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

 – 159 – 

3 Analytical Identification of Critical Section 

The subject of research is the standard axle of a freight wagon for an axle load of 

22.5 tons, shown in Fig. 6. In order to perform analytical identification of critical 

section of the considered axle, five representative cross-sections S1-S5 for are 

selected for strength calculation. It is important to note that these cross-sections 

are selected in the places where pressed joints or transition radii between different 

diameters of the axle are present. 

 

Figure 6 

Subject of research – standard axle of a freight wagon for an axle load of 22.5 tons 

The input parameters for the calculation of the strength of the considered axle are 

given in the Table 1. 

Table 1 

Values of input parameters for calculation of strength of considered axle 

mal =22500 kg axle-load 

mws =1074 kg wheelset mass 

Axle material EA1T 

ho =1900 mm height of center of gravity of suspended mass for loaded wagon 

2b =2000 mm distance between axle-box cases 

2s =1500 mm distance between nominal rolling circles 

D =920 mm nominal wheel diameter 

The obtained values of parameters for the determination of axle stresses, obtained 

on the basis of expressions given in the Chapter 2, are given in the Table 2. 

The expressions for the determination of equivalent moments in considered cross-

sections of the axle are: 

2 2

2

1

0.086 0.086 0.086

0.252 0.252

x xbr zbr

eS

M M M
M

⋅ + ⋅ ⋅   = +   
   

                       (23) 
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2 2

2

2

0.1425 0.1425 0.1425

0.252 0.252

x xbr zbr

eS

M M M
M

⋅ + ⋅ ⋅   = +   
   

                       (24) 

( )2 2 2

3 3eS x xbr ybr zbrM M M M M= + + +                                                      (25) 

( ) 2

3 4 2 2

4 4

0.632

0.75

x x

eS x xbr ybr zbr

M M
M M M M M

⋅ − 
= + + + + 

 
                      (26) 

( )2 2 2

5 4eS x xbr ybr zbrM M M M M= + + +               (27) 

Table 2 

Obtained values of parameters for determination of axle stresses, obtained on basis of expressions 

given in Chapter 2 

Parameter Value Parameter Value Parameter Value 

m1 [kg] 21426 Mx1 [kNcm] 0 Bk 0.75 

P1 [kN] 161.32 Mx2 [kNcm] 4033 Fs [kN] 82.77 

P2 [kN] 101.42 Mx3 [kNcm] 6933.76 µ 0.1 

H [kN] 31.53 Mx4 [kNcm] 4009.63 Mxbr [kNcm] 62.08 

Y1 [kN] 63.06 Mx5 [kNcm] 0 Mzbr [kNcm] 620.78 

Y2 [kN] 31.53 Mx6 [kNcm] 2535.5 Mybr [kNcm] 1522.97 

Q1 [kN] 180.97 Mx7 [kNcm] 3985.88   

Q2 [kN] 81.77 Pw [kN] 110.36   

The obtained values of safety factors and equivalent moments in the considered 

axle cross-sections are given in the Table 3. 

Table 3 

Obtained values of safety factors and equivalent moments in considered axle cross-sections 

Cross-section Stress concentration factor Sk Equivalent moment Me [kNcm] 

S1 1.11 1413.49  

S2 1.36 2342.13 

S3 1.00 7186.56 

S4 1.19 6739.52 

S5 1.00 4391.32 

Finally, the obtained values of equivalent stresses in considered axle cross-

sections are given in the Table 4. The table also gives the values of endurance 

limits defined by [22] in considered axle cross-sections and safety factor as a ratio 

between endurance limit and equivalent stress. 

The obtained results have shown that the most critical section of the considered 

axle is located in the zone of transition radius between the wheel-seat and the 

middle part of the axle (zone between cross-section S3 and S4 shown in Fig. 6). 
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Table 4 

Obtained values of equivalent stresses, endurance limits and safety factors in considered axle cross-

sections 

Cross-section 
Equivalent stress 

σe [kN/cm2] 

Endurance limit 

σN [kN/cm2] 

Safety factor  

s 

S1 7.28 12 1.65 

S2 7.93 12 1.51 

S3 9.15 12 1.31 

S4 15.25 20 1.31 

S5 8.35 20 2.39 

This result is in agreement with many cases of failures of railway axles that have 

occurred in the past, where the axles have fractured right in the identified zone [1, 

25-27]. 

4 Verification of Analytical Results 

The obtained analytical results were verified by FEM (finite element method) 

calculation in the ANSYS software package. The formed numerical model 

consists of the considered axle and a pair of wheels. The model is composed of 

140359 finite elements and 233962 nodes (Fig. 7). 

 

Figure 7 

Numerical FEM model (140359 finite elements and 233962 nodes) 

The obtained numerical results for the equivalent stresses of the axle in the 

considered cross-sections from Chapter 3 are shown in Fig. 8. 
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Figure 8 

Obtained numerical results for equivalent stresses in considered cross-sections of axle 

A comparative view of the equivalent stresses obtained by analytical and 

numerical way is given in Table 5. 

Table 5 

Comparative view of equivalent stresses obtained by analytical and numerical way 

Cross-section 
Analytical results 

σe [kN/cm2] 

FEM results 

σe [kN/cm2] 

S1 7.28 7.58 

S2 7.93 7.82 

S3 9.15 2.08 

S4 15.25 16.6 

S5 8.35 10.96 

The obtained FEM results have shown good degree of agreement with the 

analytical results. There is only one exception in section S3, where the contact 

surface with the wheel is present in the numerical model. Therefore, a lower value 

of equivalent stress is obtained in this section. In general, it can be concluded that 

the analytical and numerical results are in agreement and that the analytically 

identified critical zone of the axle in chapter 3 is valid. 

Conclusions 

The paper presents an analytical method for identifying the critical section of axle 

of a freight wagon. The method is based on the requirements of the European 

standard EN 13103 for axle strength. Analytical results for standard axle of freight 

wagons for an axle-load of 22.5 t have shown that the critical section is located in 

the zone of transition radius between the wheel-seat and the middle part of the 

axle. In this zone, the axle has the lowest safety factor of about 1.3, expressed as 

the ratio between the endurance limit and the equivalent stress. This result is in 

correspondence with many cases of failures of axles from exploitation that have 

broken just in the identified zone. The established analytical procedure was 
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verified by the results of FEM calculation, while the analytical and numerical 

results are in correspondence. The outcomes of the paper should be taken into 

account in the further design, optimization and standardization of axles of freight 

wagons. 
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Nomenclature 

Symbol   Meaning 

P1, P2 [kN]  vertical forces on the axle journals 

H [kN]   lateral force on the axle journal 

Q1, Q2 [kN]  vertical forces in the wheel-rail contacts 

Y1, Y2 [kN]  lateral forces in the wheel-rail contacts 

ho [cm]    height of gravity center of suspended masses 

b [cm]   half-distance between axle-box cases 

s [cm]   half-distance between nominal rolling circle 

R [cm]   wheel radius 

mal [kg]   axle-load mass 

mws [kg]   wheelset mass 

Mx [kNcm]  bending moment in the plane yz 

Mxbr [kNcm]  bending moment in the plane yz caused by the braking 
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µ      friction coefficient between shoe and wheel 

Fs [kN]   braking force 

Bk      braking coefficient 

Pw [kN]   wheel static load 

Mzbr [kNcm]  bending moment in the plane xy caused by the braking 

Mybr [kNcm]  torsion moment of the axle caused by the braking 

σe [kN/cm2]  equivalent stress 

σper [kN/cm2]  permissible stress 

Me [kNcm]  equivalent moment 

d [cm]   axle diameter in considered cross-section 

Sk    stress concentration factor 

σN [kN/cm2]  endurance limit 

s    safety factor 
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Abstract: Ground deformation, due to tunneling, is one of the most significant challenges in 

tunnel design in soft ground along with, the predicting the related effects of tunneling on 

nearby structures. One of the methods of predicting ground settlement in tunneling projects, 

is to use analytical and numerical methods. By measuring the amount of settlement with 

accurate instruments and back-analysis of behavioral measurement data, in addition to 

estimating the state of settlement of the ground and surrounding structures, it is possible to 

determine the geotechnical parameters of the soil and structure in the design of upcoming 

sections and future designs. In this study, an attempt has been made to verify the measured 

settlements caused by digging the tunnel of an urban train line, by using back analysis. For 

this purpose, comparisons with predictions obtained from empirical and analytical methods 

and the Geotechnical Engineering Finite Element Analysis software (PLAXIS) was used.  

The results show that often, the empirical methods obtain values more than the measured 

values, for ground settlement. 

Keywords: Tunnel excavation; surface settlement; back analysis; PLAXIS; civil engineering; 

infrastructures; transportation; mobility 
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1 Introduction 

Displacements that occur in the ground, which are the result of tunneling activities 
in urban environments, is one of the most important challenges in digging shallow 
tunnels in soft ground that usually exists in urban areas is the problem of land 
settlement and its impact on the nearby urban structures and facilities [1]. Further, 
ground-borne vibrations from railway or tramway tracks can cause damage to 
nearby urban structures and facilities [2-6]. Reliable forecasting of the 
aforementioned displacements, to assess possible human-financial losses and 
consider protective measures to reduce the above risks, are very useful. The effects 
on nearby structures such as existing tunnels, deep foundations, and so on, depend 
on the extent of the surface settlement profile and its amount. The effects of this 
change of location on the surface and buried structures and their servicing should 
be checked and settlement should be prevented if necessary. Displacements 
resulting from tunnel excavation in the soft ground can be predicted by various 
methods, including experimental methods based on field measurements [7-10], 
empirical and semi-empirical methods [11-13], numerical models [1, 14, 15], and 
physical models [16]. In these relationships, parameters such as the tunnel 
properties and its depth, the ground conditions, and the amount of volume reduction 
or convergence caused by tunnel digging are effective. The amount of ground 
settlement, its direction, and location within the tunnel depend on geotechnical 
conditions, static stresses in the ground and loads on the surface, underground water 
conditions, tunnel excavation method, and the type of tunnel lining. The recorded 
data provides the possibility of comparing analytical methods with monitoring data 
and calibrating and validating the numerical methods [1]. 

One of the best methods for estimating the ground displacements in upcoming 
sections is the back analysis and numerical modeling of the monitoring values 
measured in similar conditions. Back analysis can approximate the cross-section of 
settlements with the Gaussian distribution curve [7], by fitting the monitoring data 
with the Gaussian curve parameters. In the present research, the observed 
settlements in the northern part of Mashhad city urban train line 2, are compared 
with the results of empirical and analytical relationships, as well as numerical 
modeling. Using the results of field measurements of ground settlements and back 
analysis, the required parameters for predicting the settlement in the next sections 
have been determined, and it will be possible to predict the settlement in similar 
future sections with a higher degree of confidence. This finding can provide new 
strategies for settlement prediction and deformation control methods. 
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2 Project Specifications 

The Mashhad urban train line 2 has a length of 14.3 kilometers, a diameter of 9.4 
meters, and a depth of between 10 and 23 meters. The soil layers are often fine-
grained (CL-ML, USCS classification) up to a depth of 16 meters. From a depth of 
16 to 25 meters, it is SM and the underground water level is in the depth is 22 meters, 
almost 3 meters below the lowest level of the tunnel. In Figure 1, the geometric 
situation of the tunnel placement in the ground layers, the dimensions of the tunnel, 
the type of the layers’ material, and the underground water level are schematically 
shown [17]. In the first section of the tunnel excavation (northern part), nearly 300 
meters long, more than 50 triple rows of settlement pins have been installed and 
measured. In this research, the settlement that occurred in this part was analyzed 
and compared with empirical relationships and numerical results. 

4.7 m

1
4

.1
 m CL-ML

SC-SM
Water level

 

Figure 1 
The cross-section of the ground profile and tunnel 

3 Surface Ground Settlement Calculation 

Reviewing the technical literature on the estimation of surface settlement resulting 
from tunnel excavation shows various analytical-empirical methods. In these 
methods, relationships have been presented that estimate the settlement profile at 
the surface and different depths of the ground. Although these methods are semi-
empirical/semi-analytical and give an approximation of deformations, it must be 
noticed that these methods can be a quick and useful analysis for settlement 
approximation. In this part, the surface settlement and settlement parameters, 
including Gaussian curve inflection point, volume loss, and maximum settlement, 
were calculated using experimental relations and compared with the results 
obtained from the measured data in the subsequent section. 
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Peck showed that the ground settlement curve due to tunneling has a normal 
distribution curve [7]. The settlement profile is increased in depth and has the 
highest value on the central axis of the tunnel (Gaussian distribution curve) [18]. 
Based on the data obtained from the measurement of the ground surface settlement 
profile, the settlement is defined according to the following equation [7, 19]. 𝑆𝑆 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑒𝑒–𝑚𝑚22𝑖𝑖2  (1) 

where Smax is the maximum settlement at the vertical tunnel centerline, x is the 
distance from the axis of the tunnel, i is the curvature point of the settlement curve. 
The trough width, i, is the distance from the center line of the tunnel to the inflection 
point of the curve. The total width of the settlement profile is approximately equal 
to 5i [20]. 

The following empirical equation is also proposed by Attewell to estimate surface 
settlement [9]: 𝑆𝑆 = (𝑉𝑉𝑆𝑆 × 𝑒𝑒–𝑚𝑚22𝑖𝑖2)/√2𝜋𝜋   (2) 

In equation 2, VS is equal to the total volume of ground surface settlement in one 
meter of tunnel length. The volume of the settlement curve per unit of tunnel length 
(VS) depends on the type of ground and the drilling method and is obtained from the 
integration of equation 1 [14]: 𝑉𝑉𝑠𝑠 = √2𝜋𝜋  𝑖𝑖𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 (3) 

Another dimensionless parameter called volume loss or ground loss is defined, 
which is equivalent to the amount of contraction of the tunnel opening. VL is the 
surplus volume (in terms of the theoretical volume of the excavated tunnel) of the 
dug ground and is calculated as the percentage of the volume of the settlement curve 
(VS) divided by the volume of the tunnel (Vt) per unit length [14]: 𝑉𝑉𝐿𝐿 =

𝑉𝑉𝑠𝑠𝑉𝑉𝑡𝑡 =
√2𝜋𝜋  𝑖𝑖𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

(𝜋𝜋𝐷𝐷2/4)
≅ 0.319 𝐾𝐾 �𝑍𝑍0𝐷𝐷� �𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝐷𝐷 � (4) 

Where Z0 is the depth of the tunnel axis and D is the diameter of the tunnel. By 
combining the above equations and considering i = kZ0, the following equation can 
be deduced, to obtain the Smax parameter: 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 =

0.313𝑉𝑉𝐿𝐿𝑘𝑘𝑍𝑍0 𝐷𝐷2
 (5) 

In order to increase the accuracy of predicting settlements and deformations of the 
ground caused by tunneling, there is a need to choose the appropriate values of the 
mentioned parameters. Different methods of obtaining volume loss parameters (VL), 
the turning point of the settlement curve (i), and maximum settlement (Smax) are 
given in the following sections. 
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3.1 Determination of Ground Settlement Measurement 

Parameters 

3.1.1 Inflection Point Parameter (i) 

The inflection point of the Gaussian curve, i, has been investigated by many 
researchers. O’Reilly and New proposed equation 6 to determine the inflection point 
(i) in a tunnel with a depth of Z0 [8]. 

i = 0.43Z0 + 1.1  3 < Z0 < 34 m  for cohesion soils 

i = 0.28Z0 – 0.1  6 < Z0 < 10 m  for granular soils 
(6) 

Other equations presented by other researchers to determine the parameter i are 
given in Section 6.1. 

3.1.2 Volume Loss Parameter (VL) 

In addition to equation 4 which was presented to determine the volume loss, 
Loganathan and Poulos presented equation 7 to calculate volume loss in shield 
tunnels [10]. This equation is dependent on the free space parameter (g) and it is 
obtained from the sum of three components related to the free space behind the 
tunnel cover resulting from the difference in the diameter of the tunnel cover and 
trail shield, the three-dimensional shape changes of the working chest and the 
quality of tunnel excavation. 

ε0 = V
L
 = 
π(R + 0.5g)2 –  πR2

πR2
 = 

4gR + g2

4R2
 (7) 

where ε0 and VL are the volume loss value, R is the radius of the tunnel and g is the 
gap parameter, and it is obtained according to equation 8. 𝑔𝑔 = 𝐺𝐺𝑃𝑃 + 𝑈𝑈3𝐷𝐷∗ + 𝜔𝜔 (8) 

where GP is the free space outside the lining, 𝑈𝑈3𝐷𝐷∗  is equivalent to the three-
dimensional elastoplastic deformation of the tunnel face, and ω is a value related to 
work skill. Due to the use of the EPB tunneling machine and the control of the 
deformations of the tunnel face, 𝑈𝑈3𝐷𝐷∗  is assumed to be equal to zero. Also, the work 
skill parameter is assumed to be equal to zero. Regarding the injection of grout 
behind the tunnel lining with cement mortar, GP is recommended to be assumed 
equal to 0.07 in the above formula [10]. 

Table 1 presents the result of volume loss calculations based on equations 7 and 8, 
taking into account the difference between the boring radius and the outer radius of 
the tunnel lining (without grout injection, ω≅0.6Gp) and the difference between the 
drilling radius and the lining radius (full injection) and also normal injection (7% 
space behind the segments). 
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Table 1 
Volume loss calculations based on the Loganathan and Poulos study 

Conditions VL(%) g(m) R(m) D(m) 

No grout injection 3.66 0.17 4.55 9.1 
Complete injection 0.18 0.01 4.55 9.1 
Normal injection 0.25 0.01 4.55 9.1 

3.1.3 Maximum Settlement (Smax) 

Assuming parameter i is equal to 6.75 meters and considering VL equal to 0.5, 1, 
and 2%, the settlement curve is predicted using Peck's equation [7], and depicted in 
Figure 2. 

 

Figure 2 
Settlement curve based on Peck's equation 

Further, Loganathan and Poulos proposed equation 9 to calculate ground settlement 
[10]. 𝑆𝑆𝑍𝑍=0 = 4𝜀𝜀0(1– 𝜐𝜐)𝑅𝑅2 𝐻𝐻𝐻𝐻2 + 𝑦𝑦2 𝑒𝑒–

1.38𝑦𝑦2
(𝐻𝐻+𝑅𝑅)2  (9) 

where ε is the lost volume, υ is Poisson's ratio of the soil above the tunnel, R is the 
radius of the tunnel, H is the depth of the tunnel, and y is the lateral distance from 
the tunnel axis. Using the volume loss calculated in section 3.1.2, equal to 0.018 by 
assuming full injection, and considering the tunnel axis, the maximum settlement is 
predicted according to Table 2. 

Table 2 
Prediction of maximum settlement by Loganathan and Poulos’s equation 

VL υ R (m) H (m) y (m) Sz=0 (m) 

0.02 0.35 4.55 14.1 0 0.068 

Oteo and Moya also proposed equation 10 to estimate the top settlement of the 
tunnel (Sarch) [21]. 
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𝑆𝑆𝑚𝑚𝑎𝑎𝑎𝑎ℎ = (𝜓𝜓(0.85– 𝜐𝜐)𝛾𝛾𝐷𝐷2)/𝐸𝐸 (10) 

where γ is the density of the earth, D is the diameter of the tunnel, E is Young's 
modulus of the earth, υ is Poisson's ratio, and ψ is a coefficient related to the 
activation speed of the support inside the tunnel (its values are generally between 
0.25 and 0.5, but, for the case when there is no support in the tunnel face, it is equal 
to one), and Sarch is the settlement on the tunnel crest. The values of the maximum 
ground settlement based on equation 10 are presented in Table 3. 

Table 3 
Prediction of maximum settlement by Oteo and Moya equation 

NO. ψ υ γ(kN/m3) D(m) E(kN/m2) Sarch (m) 

1 0.25 0.35 18 9.4 35000 0.006 
2 0.5 0.35 18 9.4 35000 0.011 

Mair et al. proposed equation 11 to calculate ground settlement [20]. 

(𝛿𝛿/𝑎𝑎) = (𝑠𝑠𝑢𝑢/2𝐺𝐺)(𝑎𝑎/𝑟𝑟)𝑒𝑒(𝑁𝑁–1) (11) 

where Su is the undrained shear strength, G is the shear modulus, a is the inner radius 
of the tunnel, δ is the radial displacement in radius r, and N is the stability ratio (σ0 

= Su). Using the above equation, the amount of vertical settlement on the ground 
surface in two saturated and unsaturated conditions is calculated and presented in 
Table 4. 

Table 4 
Prediction of maximum settlement using Mair et al. equation 

Conditions Su (kN/m2) G (kN/m2) a (m) r (m) N δ/a δ (m) 

Saturation 70 13000 4.2 14.1 3.6 0.011 0.045 
non-saturated 100 22000 4.2 14.1 2.54 0.003 0.013 

Gonzalez and Sagaseta proposed equation 12 relations for soils with cohesion and 
internal friction angle [22]. 

ε = 
1

2
εs = � Nc/2It                                                               if Nq< Nqc (elastic)

(Ncc/2It)[�Nq/Nqc�^((1–sin∅sinϑ)/(sin∅(1– sinϑ)))]    if Nq> Nqc (elastic-plastic)   
 (12) 

where in: 𝑁𝑁𝑞𝑞𝑎𝑎 =
1

1– 𝑠𝑠𝑖𝑖𝑠𝑠∅  ,𝑁𝑁𝑎𝑎𝑎𝑎 =
𝑐𝑐𝑐𝑐𝑠𝑠∅

1– 𝑠𝑠𝑖𝑖𝑠𝑠∅  , 𝐼𝐼𝑎𝑎 =
𝐺𝐺

(𝑐𝑐 + 𝑝𝑝𝑖𝑖𝑡𝑡𝑎𝑎𝑠𝑠∅)
 ,𝑁𝑁𝑞𝑞 =

𝑝𝑝0 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡∅𝑝𝑝𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡∅  ,𝑁𝑁𝑎𝑎 = �𝑁𝑁𝑞𝑞– 1�𝑐𝑐𝑐𝑐𝑡𝑡∅ 

P0 is the all-around stress of the earth (vertical and horizontal stress equal), pi is the 
tunnel face pressure, c is the cohesion, ∅ is the angle of internal friction, G is the 
shear modulus, and Ir is the hardness index. Using soil unsaturated parameters, Nqc 
is equal to 0.73 and in the case of applying a working chest pressure of more than 
0.73 bar, it should be considered as the elastic state, and in the working face pressure 
less than 0.7 bar it should be used the elastoplastic relationship. The amount of 
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ground displacement has been calculated in two cases of tunnel face pressure 
equivalent to 1.8 bar (average working chest pressure during tunnel excavation) and 
without applying tunnel face pressure during machine failure and work stoppage 
(Table 5). 

Table 5 
Prediction of maximum settlement by Gonzalez and Sagaseta equation 

Excavator 

conditions 

Soil 

conditions 

P0 

(kN/m2) 

Pi 

(kN/m2) 

G 

(kN/m2) 

C 

(kN/m2) 
ϕ (˚) υ 

With working 
chest pressure 

non- 
saturated 

273 180 22000 100 25 ¯ 

No chest 
pressure work 

non- 
saturated 

273 0 22000 100 25 0 

Excavator 

conditions 
Soil 

conditions 
Nc Nce Ir Nq Nqe 

ε 
(mm) 

With working 
chest pressure 

non- 
saturated 

0.51 ¯ 120 1.24 1.73 2 

No chest 
pressure work 

non- 
saturated 

2.73 1.57 220 2.27 1.73 7 

Chow also presented equation 13 to calculate vertical settlement [23]. 𝑆𝑆 =– (𝛾𝛾𝐷𝐷2𝑍𝑍02)/4𝐺𝐺(𝑦𝑦2 + 𝑍𝑍02) (13) 

where γ is the density of the ground, D is the diameter of the tunnel, G is the shear 
modulus, Z0 is the depth of the tunnel and y is the distance from the tunnel axis. By 
using this equation, the settlement curve can be obtained at different distances from 
the tunnel axis. The maximum settlement on the crest of the tunnel is 18.13 mm 
according to Chow's relationship. 

4 Field Measurement of Settlements 

4.1 Observed Ground Surface Settlement 

To measure and monitor the deformation of the earth's surface, a leveling method 
with an accuracy of one millimeter has been used. For this purpose, pins with a 
depth of about 120 cm in three rows with a longitudinal distance of 10 meters (5 
meters in more sensitive sections) and a transverse distance (perpendicular to the 
path) of 5 meters, before the arrival of the drilling machine, were installed inside 
the ground and zero reading of their height has been done as a reference point.  
The position of the surface settlement gauge pins and the tunnel are shown in Figure 
3 [24]. To prevent the influence of the surface layer of the earth, the mentioned pins 
are fastened upon the earth only in their lower 40 cm. In addition to these points, 
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the surface settlement near the existing structures around the tunnel (distance of 20 
meters from the tunnel axis) has also been measured. The settlement recorded at 
these points was often zero. 

 
Figure 3 

The position of the surface settlement gauge pins (L, C, R), tunnel route axis (a), street (b), residential 
area (d), and tunnel entrance (e) 

All the information used in this paper is the result of reading the above mapping 
points. The results of the ground surface settlement in the center, left and right sides 
of the tunnel axis are presented in the diagram of Figure 4. This figure was extracted 
from [24] report. The settlement of the ground in the center of the tunnel is more 
than the points on the right and left sides of the tunnel, and the settlement in the 
points on the left and right sides is almost the same. Also, the settlement of the 
points, follows virtually the same process. 

 
Figure 4 

The measured settlement of the ground surface in the center, left, and right sides of the tunnel axis 

4.2 Distribution of Settlement in the Longitudinal Section 

In shield tunneling, the total ground settlement is caused by the following four 
stages [25]. Changing the shape of the front and top of the work front due to the 
release of tension (10 to 20%). This component will be a smaller amount in the case 
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of machines with the ability to apply pressure to the working face, such as EPB 
machines. Inductive displacements behind the shield (40 to 50%). These 
displacements are the result of additional drilling (the difference between the 
drilling diameter and the diameter of the shield), which is designed to reduce the 
friction between the shield and the ground, as well as the ease of angling and 
rotating the shield in curves. Settlement due to the space behind the segments 
resulting from the difference in the diameter of the tunnel cover and the tail skin (30 
to 40%). These displacements can be reduced by grout injecting. Settlement over 
time caused by tunnel lining deformation and soil creep or consolidation (5 to 10%). 
The settlement distribution in the longitudinal profile for the excavated path is 
shown in Figure 5 extracted from [26]. About 12% of the settlement occurred before 
the arrival of the cutter head, 48% during the excavation, and 40% during the lining 
and subsequently. 

 

 

 

 

Figure 5 
The distribution of the average settlement of the ground surface during tunnel excavation, with an earth 

pressure balanced shield (EPB) 

4.3 The Settlement in the Cross-Section 

Due to the presence of three surface settlement control pins, perpendicular to the 
longitudinal axis, in each row, the approximate transverse profile of the settlement 
curve can be drawn. The settlement curve of the ground surface for each row of pins 
is drawn in Figure 6.a, and in Figure 6.b. Further, the average settlement measured 
in cross-sections, the best adapted Gaussian distribution curve is shown. The ground 
settlement curve due to the tunnel excavation is in good agreement with the 
Gaussian curve (Equation 1). 
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(a) 

 

(b) 

 

Figure 6 
(a) Measured profiles of transverse surface settlement, (b) the average settlement of the ground surface 

in the cross-section, and the best-fitted Gaussian distribution curve 

5 Back Analysis of the Settlement Parameters 

Considering that the cross-section of settlements related to tunnel direction can be 
approximated by the Gaussian distribution curve (Equation 1). It is possible to use 
the equations related to the Gaussian curve to predict and back analysis of the 
settlement profile, using data obtained from field measurement. For this purpose, 
the inflection point of the Gaussian curve (i) can be obtained with the second 
derivative of equation 1 and the volume loss parameter (VL) from equation 4.  
The maximum settlement (Smax) using the measured data and the ratio of the 
inflection point to the tunnel depth, K, are obtained from the equation 𝐾𝐾 =

𝑖𝑖𝑧𝑧.  
The graphs related to the back analysis of the inflection point parameters of the 
Gaussian curve (i), volume loss (VL), maximum settlement (Smax), and parameter K 
obtained by fitting the data with the Gaussian curve (equation 1) are shown in Figure 
7. The average of these results is summarized in Table 6. 
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Figure 7 
The parameters resulting from the back analysis of the Gaussian surface settlement curve 

Table 6 
The average results of the back analysis by adopting the Gaussian curve to the measured data 

Component i (m) K VL (%) Smax (mm) 

Value 5.4 0.39 0.1 6 

6 Comparing the Analytical and Predicted Values 

Now, according to the results obtained from the prediction of the various parameters 
of the settlement curve and compared with the values obtained from the analysis of 
the measured data, it is possible to predict the settlement of similar sections of the 
project. The comparison of the measured values of Gaussian curve inflection point 
parameters, maximum settlement and volume loss parameters with the values 
obtained from the experimental relations is given in the following sections. 

6.1 Gaussian Curve Inflection Point (i) 

The presented methods and the calculation values of parameter i, considering the 
tunnel depth (Z0) of 14.1 m and the tunnel radius (R) of 4.7 m, based on the 
suggestions of different researchers are presented in Table 7. The parameter i is 
calculated by averaging the calculation values, equation 14 [1], whose value is 
suggested to be equal to 5.75. 
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𝑖𝑖𝑚𝑚𝑎𝑎𝑎𝑎 =
(∑ 𝑖𝑖𝑛𝑛𝑖𝑖=1 )𝑠𝑠 = 5.75 (14) 

Table 7 
Various equations for predicting the inflection point, i 

Equation K i (m) Reference 

(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)𝑛𝑛  (𝑠𝑠 = 0.8 𝑡𝑡𝑐𝑐 1) - 6.7 ~ 5 Peck (1969) [7] 𝑖𝑖 = 0.43𝑍𝑍0 + 1.1 - 7.16 O’Reilly and New [8] 
(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)0.8 ¯ 6.5 Clough & Schmidt [27] 

According to the diagram ¯ 4.8 ~ 7.2 Boscardin and Cording [28] 𝑖𝑖 = 0.25(1.5𝑍𝑍0 + 0.5𝑅𝑅) ¯ 5.87 Atkinson & Potts [29] 𝑖𝑖 = (0.4 𝑡𝑡𝑐𝑐 0.5)𝑍𝑍0 0 ~ 4.5 5.7 ~ 6 Mair & Taylor [20] 𝑖𝑖 = 0.5𝑍𝑍0 0.5 7 Mair et al. [30] 
(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)0.8  (𝑠𝑠 = 1) 0.5 7 Attwell & Farmer [31] 

According to the different methods for calculating the inflection point of the 
settlement curve in Table 7, the equations presented by Mair & Taylor (1993) and 
Atkinson & Potts (1997) have better agreement with the measured values. 

6.2 Volume Loss Parameter (VL) 

The volume loss parameter, VL, is calculated on the basis of the methods provided 
in Section 3.1.2, and the results are presented in Table 8. 

Table 8 
Comparison of the volume loss suggested by different researchers with the measured value 

Researcher(s) Proposed VL (%) Measured VL (%) 

O’Reilly and New (1982) [8] 1-2 

0.1 

Mair & Taylor (1993) [20] 1-2 
Mair (2008) [32] >1 
Lunardi (2008) [33] 0.3 
Loganathan and Poulos (1998) [10] 0.25 
Macklin (1999) [15] 0.4 

According to Table 8, the equations proposed by Lunardi (2008) and Loganathan 
and Poulos (1998) have a better fit than others. 

6.3 Maximum Ground Settlement (Smax) 

The results of calculating the maximum settlement with the methods presented in 
Section 3.1.3 are also presented in Table 9. 
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Table 9 
Comparison of the maximum sitting suggested by different people with the observed value 

Researcher(s) Proposed Smax (mm)  Real Smax (mm)  

Peck (1969) [7] -VL = 0.5 % 20 

6 
(2 ~ 10) 

Oteo and Moya (1979) [21] 6 
Mair et al. (1993) [20] 13 
Gonzalez and Sagaseta (2001) [22] 2 
Loganathan and Poulos (1998) [10] 68 
Chow (1994) 18 

The equations proposed by Oteo and Moya (1979) and Mair et al. (1993) are closer 
to the average measured values. 

7  Numerical Studies 

Numerical Finite Element (FE) modeling is a useful tool for simulation and 
prediction of ground-induced deformation by tunneling. Using numerical methods, 
it is possible to calculate the distribution of stress and strain in the ground adjacent 
to the tunnel space due to the complex interaction between excavation and tunnel 
construction methods and the initial stress distribution, which often indicates 
inhomogeneous behavior. It is also possible to effectively consider the non-linear 
behavior depending on time or multi-stage construction. 

7.1 Numerical Modeling 

A numerical analysis of the tunnel construction was conducted to compare the 
measured tunneling-induced settlements with the calculated deformation of 
numerical modeling. According to geotechnical studies, the earth's materials are 
often lean clay with silt and silty sand. The input parameters to the model for the 
specifications of the equivalent soil layers and tunnel lining parameters are 
presented in Tables 10 and 11. A traffic and surcharge load is also equal to 20 kNm2 
as a distributed load applied in the model. 

Table 10 
Engineering parameters of soil layers 

Layer depth 

(m) 
Soil 

𝜸𝜸𝒅𝒅 

(kN/m3) 

Moisture 

(%) 

Cohesion  

(kN/m2) 

Internal 

friction 

Elasticity 

modulus (kN/m2) 
υ 

Undrained 

shear strength 

0 ~ 16 CL-ML 15.5 20 35 25° 36000 0.35 100  kN/m2 

16 ~ 25 SM 19 27 1 35° 64000 0.33 - 
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Table 11 
Specifications of the concrete segment of the tunnel lining 

Description E (kN/m2) EA (kN/m) EI (kNm2/m) ν W (kN/m/m) 

Concrete cover (segment) 35000000 12250000 125000 0.15 8.4 

In this study, two-dimensional Plaxis software was used. Among the advantages of 
the mentioned software is the possibility of multi-stage construction and the use of 
various constitutive models [34]. The boundaries of the model in the horizontal 
direction from the center of the tunnel are considered to be five times the radius of 
the tunnel and in the vertical direction, two and a half times the radius of the tunnel. 
Deformation outside this range can be ignored. For the meshing of the model, the 
15-node element was used as the basic element type, and according to the 
concentration of stress around the tunnel, the mesh was refined in these areas. 
Considering that during the two phases of digging and tunnel construction, the soil 
around the tunnel is loaded and the hardening soil model differentiates between 
pristine loading and loading-reloading, this behavior model can be used for tunnel 
modeling [35, 36]. Staged construction analysis is done according to the existing 
stresses, maintenance of the tunnel face during drilling with a shield, installation of 
the final segment, injection of the space behind the lining, and contraction to the 
tunnel cover. The initial stage is to model the initial equilibrium, and after the model 
reaches the equilibrium, the settlement becomes zero. The settlement in the next 
stages is measured relative to the initial stage. In the second stage, the tunnel is 
modeled by the machine, and the tunnel is uncovered. At this stage, the drilling 
machine has endured some load and ∑𝑀𝑀𝑠𝑠𝑡𝑡𝑎𝑎𝑔𝑔𝑒𝑒  can be considered to be about 0.5 
[35]. In the next step, the installation of the tunnel lining is modeled. The injection 
behind the segments can be modeled by applying a large load equivalent to the 
injection pressure (between 1.5 and 2 bar in the present study). The reduced volume 
is caused by the deformation of the tunnel lining, additional soil excavation (space 
behind the tunnel lining), and water drainage. In this study, the value of volume loss 
(VL) was determined based on the real data obtained from the surface settlement 
control (VL = 0.1 %) and applied in the numerical model. 

7.2  Results 

Calculation of the settlement with the numerical model shows that the maximum 
vertical settlement of the tunnel on the tunnel centerline and corresponding to the 
tunnel crest is equal to 9 mm and the settlement of the ground surface is 6 mm.  
The settlement curves of the ground are presented in Figure 8. 
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Figure 8 

Curves of vertical settlement of the soil mass 

The ground surface settlement curve above the tunnel axis is close to the average 
real measured deformations, next to the fitted Gaussian curve to the measured data, 
and the curve resulting from the numerical models, are presented in Figure 9.  
The broader curve from the numerical model is a little wider than the Gaussian 
curve, that is, in this case, the trough width or distance from the center line of the 
tunnel to the inflection point of the curve (i) is greater. Although the total width of 
the settlement profile is often considered to be approximately equal to 5i, in this 
study the total width of the settlement profile is about 6i for numerical studies and 
about 6.5i for the experimental equations and measured values. 

 
Figure 9 

Surface settlement curve obtained from measured values, results of the numerical model, and Gaussian 
distribution curve 
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Conclusions 

Among the many existing methods, through detailed comparison with the measured 
values, the most appropriate experimental and analytical relationships have been 
identified, for the prediction of the settlement parameters Smax, i, VL, etc. of the 
ground. The conclusions can be summarized as follows: 

• The average maximum surface settlement that usually occurs on the ground 
above the tunnel centerline is equal to 6 mm. 

• The average horizontal distance of the turning point of the settlement curve with 
the axis of the tunnel (parameter i) is estimated to be about 5.4 meters. 
Therefore, the settlements of the tunnel in the transverse direction become 
insignificant at a distance of 15 meters (equivalent to 3i) and the structures 
outside it can be assumed to be safe. 

• The average volume loss parameter (VL) has been calculated to be about 0.1% 
of the tunnel volume, which is less than the usual world experiences for soft 
ground. 

• The back analysis with the numerical model shows that the trough width of the 
settlement curve obtained from the numerical studies is about 1 meter (20%) 
larger than the experimental curve (Gaussian curve fitted to the real data). 

• By using the calibrated numerical model, it is possible to more accurately predict 
ground subsidence. 
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Abstract: The increasing demand for high-speed railways has risen, to solve the "age-old" 

problem of bridge abutments, the step between the backfill and the bridge deck. Examples 

prove that inadequate technical solutions can generate damage that may require long-term 

speed restrictions or lead to short maintenance cycles, significantly increasing the total 

cost of ownership. The problems associated with the transition zones require complex 

analysis. The complex interaction of structural elements with different stiffnesses and 

different dynamic behavior varies over time due to the time-dependent behavior of the soil, 

and in addition, a bridge deck and its connecting elements can be constructed in several 

sequences. This study investigated a typical single-span railway bridge and its soil 

environment using PLAXIS 3D geotechnical finite element software. Different constitutive 

soil models were used to approximate the behavior of the bridge and the connecting 

elements. To model the soil behavior, the HS-small constitutive model was implemented. 

Loads of the structure are transferred onto the subsoil by 60 cm diameter piles modeled as 

embedded piles. Six different construction schedules were analyzed using time-domain 

analyses. The importance of high-speed railways was highlighted, and a 250 km/h train 

speed was applied, using dynamic analysis. The study focuses on the effect of different 

construction schedules on settlement, consolidation time, the behavior of the transition, and 

the substructure movements. The results of this study show that geotechnical approaches by 

themselves are not enough to solve the problem of the transition zone, highlighting the 

collaboration of geotechnical, structural and railway engineers. 

Keywords: numerical modeling; railway bridge; time effect; transition zone 

1 Introduction 

Track or railway transitions are locations along the track characterized by an 
abrupt variation of their stiffness, such as rail tracks changing from stiff to soft 
structures or vice versa [1]. This abrupt change generates differential settlements 
and increased dynamic loading that expedites track degradation through the 
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progressive deterioration of track geometry and materials [2] [3]. The typical 
railway transition zone is the bridge approach that experiences sudden changes in 
track stiffness. Track structures on the embankment and bridge sides reveal 
different layer geometries and properties. Additionally, differential settlement of 
the foundation and unsupported ties have been found near bridge abutments [4]. 
These conditions significantly impact rider comfort and operational safety during 
operation. Railroaders have recognized that track geometry issues and differential 
movement at railway transitions present a significant challenge to track profile 
maintenance [5] [6]. The bump problem at the transition between the embankment 
and the bridge is an important concern for railways and highways. These bumps 
can lead to a rough riding surface, creating high-speed discomfort and high 
maintenance costs [7] [8]. Transitions should provide a gradual stiffness variation. 

At the bridge abutments, the stiffness of the rail support suddenly changes, 
causing vertical accelerations in the passing vehicle and additional stresses on the 
rail. Even after a short period, the sum of these stresses leads to residual 
deformations in the substructure that degrade the track geometry [9]. 

According to the European Rail Research Institute [10], the factors that affect the 
behavior of the track in transition zones can be separated into four groups: (1) 
external to the track (axle loads, weather conditions, speed, and vibrations), (2) 
geotechnical issues (sub-grade and soil conditions), (3) structural conditions 
(bending stiffness, lateral movements and interaction between track and bridge) or 
(4) related to the track design and layout (stiffness, location of track dilation 
devices or presence of continuous welded rail). 

Several different solutions for transition zones have been proposed and applied. 
These transitions smooth the stiffness variation between the "flexible" approach 
section and the "rigid" section over the structure. Transitions based on smoothing 
the stiffness variation on the "flexible" side include: 

• Using oversized sleepers or changing their spacing 

• Installing underlayments of hot-mix-asphalt, geotextiles, or soil-cement 

• Adding rails, approach slabs, and others [5] [11] 

Transitions based on lowering the stiffness on the "rigid" section include: 

• Placing soft rail pads under sleeper pads 

• Installing plastic sleepers 

• Laying down ballast mats [12] [13] 

According to Li and Davis [5], transition zones must address the specific stiffness 
issues of the track discontinuities to be effective. The behavior of the railway track 
and infrastructure under the combination of high speed and repetitive axle 
loadings evolves due to a complex soil-structure interaction problem that 
challenges geotechnical and structural R&D [14]. 
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Many numerical studies have focused on the influence of the vertical stiffness 
variation on this problem [15-17]. However, few have addressed a more critical 
aspect: Differential settlement's impact and long-term development [18] [19]. 
Intrinsically, the complex interaction of structural elements with different 
stiffnesses and different dynamic behavior varies over time due to the time-
dependent behavior of the soil. In addition, a bridge abutment and its approaching 
elements can be constructed in different sequences, and therefore the nature and 
direction of the interactions can vary. Time is perhaps the most critical factor in 
analyzing the interactions between abutments and bridges [20]. 

In current practice, bridge designers calculate the internal forces of the 
superstructure with structural finite element software. This technique usually 
separates the analyses of the superstructure, substructure, and specific aspects of 
the foundation. Generally, the superstructure software models the foundation and 
the soil environment by linear springs and replaces the backfill with an external 
load [21]. Such a model only crudely approximates the actual soil-structure 
interaction behavior. Moreover, superstructure designers usually ignore the effects 
of the construction sequence and time-dependent processes such as soil 
consolidation [22]. Modern three-dimensional geotechnical FEM packages can 
model the behavior of the soil more realistically by applying advanced constitutive 
models. They can consider drainage, initial stress conditions, unloading-reloading 
phases, and soil-structure interaction. For dynamic behavior, linear or non-linear 
time history analyses allow investigating wave propagation phenomena in the 
subsoil and their effects on the structure [23]. 

This paper presents a model and simulation results of a typical single-track 
railway bridge and its soil environment. This research investigated the effect of 
different construction schedules, focusing on the settlement, consolidation time, 
transition behavior, and substructure movements. 

2 Methodology of Modeling 

2.1 The Bridge and its’ Soil-Environment 

The basic model of the bridge and connecting longitudinal section of the open 
track appear in Figure 1. The typical soil environment generates a time-critical 
analysis for the construction schedule. A 10 m thick soft, medium plasticity clay 
layer overlays a 10 m thick saturated sand layer. The groundwater level lies at the 
surface of the upper layer. The dense sand embankment measures 5.3 m high with 
a 1:1.5 slope. The 15 m long backfill on the crest, lying behind the bridge 
abutments, was "built-up" from very dense sand. The effective thickness of the 
embedded ballast is 0.35 m. 
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The height of the bridge abutments aligns with the embankment, and parallel wing 
walls connect to them. Piles support the abutments, arranged in 2 rows of 3 piles, 
each with a center-center separation of 2.4 m. The piles measure 0.6 m-diameter 
and 11.2 m long. The software models the piles as embedded beam elements, 
typical for this problem [22]. Data from load tests and past performance determine 
the values of soil skin friction and toe resistance. The pile caps, bridge abutments, 
wing walls, and superstructure consist of concrete solid elements with a Young's 
modulus of E=30 GPa. The superstructure was constructed with steel support and 
railway bedding, with an opening of 15.6 m. To model the soil-structure 
interaction, interface elements were placed behind the abutment and the 
wingwalls, Rinter=0.8 were applied for the backfill. Based on several numerical 
modeling of pile load test, Rinter=0.95 was used for subsoil [22]. The model 
represented an integral bridge with rigid connections between the abutment and 
superstructure [24] [25]. The monolithic assembly of integral bridges eliminates 
the need for expansion joints and bearings [26]. 

 

Figure 1 

PLAXIS 3D model of the bridge and its soil environment 

Beam elements represent rails with flexural and tensile rigidity based on their 
cross-section (60E1). The prestressed reinforced concrete sleepers (B70 type) are 
also modeled as beam elements with an adequate moment of inertia and cross-
section. Table 1 lists input properties for the rails and sleepers. The sleepers were 
positioned in the model with a spacing of 60 cm intervals. 

To analyze the effect of the model depth, 15 m, 20 m, and 25 m was investigated. 
For the selection of the applied model, the applied criteria for the incremental 
displacement was 1.0 mm. After the analysis, the overall model dimensions 
measure 96 m long, 75 m wide, and 20 m deep. The model contained 38466 
elements and 62482 nodes with a mesh size of 2 m. Standard fixities and energy-
absorbing boundaries reduced wave reflections in the domain. 
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The Hardening Soil model with small strain stiffness (HS-small) constitutive 
model was used to describe the soil behavior [27]. The input parameters for the 
medium-dense embankment and the dense backfill were determined based on 
[28]. Previous research provided properties of typical Hungarian soft clay [29] 
[30]. The ballast layer was modeled as elasto-plastic with Mohr-Coulomb yield 
parameters [31]; the reinforced concrete elements (pile cap, wing wall, bridge 
abutment) used a Linear Elastic model. The Poisson's ratio was ν = 0.2 for all 
layers, as recommended by PLAXIS [23]. Similar to [31], static E moduli were 
applied for the different soil types. The geotechnical properties of soil layers 
appear in Table 2. 

Table 1 

Input parameters of rail and sleeper 

Parameter Sleeper B70 Rail 60E1 

A (m2) 0.0513 0.0077 

฀ (kN/m3) 25 78 

E (GPa) 36 200 

I3 (m4) 0.0253 0.00003 

I2 (m4) 0.00024 0.00000513 

Table 2 

Geotechnical properties of the layers 

Parameter 

Subsoil Subsoil Embankment Backfill Ballast 

Dense sand Soft clay 
Medium 

dense sand 
Dense sand Gravel 

Model HS-small HS-small HS-small HS-small MC 

E MPa     100.00 

E50
ref MPa 51.00 6.00 36.00 48.00  

Eoed
ref MPa 51.00 4.80 36.00 48.00  

Eur
ref MPa 153.00 24.00 108.00 144.00  

G0
ref MPa 117.80 40.00 100.00 114.40  

m - 0.43 0.80 0.51 0.45  

฀0.7 - 1.15E-4 2.5E–4 1.4E–4 1.2E–4  

c'ref kPa 1.00 30.00 1.00 1.00 10.00 

฀฀'ref deg 39.00 25.00 35.50 38.00 40.00 

ψ deg 9.00  5.50 8.00 10.00 

k m/day 2.00 2E–4 1.00 2.00 10.00 
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2.2 The Construction and Load Phases 

As mentioned, a bridge construction process could have various construction and 
loading phases due to different constraints or goals. The variants may have 
advantages and disadvantages regarding the construction time, the costs, and the 
displacements threatening the structure. Six different construction methods and 
schedule variants were chosen for analysis from many different options. In all 
variants, five construction stages were identical but occurred in different 
sequences for each variant: 

1. Pile and abutment installation (also with deep mixing or vertical drains) 
duration of 10 days, always preceded Bridge Superstructure. 

2. Bridge Superstructure 10 days. 

3. Lower Embankment (0.0-2.6 m) 10 days, sometimes followed by 
consolidation time to 90% pore pressure reduction. 

4. Upper Embankment (2.6-5.3 m) 10 days, sometimes immediately after 
Lower Embankment, always followed by consolidation time to 95% pore 
pressure reduction. 

5. Ballast 10 days, Sleepers and Rails 10 days, Train Loading (always the 
final three stages in sequence). 

Note that the consolidation stages were not precisely the same duration since the 
embankment sequence occurred at different times, either consecutively, or with 
other activities scheduled between the placement of the lower and upper portions. 
The consolidation stages' duration depended entirely on the average pore pressure 
reduction within the soil. 

Each variant uses a slightly different sequence of construction in order to study 
their effect on the settlement and performance of the embankment and bridge.  
The six variants are listed below: 

Variant 1.  Piles and Abutment, Bridge Superstructure Lower Embankment, 
90% Consolidation, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 2.  Piles and Abutment, Lower Embankment, 90% Consolidation, 
Upper Embankment, 95% Consolidation, Bridge Superstructure, 
Ballast, Sleepers and Rails, Train 

Variant 3.  Lower Embankment, Rest Period of 60 days, Upper Embankment, 
Piles and Abutment, Bridge Superstructure, Backfill, 95% 
Consolidation, Ballast, Sleepers and Rails, Train 
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Variant 4.  Piles and Abutment, Lower Embankment, 90% Consolidation, 
Bridge Superstructure, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 5.  Deep Soil Mixing, Piles and Abutment, Bridge Superstructure, 
Lower Embankment, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 6.  Vertical Drains, Piles and Abutment, Bridge Superstructure, Lower 
Embankment, Upper Embankment, 95% Consolidation, Ballast, 
Sleepers and Rails, Train 

Variants 5 and 6 require less consolidation time since the soft clays are stabilized 
by deep mixing or dissipate pore pressure more efficiently with vertical drains. 

The consolidation stages use typical time-dependent behavior with coupled stress 
and pore pressure changes. The final train loading stage is a dynamic calculation. 

The deep-mixing ground improvement was modeled as such: the improved 
material was regarded as a Linear Elastic model with E=30 MPa young modulus 
and much higher permeability, k=8.6·10-2 m/day. It can result from a cement or 
lime treatment carried out approximately in a 3.0 × 3.0 m, 60 cm diameter raster 
and 10 m length column [32]. The raster of the vertical drains is 2.0 × 2.0 m, and 
the length is bedded 1.0 m into the lower sand. 

Figure 3 presents sketches showing the sequence of placement for the main 
components of the bridge and its soil environment. 

 

Figure 3 

Schematic drawings of the investigated variants 
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The LM71 Eurocode load model represented the moving train with eight dynamic 
point loads of 125 kN vertical force [33]. PLAXIS 3D characterizes dynamic 
loads using a time-force signal. In the model, every dynamic point load has its 
multiplier, which turns the loads on and off, simulating the effects of the rolling 
vehicle. The dynamic time step must be changed to simulate different travel 
velocities while the distance between dynamic point loads is constant [31]. For 
analyzing the effect of the construction phases of a bridge construction, the 
vehicle's speed was set to 250 km/h. A train with 250 km/h speed passes 1.6 m in 
0.023 sec; hence the time interval must be chosen 0.023 sec for the fixed dynamic 
point loads. The total elapsed time between the first and the last load was 1.3824 
sec. An additional time of 0.6176 sec was considered to allow complete 
dissipation of the waves induced by the passing train. 

3 Results Related to the Settlements 

The final settlements of variant 1 are shown in Figures 4 and 5. These refer to the 
loading situation where the train reaches the middle of the bridge. The settlement 
behavior was similar for the other variants because the construction phases barely 
affected the final settlements, except for the ground improvement (variant 5).  
The essential settlement data are summarized in Table 3. The following 
conclusions can be made according to the Figures and the Table. 

The open track has the most significant settlement, ~24 cm, which is obviously 
less in case of a ground improvement. Much less displacement can be seen behind 
the abutments, and directly behind the abutment, the settlement of the backfill is 
~10-15% of the settlement of the open track. It is because the embankment fill is 
much smaller here because of the abutment and the sloped embankment, and the 
bridge abutment "supports" some of the embankment fill. Therefore, it can be 
stated that the settlement prognosis, based on the conventional calculation of 
settlement caused by the load due to the trapezoidal cross-section of the 
embankment, overestimates the settlements around the bridge abutment.  
The settlements behind the bridge abutment increase rapidly, at a distance of 3.5 
m, generally about 60 mm, except variant 5, the applied ground improvement. 
Figure 5 shows that out of the ~24 cm of the open track's settlement, ~2.0 cm is 
the compression of the embankment, and ~1 cm is the subsidence of the sandy soil 
layer. The compression of the backfill is less than 1 cm. The bridge abutment and 
the superstructure exhibit negligible magnitudes of settlement (13-16 mm), which 
roughly corresponds to the settlement measurements of the abutments resting on a 
pile foundation. 
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Figure 4 

Vertical settlements for the construction schedule variant 1 

 

Figure 5 

Longitudinal section of the bridge and its surroundings for the construction variant 1  

(with the same scale of colors as Figure 3) 

Table 3 

The settlement of the track axis depending on the construction variants 

Construction 

variants 

Open track 

Backfill from the bridge 

abutment Bridge 

abutment 
to 4.0 m to 0.5 m 

mm 

1. 248.0 97.0 39.0 12.0 

2. 249.0 96.0 30.0 13.3 

3. 269.0 84.0 24.0 9.6 

4. 246.0 95.0 28.0 9.6 

5. 40.0 30.0 12.0 7.2 

6. 257.0 102.0 38.0 11.4 
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4 Results of the Consolidation 

Time may not play such an essential role in the case of a structure as the bridge 
abutment. Due to today's enforced construction time, there is no time to wait for 
the entire consolidation in most cases. Moreover, the project managers want an 
accurate prediction, which is difficult and impossible to produce. Poor predictions 
related to consolidation may cause problems with differential settlement in the 
bridge abutment and the backfill and generate negative skin friction within the 
piles. 

The consolidation curves of the six different construction variants are shown in 
Figure 6. In order to be transparent, only those curves are shown, which were 
determined on the embankment surface, 20 m from the bridge abutment below the 
open track. The vertical displacement of the backfill zone, measured on the 
ground surface directly behind the abutment, is less than 2 cm; therefore, it is not 
shown in the figure. The full consolidation time of construction schedule variants 
1, 2, and 4 is approximately 550 days; it is not significantly affected by the 
sequence of the superstructure's construction. 

The immediate settlement is ~5 cm, followed by ~6 cm consolidation settlement 
due to the "consolidating time" of the lower embankment. These require about 
~300 days. The second phase of the consolidation settlement due to the upper 
embankment is ~10 cm, and 200-250 days are necessary to reach a 95% degree of 
consolidation. The duration of the construction is approximately six months less in 
the case of variant 3 (the embankment of the open track is built before); however, 
the total consolidation settlement is 2 cm more. In the case of installing vertical 
drains into the subsoil (variant 6), the consolidation time is reduced by one-third, 
the embankment can be built in one phase, and the total consolidation settlement 
is ~25 cm. Following the expectations, the settlement and the consolidation time 
are drastically reduced in case of ground improvement (variant 5), and the 
embankment can be built in one phase. 

Figure 6 also shows that the railway superstructure's construction induces further 
5-8 mm incremental settlements after the complete consolidation. The settlement 
due to the train load, usually around 8 mm, is not presented in the figure but will 
be discussed separately later. 

If the consolidation time exceeds 2-3 months, the settlement measurements are 
taken, and the construction phases can be set based on their results. According to 
Hungarian practice, the consolidation is considered to be "finished" if the 
settlement rate is below 1 cm/month. Figure 7 indicates the settlement rate of the 
same surface point as it was investigated regarding the settlement. Note that this 
rule's origin is unknown, but it can still be recognized in the geotechnical report of 
the bridge construction. 
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The figure clearly shows that the settlement rate suddenly increases when a new 
step of construction, e.g., the fill or sleepers' construction, starts. During the 
consolidation, the settlement rate decreases over time. 
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Figure 6 

The consolidation of the open track concerning the construction variants 

Variant 1 shows the slowest reduction of the settlement rate. After constructing 
the upper part of the embankment, the shape of the curves is similar in the case of 
variants 2 and 4, but variant 2 shows a slightly faster reduction. The sudden 
reduction can be observed in the case of variants 5 and 6 due to the prior ground 
improvement (deep mixing and vertical drains). For variant 3, the settlement rate 
reduction is relatively fast after the superstructure placement due to the early 
embankment construction. 

The figure also shows that the settlements are still increasing even after the total 
(95% degree of consolidation) consolidation. Partly because it was not "full", 
partly as the railway superstructure also induces consolidation settlements, and 
partly due to the presence of the train load. The figure clearly confirms the false 
practice of the 1 cm/month rule; the expected incremental settlement is around 5 
cm after reaching the given value. 

This analysis aimed to show that the construction time can be optimized based on 
the total final settlement and the prediction of the settlement rate if the subsoil can 
be correctly parametrized. It could only happen in the case of a good soil analysis; 
however, such a prediction should also be based on the settlement measurements 
of the first construction phases. 
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Figure 7 

The settlement rate concerning the construction variants 

5 Results Related to the Transition Zone 

Analyzing the behavior of the transition zone was another goal of this study. 
Figure 8 shows the effect of the train load on the open track section (20 m from 
the abutment) and the backfill zone (0.5 m from the abutment). The selected 
points are located on the upper layer of the ballast. According to Figure 8, the train 
load produces twice the settlement on the open track (9-10 mm) when compared 
to settlement in the backfill (5 mm). The train induces permanent deformation (7-8 
mm) remains after the train passes. In the case of variants 3, 5 and 6, the 
remaining settlement is slightly lower on the open track section than for variants 
1, 2 and 4. In the backfill zone, the permanent settlement is around 2 mm. 

The vertical settlements due to the train load are shown in the longitudinal profile 
in Figure 9. They have a lower magnitude near the bridge abutment and rapidly 
change directly behind it. It is because the bridge abutment barely settles under the 
train load. The effect of the train load is the smallest in the case of variant 3, likely 
due to the early construction of the embankment. In the case of ground 
improvement, the train load has the most considerable effect, likely due to the stiff 
subsoil. The curves are actually overlapping directly ~5 m behind the bridge 
abutment and show a settlement of ~7 mm. The deflection of the superstructure is 
around 3 mm; there is no significant difference in the case of the different 
variants. 

Based on the results, it seems that the correct behavior of the last section in front 
of the bridge abutments cannot be solved only by applying geotechnical design.  



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

 – 199 – 

In this case, according to the new Hungarian Railway Regulation, Volume 6 [34], 
a deck slab, such as a variation of the thickness of a high quality-balancing layer, 
as well as the reinforcement of the superstructure, e.g., additional rails or 
oversized sleepers, could help. 
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Figure 8 

Vertical displacement due to the train load 
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Figure 9 

Vertical displacements due to the train load in each variant 

6 Results Concerning the Substructure 

Figure 10 illustrates the horizontal displacement of the bridge abutment before 
constructing the railway superstructure according to variant 1. In the figure, only 
the concrete pile cap, the bridge abutment, and the wing wall are visible for better 
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evaluation of displacements. The figure shows that the bottom of the wall moves 
towards the opening about 2 mm, while the top moves towards the embankment 
approximately 3.5 mm. Based on the middle part of the figure, it can be noted that 
the displacement of the bridge abutment is small, under 5 mm. 

The horizontal displacements of the bridge abutment for the relevant construction 
phases are shown in Figure 11, related to variant 1. After constructing the 
superstructure, a horizontal displacement of approximately 2 mm can be seen, and 
the bridge abutment moves towards the embankment. Following the construction 
of the first step of the embankment, the top of the bridge abutment still moves 
towards the embankment, while the bottom moves towards the bridge. It can be 
observed that such a displacement is getting more significant in the following 
construction phases, and later, due to the trainload, the bridge abutment tilts 
towards the opening. 

 

Figure 10 

Horizontal displacement of the bridge abutment before constructing the beam 
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Figure 11 

Horizontal movement of the bridge abutment concerning the construction phases (variant 1) 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

 – 201 – 

Figure 12 shows, according to the construction phases, the horizontal 
displacements of the bridge abutment relating to the state when the train load is 
above the abutment. Except for versions 2 and 4, the horizontal displacement of 
the bridge abutment seems to be quite similar; the extent of the displacement stays 
under 5 mm due to the early support. These displacements are about 0.1% of the 
height of the wall. The largest displacement, 20 mm, can be seen by variant 2; the 
bridge abutment wall moves totally towards the embankment, which induces a 
passive state in the backfill, and the wall gets strong support from it. The reason 
behind this is that the construction of the superstructure, together with the support 
of the abutments, begins after the consolidation; till then, the settlement of the 
embankment is dominant. The differential settlement induced by embankment 
consolidation near the base of the abutment causes its top to rotate into the 
embankment. Actually, the abutment fits into the bowl-shaped settlement 
depression. Construction phase variant 4 shows similar results, although the 
displacement is less because the support was created after constructing half of the 
embankment. 
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Figure 12 

The displacement of the bridge abutment concerning the investigated variants 

Conclusions 

This study investigated a typical railway bridge and the related soil environment, 
focusing on the effect of different construction schedules. According to the 
analysis, several benefits and practical consequences could be concluded: 

a)  Plaxis 3D software, applying the HS-small constitutive model and 
modeling the moving train, provides a realistic analysis of the current 
problem. It describes the global behavior of the railway bridge and its soil 
environment. 

b)  Due to the spatial effects and a more realistic loading condition, the results 
of the settlements around the bridge abutment are more favorable, than the 
results derived from conventional analysis or 2D modeling. 
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c)  This type of modeling could allow for optimization of the construction 
process, the best sequence of construction phases, or the earliest date of 
construction of the railway superstructure. 

d)  Due to the complex behavior of the bridge and its surroundings, we should 
not rely on simple design methods to provide a solution to the problem. 
The analysis presented here indicates the trends of soil and structural 
displacements, as well as the time required for adequate consolidation. 

e)  The results showed that ground improvement could be a suitable 
technology to reduce construction time, but it is more costly. Using 
construction variant 1, 2, and 4 require the most time. Moreover, in the 
case of variant 2, horizontal displacement of the bridge abutment is might 
be greater than allowed; it may result in higher forces within the piles. 

f)  Construction variant 3, reduces construction time and the cost is modest. 
The results related to the settlement, consolidation time, and horizontal 
movements of the bridge abutment are within reason. 

g)  The results clearly show that geotechnical approaches, by themselves, are 
not sufficient to solve the problem of the transition zone. A holistic 
approach, combining geotechnical and railway superstructure tools, would 
produce a better transition between the bridge and the connecting 
embankment. 
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Abstract: The efficient advancement of railway transportation is impossible without the 

integration of cutting-edge innovations. This study places emphasis on the application of 

computer modeling for railway track alignment, enabling the determination of an optimal 

strategy for rectifying curves within the plan. This approach ensures enhanced accuracy and 

effectiveness in curve realignment efforts. The calculations involved in plan correction are 

not only essential for addressing track deviations but also for solving a set of challenges 

associated with increasing permissible travel speeds. Particular significance is attributed to 

the reconstruction of track alignment, especially for international routes transitioning from 

wide (1520 mm) to standard European gauge (1435 mm). The incorporation of innovative 

technologies for railway curve correction, along with line plan optimization across multiple 

track sections, facilitates the realization of maximum stipulated velocities while ensuring 

safety, smoothness of motion, and passenger comfort. The investigation results detailed in 

this paper were conducted with support from a grant provided by The National Research 

Foundation of Ukraine under the project, "Scientific Justification of the Introduction of the 

European Track on the Territory of Ukraine in the Post-War Period". 

Keywords: railway; innovative activity; innovative technologies; railway curves, transport 

corridor 

1 Introduction 

Global experience attests that effective railway transport development is 
unattainable without the implementation of innovations. Ukraine, akin to other 
European nations, is embracing various innovative technologies in the 
reconstruction of railway alignments. Noteworthy, among these innovative 
technologies, are the following: 

• GPS navigation for ensuring precise railway track construction, thereby 
reducing deviations from the designated route and enhancing train travel 
safety 
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• Employment of automated process control systems during railway 
construction and reconstruction, allowing the maintenance of required line 
plan parameters and reducing deviations from specified standards 

• Laser scanning of railway tracks, enabling accurate measurement of track 
parameters, including radius, leading to the creation of a precise track plan 
and identification of areas necessitating curve rectification 

• Utilization of modern geodetic techniques, facilitating accurate 
measurement of railway track geometry and ensuring more precise curve 
realignment within the plan 

• Deployment of autonomous machinery for plan-wise curve correction, 
substantially reducing the time and cost required for such adjustments 

• Utilization of computer modeling for railway track alignment, allowing the 
determination of optimal strategies for curve rectification. 

These advancements collectively contribute to a more precise and efficient 
approach to railway track alignment, aligning with the contemporary standards and 
expectations for modern rail systems. 

Each innovation has its specific sphere of application. In 2020, the Strategic 
Research and Innovation Program for European Rail Transport was published by 
the European Rail Research Advisory Council (ERRAC). Its endeavors are geared 
towards furnishing innovative solutions that assist the railway sector in becoming 
more efficient, safer, and environmentally sustainable [1]. The seamless operation 
of railway transport hinges on the technical condition of rolling stock, railway track, 
and its alignment within the plan [2-5]. Consequently, for modern railways, the 
implementation of innovative methods in track repairs and ongoing maintenance on 
sections equipped with high-precision coordinate systems, ensuring track alignment 
with the designated position, becomes practically indispensable. 

2 Statement of the Problem 

Calculations for track alignment rectification typically occur in cases of track 
deviations, which can result from various factors [6-10]. Such calculations are also 
required for adjusting plan parameters (curve radius, length of transition curve, 
superelevation) when addressing the complex challenge of increasing permissible 
travel speeds along a given route [11-14]. Additionally, the reconstruction of track 
alignment is necessary for substantial changes in its parameters, such as 
transitioning to a different gauge. The latter is particularly pertinent today for 
international routes traversing Ukraine, where a transition from the broad (1520 
mm) to the standard European (1435 mm) gauge is planned [15] [16]. 
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Accurate information about railway track alignment is linked to measurements of 
quantities defining track geometry, which can be classified into global and local 
categories. Global measurements determine the position of elements within the 
global system of geographic coordinates, while local measurements establish the 
position of elements relative to other elements (e.g., elevation of the outer rail at a 
specific kilometer of the track) or temporary deviations of parameters from their 
design values (e.g., various track deformations). Depending on the measurement 
method applied, global or local parameters are determined, or both simultaneously. 
For instance, an innovative method for determining the position of the track axis 
using Global Navigation Satellite System (GNSS) receivers was proposed in the 
study [17]. 

If the actual characteristics of the track alignment deviate from the design 
parameters, this can lead to either speed limitations or exceeding the norms, which, 
in turn, would result in decreased levels of safety and travel comfort, as well as 
increased forces of interaction between the train wheels and the elements of the 
track superstructure. These increased forces contribute to the wear of rails, as well 
as other components of the track superstructure, and the wheels and elements of the 
rolling stock [18]. 

Scientific research aimed at improving curve parameters, minimizing wear in 
curves, and realigning curves to enhance speed continues. In the paper [19], 
problematic issues regarding the selection of horizontal radius and length of 
transition curves are discussed in detail, including an analysis of radius diagrams 
and angular diagrams. Various types of transition curves are assessed considering 
the presence of obstacles. The influence of track irregularities on the optimal length 
of transition curves and the level of maximum speed is demonstrated indirectly. 

In the dissertation [20], a scientific approach is presented that considers the cost 
difference between constructing new tracks or reconstructing railways, involving 
the elimination of obstacles related to connections: transition curve - circular curve 
- transition curve. Curvature plots and angle-turn diagrams were utilized to 
determine when individual curves should be replaced with compound curves.  
The definition of the most suitable length for transition curves is provided, allowing 
for the realization of the highest permissible speed. 

In order to enhance accuracy and calculation speed, a methodology for curve survey 
calculation has been proposed based on the coordinate method and the least squares 
method [21]. When minimizing shifts during curve realignment, the radius of the 
circular curve, coordinates of the circle center, lengths of transition curves, and 
coordinates of characteristic points of the curve are computed. 

An analysis of curves on Indian railways [22] has revealed that over time, curves 
can deviate from their initial position due to the following reasons. Firstly, 
unbalanced loading on both the inner and outer rails caused by exceeding the 
elevation of the outer rail at low speeds or a deficiency of elevation at high speeds, 
instead of the equilibrium speed for which the elevation was intended. The second 
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reason involves the influence of significant horizontal forces exerted on the rails by 
trains. These horizontal forces alter the curvature profile, reducing or increasing 
curvature at specific locations, thereby altering radial acceleration and consequently 
disrupting the smoothness of train movement. Hence, to restore smooth vehicle 
movement on these curves, curve realignment and adjustment of its parameters 
become necessary. 

Currently, the issue of reconstructing railway tracks within the global reference 
system is of great relevance. Its essence lies in determining the position of railway 
track axes within a Cartesian or local coordinate system [23]. To achieve such 
representation of the track's centerline, many countries have developed methods 
primarily utilizing the Global Navigation Satellite System (GNSS). The accuracy 
of this type of measurement can reach one centimeter under favorable conditions. 
The authors have previously described the methodology they developed, and this 
article presents a method for determining corrections to measured horizontal GNSS 
coordinates that account for the presence of the superelevation in curves. 

A technical system enabling the resolution of tasks related to optimal reconstruction 
of curved tracks to increase train speed with minimal investment has been proposed 
by the authors in their work [24]. Consideration is given to providing passenger 
comfort while increasing speed on curved track sections. 

In the study [25], the question of determining the horizontal radius of the railway 
track is addressed. The method is based on altering the incline angles of the moving 
chord in the Cartesian coordinate system. By assessing the influence of chord length 
on obtained radius values, it has been established that chord length does not play a 
significant role in radius determination and does not limit the application of this 
method. Simultaneously, attention is drawn to the accuracy of radius determination 
and its relevance to transition curve sections. 

The initial data significantly impact the results of permissible train speeds. In the 
work [26], the utilization of modern geodetic technologies for determining track 
geometry is proposed. The author in [27] considers the issue of determining the 
horizontal radius of the railway track's axis to obtain unknown geometric 
characteristics of the track as not definitively resolved. This is explained by the fact 
that geometric characteristics were determined using approximate methods. Hence, 
a new concept for determining track radius through altering the slope angle of the 
moving chord has been introduced. To employ this method, the coordinates of 
points in a Cartesian system are required for a given railway section. 

Numerous scientific studies have been dedicated to justifying the form of transition 
curves for the introduction of high-speed train travel. For instance, in [28], a new 
form of transition curve adapted to operational requirements imposed on the railway 
is presented. Parameters of two types of transition curves used in Hungary and 
Austria are defined in the paper [29]. It is demonstrated that the convenience of 
using transition curves in the form of the clothoid is unjustifiably limited in 
Hungarian regulations for speeds up to 120 km/h. 
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In the scientific study [30], the authors examined the change in track gauge width 
on curves for various secondary and main railway lines in Hungary with low and 
high transport volumes. The analyzed curves encompassed transition curves and 
circular curves. The variation of the gauge width parameter as a function of elapsed 
time was investigated by calculating distribution functions. 

The pursuit of novel methods for surveying line plans and calculating curve 
realignment to place them in their design positions continues. In the study [31], a 
reconstruction method for existing railways with constrained optimization based on 
point cloud data is presented. Drawing from the theory of intelligent algorithms, the 
concept of the Particle Swarm Optimization (PSO) algorithm is introduced, along 
with the method of directed search. After obtaining point cloud data of the track's 
alignment, a target function with constraint conditions was established and 
integrated with railway surveying technology. The complexity and reconstruction 
time for solitary and continuous curves containing multiple basic curve units are 
analyzed. Utilizing measurement data, design data, and synthetic data as inputs, this 
research demonstrated the suitability, reliability, and practicality of its application. 

A review of scientific works reveals that methods proposed by various authors are 
valuable for the reconstruction of existing railways, but their effectiveness may be 
contingent on specific operational conditions. Numerous studies have been 
dedicated to optimizing individual or constituent curves, adjusting their parameters 
(radius, transition curves, superelevation, etc.), yet the optimization of the entire 
track plan for a section or multiple sections remains underexplored. 

This paper places emphasis on the application of computer modeling for railway 
track alignment, enabling the determination of an optimal strategy for rectifying 
curves within the plan. This approach ensures enhanced accuracy and effectiveness 
in curve realignment efforts, not only for local sections but also across the entire 
track section. 

3 Methods 

To explore the aforementioned phenomena, the software tool RWPlan, developed 
at the Ukrainian State University of Science and Technologies, was utilized in the 
course of this study. The foundation of this development was laid by 
I. Korzhenevich [32]. The calculations of speed limits and the construction of curve 
profiles are performed within the program using the algorithm by D. Kurhan, while 
computations concerning the elevation of the outer rail in curves for train flows and 
the consideration of speed constraints are carried out by N. Hmelevska.  
The innovative approach within the RWPlan software lies in its capability to employ 
various surveying methods for line plans, utilized both within railway 
administration and project organizations. The software also allows for the analysis 
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of not just individual curves, but also track sections or multiple sections, optimizing 
the project plan according to various criteria while ensuring the attainment of the 
maximum permissible speed [14]. 

For existing plan design methods, a clear system of criteria for optimal positioning 
of the project curve has not yet been established. The task is formulated as follows: 
it is necessary to determine the position of the project curve that ensures the 
minimum amount of realignment work for track correction within the main 
earthwork platform, taking into account specified constraints (fixed points, shift 
directions, etc.). Clearly, with the aim of enhancing design quality and reducing 
construction costs, this criterion should indeed be considered during calculations. 
However, there are certain circumstances that must be taken into account in the 
optimization process. 

It is often believed that the minimum realignment work would be achieved when 
the algebraic sum of alignment deviations equals zero. Previous studies have 
indicated that such a condition holds true when the length of the circular curve 
between the ends of the transitions constitutes no less than 2/3 of the total curve 
length. For short curves, primarily composed of two transition parts and a circular 
section amounting to less than 1/3 of the total length, an algebraic sum of deviations 
equating to zero does not yield the minimum realignment work, especially if the 
track is severely misaligned within the transition curves. The minimum realignment 
work can be achieved when the entire curved section results in the minimum sum 
of absolute values of shifts. 

In this study, the authors have applied the proposed methodology for optimizing the 
project plan, taking into account various criteria, namely: minimum sum of absolute 
shift values, minimum sum of squared shift values, minimum sum of curve 
realignment costs. This approach allows for the incorporation of the aforementioned 
observations. 

Hence, the sequence of calculations in the optimization of lengthy track sections 
consists of the following steps: 

1. Coordinate survey is established based on the curve parameters. 
Segmentation of the long track section is achieved using angle diagrams 
and the radius of the segment. 

2. Optimization of each curve is carried out in either the involute or 
coordinate models, employing one of the four optimization criteria: 
minimum sum of squared shifts, absolute shifts, absolute root shifts, or 
minimum costs. 

3. Upon calculating each fragment, model parameters are gradually revealed 
and the survey of individual fragments is amalgamated for the entire 
section. When integrating interdependent curves, the maximum curvature 
difference between these elements is controlled. If the difference exceeds 
the predetermined limit, the program adjusts the radius values to satisfy 
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this restriction. Throughout the optimization process, the potential 
elevation adjustment of the outer rail within the transition curve is 
monitored. 

4. Calculation and evaluation of the shift magnitudes for the entire section 
are executed. The limitation magnitude and the prescribed shift at the end 
of the section are taken into account in all cases, while other restrictions 
are incorporated during the optimization process. It is possible to 
incorporate shift magnitude constraints for specific segments. 

5. The maximum permissible travel speeds for the proposed design are 
computed, followed by an analysis of the outcomes using the pre-
established criterion. 

4 Results and Discussion 

Let us consider an example of calculations using the algorithm presented above for 
the Kyiv-Hrebinka-Poltava-Lozova route (Ukraine), Fig. 1. The positional layout 
of the track plan was determined under the condition of route modernization, aiming 
to achieve the highest possible speed while remaining within the existing 
embankment. The maximum allowable horizontal displacements of the track 
(alignment corrections) depend on various factors, such as the track's construction, 
its condition [33] [34], the presence of infrastructure devices, including power 
supply systems, signaling systems, etc. [35-40]. Following a thorough terrain 
analysis, it was stipulated that permissible shifts in the range of 0-250 mm would 
be acceptable in this scenario. 

 
Figure 1 

Railway section Kyiv - Lozova 
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As a result of the track plan and traction calculations, data were obtained for the 
following variants: 

1. Without section reconstruction. 

2. Station reconstruction is carried out to enhance travel speeds, with no 
alteration to the track plan. 

3. In addition to station reconstruction, modifications are made to the 
elevation of the outer rail in curves, ensuring maximum speeds with 
minimal rail wear. In this case, the track's positional layout, radii, and 
lengths of transition curves remain unchanged. 

4. Alongside station reconstruction, the track is placed in a new design 
position, guaranteeing maximum feasible speeds while maintaining the 
track within the existing embankment. 

Trains of various types operate on this section. The calculations are presented for 
trains of the Hyundai type, which are designed for high-speed travel. The travel time 
of trains does not significantly differ between directions; therefore Table 1 provides 
the time only for the direct direction. 

As evident from the results, on the Hrebinka-Poltava section, station reconstruction 
yields a significant effect (16 minutes). The implementation of outer rail 
superelevation calculated according to regulations allows for an additional saving 
of 4 minutes. Laying the track in the projected position results in a time saving of 
10 minutes compared to the 2nd variant. On the Poltava-Lozova section, station 
reconstruction has a relatively modest effect (7 minutes). However, by adjusting the 
outer rail superelevation, an additional 18 minutes can be saved. Furthermore, 
aligning the track in the projected position leads to a substantial reduction in time 
(26 minutes) compared to the 2nd variant. 

Table 1 
Train travel time for Hyundai trains in the forward direction by variants 

Direction Distance, km 

Train travel time by variants, 

minutes 

1 2 3 4 

Kyiv - Hrebinka 148 67 59 55 51 
Hrebinka - Poltava 186 134 118 114 108 
Poltava - Krasnohrad 81 68 64 51 48 
Krasnohrad - Lozova 95 70 61 56 51 
Poltava - Lozova 176 138 125 107 99 

Hrebinka - Lozova 362 272 243 221 207 

When calculating the design variant for each curve, the feasibility and potential for 
speed enhancement were considered. Variants that require adjustments within the 
range of up to 250 mm were explored, avoiding significant realignments. Graphical 
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fragments depicting radius, superelevation, and maximum permissible train speeds 
on the Poltava-Krasnohrad section for the design variant are presented in Figs. 2 
and 3. 

 
Figure 2 

Segment of the Poltava – Krasnograd section: a) track plan; b) track alignment 

 

Figure 3 
Permissible movement speeds on the Poltava – Krasnograd section 

By optimizing the outer rail superelevation while considering the maximum 
permissible speed and rail wear, an optimal solution has been achieved. In all 
variants, the acceleration of passenger trains does not exceed 0.7 m/s², while for 
freight trains, it remains within ±0.3 m/s². 

0
20
40
60
80

100
120
140
160
180

37
00

22
00

18
00

17
00

16
50

16
00

12
00

10
00 90
0

85
0

82
5

80
0

55
0

Sp
ee

d,
 k

m
/h

Radius, m

Before reconstruction After reconstruction



M. Kurhan et al. Innovative Approaches to Railway Track Alignment Optimization in Curved Sections 

‒ 216 ‒ 

Conclusions 

Based on both theoretical and experimental research, it has been determined that 
the implementation of innovative technologies, for railway curve alignment in the 
plan, will allow establishing plan parameters and optimal train speeds. This will 
result in reduced wear of rails and train wheels, decreased track maintenance efforts, 
minimized energy or fuel consumption for freight and passenger transportation and 
contribute to enhancing safety, smoothness, and passenger comfort. 

The analysis of technical and technological challenges arising from the 
incompatibility of standards between Ukrainian and European railway 
infrastructures has demonstrated that the proposed algorithm for the sequential 
alignment of the track plan during the optimization of long sections can be applied, 
including during the transition from the broad (1520 mm) to the standard European 
(1435 mm) gauge. 

The calculation results and the developed methodology can be used for, 
theoretically, justifying maximum permissible train speeds, while simultaneously 
ensuring the standards of strength, stability, durability and the reliability of railway 
track and rolling stock components. This theoretical groundwork also serves as a 
basis for implementing European standard railway curve alignment technologies, 
for the facilitation of high-speed train travel. 
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Abstract: Continuous monitoring with advanced equipment and innovative scientific 

techniques is essential for timely and perfect maintenance. The interaction and dynamic force 

between wheel and rail is one of the most widely monitored issues. In this paper's case study 

of ballasted railway tracks in Iran, a set consisting of two separate strain gauge arrays and 

three different positions for installing accelerometers were designed according to the 

conditions. After installation, the system was calibrated with a predetermined passing axle 

load. The dependency of the arrays' and the equipment's installation location with the 

velocity of the passing axle load was examined as part of the field study after repeated 

investigation and comparisons of the setups' results. In order to gather data with the least 

error and the highest level of accuracy, it was decided on the more appropriate array with 

less dependence and a better installation position. 
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1 Introduction 

In today's world, a country's infrastructure is viewed as its capital and national 

wealth since its capacity to develop and progress is determined by how effectively 

its infrastructure performs. The rail transport industry, which significantly 

influences people's everyday lives and the environment, is an essential measure of 

a country's growth. As a result, a condition monitoring system must be established 

to detect any defects that may appear as safety issues. Consequently, precise 

information may be acquired by designing novel equipment or integrating cutting-

edge technology into a complete monitoring system [1, 2, 3]. Both experimental 

and numerical studies have the potential to produce big advances. When monitoring 

railway tracks, many researchers in this field are interested in the interactions and 

dynamic forces between wheels and rails. However, little experimental research has 

been conducted on the dynamic effect of heavier freight trains on railway tracks. 

Strain gauges and accelerometers are two monitoring-related technologies that, 

based on their functional capacity and sensitivity, should be employed in ideal 

conditions and an ideal combination, requiring a scientifically intelligent design. 

Keith et al. [4]. In one research, experimental field tests were conducted to 

investigate how heavy loads induced by large axle loads influenced the dynamic 

behavior of the railway track. It is demonstrated that when various speed and axle 

load changes are applied to the wheel-rail dynamic force, dynamic deformation of 

the track structure, and track vibration behavior, some of the indicators reflecting 

the dynamic behavior of the railway track increase roughly linearly with train 

running speed and axle load, while others are barely influenced. Zhiyong et al. [5]. 

The project created a wheel load detector based on a strain gauge for monitoring 

wheel-rail contact forces at insulated rail joints (IRJs). The laboratory and field 

testing results showed that the design followed generally recognized theoretical 

assumptions. Field data vividly depicted the wheel-rail impact force produced 

across the joint gap, demonstrating its use in recognizing the wheel-rail contact-

impact force signature at IRJs. Manicka et al. [6]. The necessary fusion technique 
and the outlined theoretical relationships between the samples gathered by various 

sensors demonstrated in a comprehensive analysis that the features of the wheel 

defects used in the data generation step were entirely represented in the defect 

signals reconstructed by the suggested method. Consequently, the proposed 

technique enables early defect detection and identification, including small and 

long-wave flaws. The number of sensors, the effective zone size, and the wheel's 

circumference, which acts as the defect signal's basic period, all impact the fusion 

process. Alemi et al. [7]. Wheel flaws on railroad wagons have been discovered as 

a substantial cause of damage to the railroad's infrastructure and rolling equipment, 

in addition to creating costly noise and vibration emissions. A sensor network is 

being created for permanent installation on the railway network. Shelling, flat areas, 

and a lack of roundness are all issues. It outperforms current defect identification 

approaches for flat spots and predicts the other two kinds of defects. The neural 

network technique explicitly simulates the multisensory structure of the 

measurement system via numerous instances, learning, and shift invariant networks 

to increase performance on wheels with flat areas and non-roundness. Gabriel et al. 
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[8]. Vertical overloads may cause track degradation and safety breaches, but wheel-

rail lateral contact forces are more directly connected to running safety. According 

to the computational and experimental data, the size of the lateral force may be 

estimated using an independent coefficient obtained from the applied loads. Bruner 

et al. [9]. The curvature of the wheel profile impacts a train's performance in various 

ways. In a field test, the station monitors the lateral and vertical wheel/rail forces at 

the point of contact in a 484-meter-radius curve at speeds up to 100 km/h. In a bogie, 

the four-wheel positions have markedly distinct force signatures. While the strength 

of the three other high rails increases with distance, the leading high rail has strong 

forces unaffected by the change in running distance. Palo et al. [10]. The issue's 
placement and sensor needs were investigated in a study on the static and dynamic 

behavior of ballasted railway tracks. It could be helpful to estimate stress transfer 

from the train passage to the track using predictive computational models. Georges 

et al. [11]. Weighing in motion systems would assist in solving the shortcomings of 

conventional static weighing, such as costs and traffic management. Weigh-in-

motion systems, however, do not allow direct measurement of the static load since 

the dynamic interaction between the train and the track results in dynamic loads 

added to the static ones. Investigating the effect of track unevenness and train speed 

on the weights measured by the weigh-in-motion system. A rigorous statistical 

investigation based on multiple computations was done to achieve that purpose.  

In order to estimate the static load, a technique to rectify the direct result supplied 

by the weigh in motion system is presented. This strategy is based on the results and 

patterns discovered throughout the extensive parametric investigation. Mosleh et al. 

[12]. The successful operation of a field test system methodology and the system's 

optimization should be thoroughly evaluated with regard to various types of trains. 

This is influenced by the type of sensors and where they are set up. Mosleh et al. 

[13]. The installation of sensors along a railway track's entire length will allow real-

time monitoring of the states of its technical components, and the proposal of a 

diagnostic sensor system based on railway track stress-strain analysis. Avsievich et 

al. [14]. The initial stage in data processing is to determine the speed of a passing 

train after identifying it (time, date, and direction). For the purpose of calculating 

train speeds, each peak of a vertical acceleration signal represents the passage of a 

train axle above the considered accelerometer. Blanc et al. [15]. The ability to 

predict failure of track infrastructure components can be improved through 

maintenance prioritization and procedures, thereby enhancing the safety of railway 

operations. Edwards et al. [16]. It may be helpful to use an alternative model-based 

method based on the local response function method that can forecast accurate stress 

results in particular locations without the need for direct measurement data at those 

locations. Menghini et al. [17]. The degree of fit between actual and estimated track 

forces and irregularities is demonstrated through point-by-point graphs of actual 

and estimated values, and indicators of the accuracy of estimates are generated 

using R-Squared values, which represent the percentage by which the variance of 

mistakes is less than the variance of actual values. Gadhave et al. [18]. When 

performing calibration and the primary test according to the desired plan, it is 

crucial to take into account the impact that imbalanced vertical loads have on the 

data recorded in the monitoring system. Silva et al. [19]. A signal analysis approach 
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based on the analytical domain and monitoring equipment suitable for conditions in 

the environment will be productive in providing a suitable instrument for studying 

experimental non-stationary vibration signals comprising shock. Salehi et al. [20]. 
Physical calibrations are crucial in the strain recovery process, in addition to placing 

the strain gauges optimally to reduce uncertainty in the simulation model. Nieminen 

et al. [21]. The installation of sensors should take into account the best site for 

installation, and the layout of the sensors really offers a platform for simple 

installation and a more accurate data recording system. Jing et al. [22]. The smart 

rail pad demonstrated excellent signal response to fluctuations in loading, with an 

average percent error of 6%. It can be used for load sensing and as an axle counter 
to measure wheel loads. Schalkwyk et al. [23]. In order to track the structural 

performance of the track and to identify changes in traffic volumes and loading 

circumstances, analyzing rail pads—a crucial component of railway structural 

design—that are fitted with various types of sensors is very beneficial. Sol-Sánchez 

et al. [24]. A simulation study is conducted as part of the additional analysis of the 

findings to establish the precise location of the sensors based on the rail's fatigue 

life, the likelihood of mistakes and redundancy, and various railway traffic 

situations. Pillai et al. [25]. Comparison of the distributed acoustic sensor (DAS) 

results with point location measurements made using a conventional strain gauge 

and deflections determined via imaging and digital image correlation (DIC), 

provides accurate distributed strain measurements with the capability for 

continuous spatial and temporal coverage across substantial tracts of track. These 

measurements translate to estimates of track deflection and load. Milne et al. [26]. 
When a sizable high number of strain gauge pair installations are made in the track, 

a realistic assessment of the static load may be made. Therefore, a statistical 

correlation must be taken into account when calculating the static load from weigh-

in-motion (WIM) systems with fewer sensors. This means that the estimation of the 

static load interval should take a certain level of confidence into account for each 

of the vehicle wheelsets. Pintão et al. [27]. Shear strain data at specific locations 

has been used to develop mechanics-based algorithms to estimate the speed and 

wheel loads of trains passing over a bridge under study. The speed estimation 

algorithm uses shear strain at quarter span and takes the train's speed variation into 

account. For wheel load estimation, two algorithms are studied. The shear strain 

algorithm only makes use of the peak value of the shear strain measured at an axial 

location close to the bridge. [28]. With the advancement of the transportation 

industry and the demand, the settlement and wear of the ballast caused by dynamic 

stresses at high frequencies is still an important issue on high-speed tracks, leading 

to high maintenance costs. Khairallahet et al. [29]. A more thorough, real-time, and 

current understanding of the railway track condition would be made possible by 

predictive maintenance operations carried out with cutting-edge monitoring 

systems. As a result, maintenance expenses would go down because interventions 

would only be made when they were truly necessary. In-depth discussion will also 

be given on monitoring systems that keep track of temperature, stresses, 

displacements, strain measurements, train speed, mass, and position, axle counts, 

wheel flaws, rail settlements, wear and tear, and the condition of railroad bridges 

and tunnels [30, 31]. A field investigation Two stiff common crossings were the 
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subject of experimental observations under the dynamic stress of a high-speed train. 

According to the findings, the maximum displacements within a specific velocity 

range increased by 2.5 times. Due to the relative displacement measurements 

between the rail and the sleeper, the different dynamic impact loading for the wing 

rail, and the lack of a difference in displacements between the trailing and facing 

travel directions, measured maximal strains are not as explicit as the displacement 

results. Kovalchuk et al. [32]. Ingenious methods and routine inspections are two 

of the key factors that influence the cost of railway maintenance, according to both 

laboratory and numerical studies. Modern monitoring techniques, prognostics, and 

health management strategies provide a wealth of opportunities for improving 

inspection and maintenance procedures. [33, 34]. 

However, there are still lots of required optimization for different stages of 

measuring wheel-rail force from software and hardware points of view. Most 

research are presented with a fixed arrays of sensors, which is one of the major 

challenge in correct data acquisition. It also needs to consider track maintenance 

issues. The challenge of correct data acquisition mainly lies in sensor array and 

arrangement design, which determines quality of the signal. In this paper, different 

arrays and locations of the strain gauges and accelerometers are studied for data 

collection. The results are analysed and discussed and sensitivity against velocity 

are also considered. 

2 Field test 

2.1 Scope of Study 

 

 

Figure 1 

The test site and its location relative to Mashhad railway station 
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The location of the study area which is between the Chaman and Sarkhes bridges 

and 2,392 meters away from the Mashhad railway station, is shown in more detail 

in Figure 1, along with its position in relation to the Mashhad railway station.  

The aforementioned location has two input and output lines that are connected to 

the Chaman concrete deck bridge on the west side and the railway switches on the 

east side, respectively. The passing train speed is approximately 80 km/h, and test 
equipment was installed on tangent railroad part in the exit line. 

2.2 Railway Track System 

Figure 2 depicts the layout of a ballasted railroad track. The sleepers are attached to 

two rails (there is an elastic pad between the rail and the sleepers). This set is 

situated on a ballast layer, allowing for the safe and easy passage of trains.  

The characteristics of the ballast layer, rails, and rail pads affect the track's dynamic 

performance. To keep track performance, maintenance actions are needed which 

are mainly focused on the aera between two sleepers. The tamping machine is used 

to keep the ballast layer quality in check which uses rail web on the area between 

sleepers and support. There are also some actions required for bolt tightening. 

Considering all of this, the rail web in the area on the sleeper would be the safest 

place for sensor installation. The sensor must be able to provide accurate data on 

this location, too. The following is a quick list of the test site pavement's technical 

specifications: 

 Rail type: UIC60 heavy, rail weight is 60.34 kg/m 

 Sleeper type: Mono block concrete sleeper, total weight of the sleeper is 

260 kg 

 Fastening type: Weslo type spring fastener, its weight is 503 gr 
 Ballast type: Mostly made of porphyry and metamorphic rocks 

As mentioned in the Introduction, accelerometers can measure track dynamic 

performance, whereas strain gauges are typically less sensitive to track dynamics 

and track structure failures. As a result, both kinds of sensors should be used to 

measure all static and dynamic components of a contact force measurement.  

 

Figure 2 

Railway components details 
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2.3 Test Equipment 

As previously mentioned, the instruments were installed on a tangent part of the 

railroad so the operation conditions, such as speed and bogie normal function, 

would be under control, and any abnormality within the bogie and wheels would be 

monitored with higher accuracy. Specifications for used strain gauges, 

accelerometers, and data logger can be found in Tables 1 to 3. 

Table 1 

Strain gauge technical specification used for field test (detailed) 

 

Applicable 

specimen 

Metal, Glass, 

Ceramics 

Backing Special plastics 

Element Cu-Ni 

Operational 
temperature 

(°C) 

-196 ~ +150°C 
Temperature 
compensation 

range (°C) 

+10 ~ +100°C 

Strain limit 5% (50000×10-6 strain) 
Applicable 

adhesive 
CN, P-2, EB-2 

Fatigue life 
at room 

temperature 

1×106  (±1500×10-6 strain) 
Gauge length 

(mm) 
0.5 

Gauge 

width (mm) 
1.2 

Backing length 

(mm) 
5 

Backing 
width (mm) 

2.2 Resistance (Ω) 120 
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Table 2 

Technical specification of the wired accelerometer used in field test 

AC102-1A 

14 

μg/√Hz 

Spectral Noise @ 

10 Hz 
100 mV/g 

Sensitivity 

(±10%) 

 

2.3 

μg/√Hz 

Spectral Noise @ 

100 Hz 
0,5-15000 Hz 

Frequency 

Response (±3dB) 

2 

μg/√Hz 

Spectral Noise @ 

1000 Hz 
2,0-10000 Hz 

Frequency 

Response 

(±10%) 

<100 
ohm 

Output 

Impedance 
± 50 g, peak Dynamic Range 

10-14 

VDC 

Bias Output 

Voltage 
<2.5 seconds Settling Time 

>108ohm Case Isolation 18-30 VDC Voltage Source 

  
2-10 mA 

Constant Current 

Excitation 

 

Table 3 

Technical specification of data logger used in field test 

Analog inputs 8 ch voltage, IEPE, current (with ext. Shunt) 

ADC type 
16 bit SAR with 100 kHz 5th order analog AAF filter or 
bypass (500 kHz) 

Sampling rate Simultaneous 1 MS/s 

Ranges ±10 V, ±5 V, ±1 V, ±0.2 V 

Typ. SNR @ 100 kHz 89 dB 

Input coupling DC or AC (1 Hz) 

Input impedance 1 MΩ 

IEPE mode 
4 or 8 mA excitation; Sensor detection (Short: <4 V; Open: > 

19 V) 

TEDS Supported in IEPE mode 

Overvoltage protection 50 V continuous; 200 V peak (10 msec) 

Typical power consumption (max.) 15  (22 W) 
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2.4 Tested Rail Fleet 

The fleet used in this project includes Siemens locomotives and passenger wagons 

are made in Germany, whose pictures are shown in Figure 3 and their technical 

specifications are in Tables 4 and 5. 

 

Figure 3 

Passing locomotive and wagons used in the test program 

 

Table 4 

General specification of Locomotive used in field test 

 

Fleet 

 

Loco 

type 

 

 

Made in 

 

Min 

speed 

(km/h) 

 

 

Max 

speed 

(km/h) 

Ax-to-

Ax 

distance 

of two 

bogies 

(mm) 

Ax-to-

Ax 

distance 

of two 

axles in 

a bogie 

(mm) 

Wheel 

diamet

er 

(mm) 

Axle 

load 

(tonne) 

Locom

otive 

ER24PC 

BO-BO 

Germany 

2011-

2016 

 

39.4  

 

160 

 

10362 

 

2700 

 

1100 20 

 

Table 5 

General specification of Wagons used in field test 

 

Fleet 

 

wagon

e type  

 

Made 

in 

 

Min 

speed 

 (km/h) 

Max 

speed 

(km/h

) 

Wagon 

weight - 

empty 

(tonne) 

Wagon 

weight – 

full  

(tonne) 

Bogie 

type of 

wagon 

Axle load 

(tonne) 

Wag

on 

RL11 Germa

ny 

 

- 

 

140 

 

45 

 

50 

 

MD36 11.25 
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3 Test Plan 

The following key factors should be taken into account when measuring the wheel-

rail contact force: 

 Repeatability of measurements, taking train wheel radius and speed into 

account. 

 Installation time should be minimized; the instruments should not interfere 

with maintenance vehicles if long-term measurement is required. 

 To be able to avoid the need for expensive speed detectors, the vehicle's 

speed should be calculated with the highest degree of accuracy. 

 The force calculation method should be able to analyze all data as quickly 

and accurately as possible and report the results. 

 The configuration should be safe and not require routine manual 

calibration and maintenance. 

The sensor formation was designed with the previously mentioned issues in mind. 

Figure 4 shows a schematic representation of the rail web with the installed 

equipment and sensor configuration. All the accelerometers are in vertical direction 

and strain gauges are installed as half-bridge circuit. The strain gauge arrays in this 

paper come in two varieties: "V" and "<". In comparison, the "<"-shaped array is 

concentrated on the bending strain, and the "V"-shaped arrays deal with shear strain 

when there is a wheel passage. Normally, calculation of wheel vertical force focuses 

on bending strain, which has an interference with maintenance issues. The V array 

is introduced to cover this shortcoming. 

Strain gauge

Accelerometer

 

Figure 4 

Configuration of strain gauges and accelerometers on the rail web 

To make sure that no data is missing, it is necessary to measure in a complete round. 

So, for every passage, the whole wheel surface is scanned. The designed sensor 

arrangement and localization are done to ensure the mentioned condition is met. 

This arrangement is also able to analyze the wheel multiple times with the help of 

different combinations of installed sensors, so the error would reduce noticeably. It 

means a higher calculation volume with no change in the response time of the 

device. With the configuration shown in Figure 5, one side of the passing train is 

completely covered, allowing for accurate comparisons. Accelerometers are very 

sensitive to the track structure's defects, in contrast to strain gauges, whose results 

are essentially independent of such defects. So keeping track's quality high in the 
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instrumented area is crucial. The accelerometers' installation position can also help 

determine the wheel's dynamic component. In order to investigate the dynamic 

component of the vertical forces of the wheels, three different accelerometer 

positions are taken into account: 1) on the rail foot in the rail's position on the 

sleeper, 2) on the sleeper, and 3) on the rail foot, between the sleepers. 

 

1

3 5 7

8

64
2

1 2

4

3

Accelerometer

Strain gauge

1: 2, 3, 4:  

Figure 5 

Locations of sensors and their types 

In order to control operation conditions like speed and bogie normal function and 

to more accurately monitor any abnormalities within the bogie and wheels, the 

instruments were installed on a tangent track, as it is shown in Figure 6. 
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Figure 6 

 Instrumentation location on tangent track 
Figure 7 

 The drezin used for system calibration 

As shown in Figure 7, the system was initially calibrated using a drezin (a light rail 

vehicle) with known axle load. Table 6 describes the calibration procedure, which 
also includes load and speed. Using locomotives from passing trains with axle loads 

of 19.75 tons, the main calibration is carried out (9.875 tons per wheel). 

Table 6 

Calibration condition for drezin 

Test condition Number of tests 

V=5 km/h 2 

V=10 km/h 2 

V=20 km/h 2 

V=40 km/h 2 

4 Result 

4.1 Strain Gauge Results 

Results of recorded data caused by drezin passage is illustrated in Figures 8 for 

strain channels. The sudden jump in the diagram is caused by shear strain, which is 

proportional to the axle load and velocity as the wheel passes over the sensor. These 

quantities can be found and measured to determine the wheel load. By calculating 

the phase difference between these sensors, velocity can also be determined. 
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Figure 8 

Measured strain for "<" array (up) and "V" array (down) 

The drezin used for primary calibration weighs 4.8 tons and has a wheelbase of 2.7 

meters. By plotting the shear strain mentioned in Figures 8 in terms of velocity, 

Figure 9 is obtained. The value shown for each speed is the average of all channels 

and passages. The dependency of the two mentioned arrays on velocity is relatively 

low and linear. It should also be noted that the proposed "V" arrangement has a 

lower dependency on velocity compared to the "<" arrangement. These would 

enable measuring the static components of the signal with higher accuracy due to 

the probable error in the velocity calculation. Additionally, the mean squared error 

for "V"  array is lower than the conventional "<" array. 
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Figure 9 

Linear pattern for velocity – drezin passage results, Force (up) and Strain (down) 

The results of the entire passage for a passenger train pulling a locomotive weighing 

79 tons are shown in Figure 10. The values in Figure 10-top are for Channel 1 in 

Figure 5 with the "V" arrangement, and the rest are for Channels 2–4 with the "<" 

arrangement, respectively. The train passages are completely recorded by both 

arrays, which display the same pattern. Therefore, the "V"-shaped array can be 

considered an alternative to the "<"-shaped array, which conflicts with track 

maintenance activities. 

 

Figure 10 

Strain results for a passenger train 

Figure 11 displays the strain results proportional to vertical loads for a locomotive 

(79 tons in weight) for various passages. Higher speeds and axle loads can produce 

the same patterns and outcomes (compared to primary calibration). Despite the 

different velocity dependencies, the pattern is still linear. While this parameter has 

increased for the "<"-shaped array from 0.283 to 0.4833, it has decreased from 

0 2 4 6 8 10 12 14 16

-200

0

200

C
h

a
n

n
e

l 
1

(V
 a

rr
a

y
)

0 2 4 6 8 10 12 14 16

-400

-200

0

200

C
h

a
n

n
e

l 
2

(<
 a

rr
a

y
)

0 2 4 6 8 10 12 14 16

-400

-200

0

C
h

a
n

n
e

l 
3

(<
 a

rr
a

y
)

0 2 4 6 8 10 12 14 16

Time (s)

0

200

400

C
h

a
n

n
e

l 
4

(<
 a

rr
a

y
)

Locomotive Wagon



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

‒ 235 ‒ 

0.056 to 0.0326 for the "V"-shaped array. So calibration is required for various 

speed ranges. These findings demonstrate the benefits of a "V"-shaped array's lower 

dependence on speed when needed. It should be noted that more research should be 

done to determine how sensitive this arrangement is to track failures. Similar to the 

drezin test, as it is shown in figure 11, values for error is lower in "V" array. 

 

 

Figure 11 

Linear pattern for velocity in vertical load calculation – Locomotive passage results, Force (up) and 

Strain (down) 

4.2 Acceleration Results 

As earlier described, accelerometers are much more sensitive than strain gauges to 

the track structure's defects, the results of which are essentially independent of 

them. So keeping track's quality high in the instrumented area is crucial.  

The accelerometers' installation position can also help determine the wheel's 

dynamic component. In this research, the authors installed accelerometers at three 

different positions: on the rail foot in the position of the rail on the sleeper, on the 

sleeper, and the rail foot in the distance between sleepers, to investigate the dynamic 

component of the vertical forces of the wheel and rail (see Figures 4 and 5). Figure 

12 shows the three positions' time domain and Short Time Fourier Transform 

(STFT) [35] values. This transformation has a 1024-point window with a 1000-

point overlap. The window type is Gaussian, and the sampling frequency is 10 kHz. 

The wheel passage is clearly shown in Figure 12-b. In other words, the rail and rail 

pad had a low-pass filtration influence on the acceleration signal as it passed 
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through them. There is also much noise in Figures 12-a and 12-c. This illustration 

emphasizes the importance of signal filtering in order to identify various failures. 

The characteristics of the track superstructure have a significant impact on the 

accelerometer's response as well. In summary, it can be said that moving the 

accelerometer from between the sleepers (channel 3) to the sleepers (channel 1) has 

no detrimental impact on the precision of the measured signal. But results from 

channel 2 can be used with minimum pre-processing. 

  

 a 

  

 b 

  

 c 

Figure 12 

Acceleration results for a passenger train 

So, the strain gauges V-array and sleeper mounted acceleration can accurately 

measure static and dynamic forces of wheel-rail system. Combining results from 

these two sensors would results to figure 13. The region 1~3 is healthy wheel (or 

monitor state), 3~4 stands for maintenance schedule, 4~5 is maintenance priority 
and >5 is immediate action. Te presented array and setup could provide condition 

monitoring of rail fleet to increase safety and reduce maintenance costs. 

 

0 5 10 15

0

2

4

F
re

q
u
e
n
c
y
 (

k
H

z
)

-100

-50

0

P
o
w

e
r/

fr
e
q
u
e
n
c
y
 (

d
B

/H
z
)

0 2 4 6 8 10 12 14 16

-500

0

500

A
C

C
 c

h
a
n
n
e
l 
1

0 5 10 15

0

2

4

F
re

q
u
e
n
c
y
 (

k
H

z
)

-100

-50

0

P
o
w

e
r/

fr
e
q
u
e
n
c
y
 (

d
B

/H
z
)

0 2 4 6 8 10 12 14 16

-200

-100

0

100

200

A
C

C
 c

h
a
n
n
e
l 
2

0 5 10 15

Time (s)

0

2

4

F
re

q
u

e
n

c
y
 (

k
H

z
)

-100

-50

0

P
o

w
e

r/
fr

e
q

u
e

n
c
y
 (

d
B

/H
z
)

0 2 4 6 8 10 12 14 16

Time (s)

-1000

-500

0

500

1000

A
C

C
 c

h
a

n
n

e
l 
3



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

‒ 237 ‒ 

 

Figure 13 

Converted results in impact factor (acceleration’s unit is m/s2, hence wheel number’s is piece) 

Conclusions 

In this study, with the help of a field test, the results of two different strain gauge 

arrangements and accelerometer installation positions and their differences in 

measuring the dynamic force between the wheel and the rail were investigated and 

compared. In Iran's Mashhad railway station, the railroad track was instrumented 

for a field test, and the results were analyzed in two steps: 1) a light rail vehicle 

(drezin) with low weight and speed, and 2) a passenger train with relatively high 

axle load and speed. The results are summarized as follows: 

"V" and "<" arrays were put to the test as half bridges for strain gauges. When there 

are only minor velocity changes, the "V" arrangement is practically velocity-

independent.  

The "V"-arrangement has an advantage because of its installation location, which 

causes less interference with track maintenance operations. 

The "V" array showed lower error compared to the "<" array. 

The results must be calibrated for various speed ranges. In contrast to the "<" array, 

the "V" array also demonstrated a decrease in velocity dependence with increasing 

velocity. Further research is required into the "V" array's dependence on the state 

and caliber of the track. 

For the acceleration, the installed accelerometer on the sleeper showed lower noise 

and dependency to track dynamics, which will require less data preparation.  

The reason is the filtering phenomenon of the passing signal through rail pad and 

sleeper. 

The presented arrays can be used for optimum condition monitoring of wheel-rail 

system. 
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Abstract: As an important means, the vehicle-mounted imaging technology is usually used to 

acquire the status data of cracks on lining surfaces of large-scale railway tunnels in 

operation. Taking a 4 km railway tunnel as a test sample, this paper firstly verified the 

performance of a vehicle-mounted lining crack inspection system, and analyzed the key 

performance parameters such as crack inspection rate, length recognition accuracy, mileage 

positioning error, etc. After its effectiveness was verified, the inspection system was used to 

inspect the lining cracks of operation railway tunnels with total length of 55 km. The test 

results show that 60% of cracks with the width of less than 0.3 mm could be inspected, while 

the figure for the cracks with the width of more than 0.3 mm was 93%. At the confidence level 

of 90%, the errors in crack mileage and longitudinal crack length are ±0.8 m and ±0.7 m 

respectively. There exists splicing redundancy between circumferential cracks, and the error 

is proportional to the number of channels spanned by the cracks. The statistics of lining 

cracks of operation railway tunnels with total length of 55 km show that circumferential 

cracks, longitudinal cracks, oblique cracks and water seepage cracks accounted for 55%, 

23.1%, 16.9%, and 1.5% of the total, respectively. According to the lining crack state 

assessment criteria, single-inspected cracks are classified as those that need "focus" and 

"attention" respectively. In consideration of the impact of crack shapes on the lining structure 

safety, data utilization strategies for different types of cracks are proposed in this paper. 

Keywords: operation railway tunnel; lining; surface crack; rapid inspection; inspection data 

utilization 
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1 Introduction 

As in 2021, the operating mileage of railway tunnels in China had totaled up to 
19,000 km. The tunnels put into operation in the past 10 years and 20 years 
accounted for 64% and 81% of the total tunnels, respectively [1]. 

Due to differences in construction periods, uncertainties in construction quality, and 
complexity in geological and hydrological conditions, the tunnels in operation have 
various types of defects and diseases. After a long-term evolution, most of tunnel 
linings are subject to damages mainly including cracking, water seepage, 
deformation, etc. Shear cracks are the main diseases that affect the overall 
performance of lining. Concrete shear failure is a premature, brittle failure that leads 
to the progressive collapse of the entire structure. In most cases, severe cracking 
emerges, and propagation takes place immediately [2]. Therefore, tunnel lining 
conditions are related to diseases’ development rate and impact, and need to be 
observed for a long-term [3]. 

At present, the diseases of tunnel lining are mainly inspected manually. However, 
the inspection accuracy is limited due to the restriction in skylight time, lighting 
condition, inspection distance, etc., thereby resulting in the increasingly prominent 
contradiction between the inspection technology and the scale of operating tunnels 
[4]. Digital Image Correlation Method (DICM) is a new technique that can be used 
to detect the pattern of cracks in concrete [5] [6]. Károlyfi et al. [7] [8] studied the 
correspondences between formwork geometry and concrete composition in the case 
of fair-faced concrete elements, and proposed an evaluation method for 
discoloration of the fair-faced concrete surfaces using digital image processing 
techniques. Now the apparent imaging inspection system based on the mobile 
platform can be used to obtain the data on the distribution of apparent lining diseases 
such as cracking and water seepage [9] [10]. The development of machine learning 
technology has made it possible to conduct the large-scale periodic inspection of 
tunnels via the apparent imaging technology. In this regard, a lot of studies and 
practices have been carried out at home and abroad [11] [12]. The inspection speed 
of the equipment used in these studies is mostly 5~10 km/h, and relatively few fast 
detection equipment with detection speed above 20 km/h. In 2013, the Spanish 
company Euroconsult developed a rail-road tunnel inspection vehicle with an 
inspection speed of up to 30 km/h [13]; In 2020, JR East launched the fourth-
generation tunnel lining inspection system (TuLIS) equipped with 12 sensors (lasers 
+ cameras). With a inspection speed of 20 km/h, it is mainly used to inspect lining 
surface conditions and 3D shapes of tunnel section [14]. In 2018, China Academy 
of Railway Sciences developed an inspection vehicle for high-speed railway tunnels 
[15] to inspect the defects behind the lining, and surface diseases. This inspection 
vehicle features a geological radar inspection speed of 3 km/h, an imaging 
inspection speed of 50 km/h, and a crack recognition accuracy of 0.5 mm. 

Digital tunnel inspection has received extensive attention because it is conducive to 
more efficient, objective and scientific analysis and management of tunnel 
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conditions. In 2016, VRVIS Research Center and Vienna University of Technology 
in Austria jointly developed an integrated geometric view-based system for visual 
analysis of tunnel lining damage data on the basis of using the visual analysis tool 
Visplore and the 3D real-time rendering engine Ardvark [16]. The digital 
management software developed by German company SPACETEC for the purpose 
of tunnel inspection is mainly composed of Tunnel-Info, Tu-View, Tunnel-Inspector, 
Tu-Drive and other modules [17]. 

2 Lining Surface Inspection System (LSI system) 

This paper introduces a system for rapid inspection of cracks on the railway tunnel 
lining surface. This system is used to quickly capture high-definition images of 
lining surface and automatically identify lining surface defects. 

2.1 Integrated System Hardware 

The LSI system mounted on the wheel-track tunnel inspection vehicle comprises a 
high-definition acquisition module, a mileage positioning module, and a data 
processing module (Figure 1). Among them, the high-definition acquisition module 
consists of 8 CCD line-scan cameras, lighting units, and synchronization control 
units. The 8 cameras with a laser-assisted illumination instrument are controlled by 
the synchronization unit, which can ensure the data collected via each channel are 
related to the same lining section. The mileage positioning module is used to obtain 
the pulse count of the encoder mounted on the axle, calculate the real-time mileage 
and speed, and realize the longitudinal mileage positioning of images. This system 
supports a maximum inspection speed of 80 km/h. 

  

Figure 1 

Lining surface inspection system 
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2.2 Data Processing and Crack Recognition 

Lining surface cracks are identified mainly through automatic recognition and 
manual verification. Automatic recognition is based on the optimized Simple Linear 
Iterative Clustering (SLIC) algorithm as a gradient-based super-pixel segmentation 
algorithm, and the lining crack dataset CLS-CRACK is constructed. In addition, the 
ResNet18 network architecture and Caffe deep learning framework are used for 
crack recognition, and the DeepLabv3 framework is used to extract crack data 
through the segmentation network. Through automatic recognition, the images 
indicating the existence of cracks will be preliminarily screened out, and abnormal 
areas of the image with suspected cracks will be marked. After the mistakes of 
automatic recognition are corrected through manual verification, it is possible to 
confirm the cracks and calculate their lengths, widths, areas and other characteristics 
parameters. 

3 Performance Analysis of Lining Surface Inspection 

System 

In order to verify the performance of the LSI system, the data on actual distribution 
of lining cracks of a 4 km railway tunnel in operation were obtained via site survey 
and Amberg imaging equipment. Then, those data were compared with the results 
of LSI system under the condition of 50 km/h, to assess key performance parameters 
such as crack inspection rate, length measurement error, mileage positioning error, 
etc. 

3.1 Site Survey 

The 4 km site survey area of railway operation tunnel was tested (2 km inward from 
the large and small mileage entrance of tunnel), covering the plain concrete section 
and reinforced concrete section (Figure 2). The scope of site survey covers the left 
and right side walls of lining, namely an area 3 m upward the sidewalk slab. 

 
Figure 2 

Schematic diagram of the distribution of site survey sections 
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Site survey of the tunnel includes the measurement of crack number, mileage, width 
and length. Specifically, the width was measured using a crack width meter (Figure 
3a), and the measurement accuracy was 0.01 mm, with details shown in Figure 3c. 
In addition, the crack length was measured based on the expanded view of the lining 
section (Figure 3f) obtained by an Amberg laser scanner (Figure 3d, Figure 3e). 

  

a. crack width meter b. site survey c.0.21mm crack 

  
d. Amberg laser scanner e. laser inspection 

 
f. expanded view of the lining section 

Figure 3 

Inspection devices for site survey, and effects of field application 

Table 1 

Statistics of cracks with different states 

Statistics Circumferential cracks Longitudinal cracks Total 
Repaired cracks 251 6 257 

Unrepaired cracks 216 0 216 
Total 467 6 473 
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Figure 4 

Distribution of cracks by width 

Through the site survey, a total of 465 cracks on the left and right lining walls of the 
4 km survey area were found and recorded, including 459 circumferential cracks 
and 6 longitudinal cracks (Table 1). So far, 249 of 465 cracks have been repaired by 
epoxy mortar (Figure 5b), indicating the remaining 216 ones need to be repaired 
(Figure 5a). The widths of measurement positions of the 216 ones range from 0.1 
mm to 1.5 mm. The distribution of cracks by width is shown in Figure 4. 
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a. unrepaired cracks b. repaired cracks 

Figure 5 

Comparison of cracks with different states 

3.2 Crack Inspection Rate Analysis 

As shown in Figure 5, the cracks’ characteristics are significantly different before 
and after repair. Therefore, the repaired cracks were not selected to analyze the 
inspection rate. As the samples, 216 unrepaired cracks mentioned above were used 
for inspection rate analysis. Analysis results shown in Figure 6 and Table 2. Crack 
inspection through the LSI system is based on the neural network and manual 
intervention. 

After training, the caffe-based neural network algorithm can be used to effectively 
identify the abnormal area of an image, but is unable to directly screen out the cracks. 
In other words, manual intervention is required to ultimately identify the cracks. 
However, manual intervention was affected by subjective factors such as personal 
experience and operational standardization, thereby making the final crack 
inspection rate be lower than the system prompt rate. Such a decreasing trend 
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became increasingly apparent with a decrease in crack width. For example, the 
crack inspection rate was 92.6% when the width was greater than 0.3 mm, but 
reduced to 60% when the width was less than 0.3 mm (Figure 6). 

Table 2 

Analysis of crack inspection rates through the LSI system 

Crack width Site survey System prompt rate System + manual inspection rate 
(0, 0.3] mm 148 81.8% 60.1% 

Above 0.3 mm 68 98.5% 92.6% 
Total 216 87.0% 70.4% 

 

   

(a) Width (0, 0.3] mm (b) Width (0.3,＋∞] mm (c) Overall 

Figure 6 

Analysis of crack inspection rates through the LSI system 

3.3 Error Analysis 

3.3.1 Mileage Error Analysis 

In order to ensure the consistency of analysis samples, 251 circumferential repaired 
cracks with obvious characteristics were selected for mileage error analysis. 
According to the crack morphology and location, the LSI system inspected cracks 
correspond to the site survey results one by one, and then the mileage difference of 
the starting point of the lowest circumferential crack is calculated. 

Results show that mileage errors of the LSI system are normally distributed, with 
an error mean of 0.2 m, a standard deviation of 0.42, and a mileage deviation 
between –0.8 m and 0.9 m when the confidence level is 90% (Figure 7). 
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Figure 7 

Statistical analysis of mileage errors in repaired cracks 

3.3.2 Length Error Analysis 

Laser scanning makes it possible to accurately obtain the geometrical shape of a 
lining section. In addition, image distortion can be avoided by projecting pixel 
points along the lining section, so as to ensure the measurement accuracy. As the 
samples, 115 repaired circumferential cracks whose starting points could be clearly 
identified through laser imaging were analyzed, to extract the data of crack length. 
The regression analysis of crack lengths determined through laser imaging and LSI 
system is itemized in Figure 8. As shown in the graph, the crack length identified 
by the LSI system is systematically enlarged by about 27% than the actual crack 
length determined through site survey. In addition, the upper and lower bounds of 
the 90% confidence interval are also indicated. It can be seen that on the basis of 
systematic amplification, the crack length identified by the LSI system has a 
dispersion of –0.4~1 m. 

The crack lengths identified through the LSI system were further analyzed for 
staged fitting. Figure 9 shows that the system had an error of 5%, and measurement 
results changed by step significantly with an increase in crack length. When the 
crack length covered one channel, two channels and three channels, the 
measurement errors were about 0.5 m, 1.2 m, and 1.8 m, respectively. Analysis 
results show that the LSI system is based on the data acquired through multiple 
cameras, thus resulting in a strong correlation between the measurement error and 
crack length. 
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Figure 8 

Regression analysis of circumferential crack length 

Moreover, 5 repaired longitudinal cracks whose starting points could be clearly 
identified through laser imaging were analyzed. The regression analysis of crack 
lengths determined through laser imaging and LSI system was made (Figure 10). 
The longitudinal crack length obtained by lining scan imaging is highly correlated 
to that identified through the LSI system. The upper and lower bounds of the 90% 
confidence interval are indicated and the crack length identified through the LSI 
system had a dispersion of ±0.7 m. Longitudinal cracks are distributed along the 
line direction, and generally located in single channels of the LSI system.  
The results of comparing the lengths errors of circumferential cracks and 
longitudinal cracks further show that the length error of circumferential cracks is 
caused by the redundancy of image stitching. 
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Figure 9 

Staged fitting results of circumferential crack length 
 

 

Figure 10 

Regression analysis of longitudinal crack length 
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3.4 Summary 

According to the application results of LSI system in 4 km test tunnel, key 
performance parameters such as crack inspection rate, mileage, length, and 
measurement error were studied in this section. The results show: 

(1) 60% of cracks with a width of less than 0.3 mm could be inspected through the 
LSI system, while the figure for the cracks with a width of more than 0.3 mm was 
93%. 

(2) The mileage deviation ranged from –0.8 m to 0.9 m. 

(3) The systematic length error of circumferential cracks caused by the redundancy 
of image stitching was 27%. The circumferential crack length had a dispersion of –

0.4~1 m within the 90% confidence interval. 

(4) Also, the longitudinal crack length had a dispersion of ±0.7 m within the 90% 
confidence interval. 

After automatic recognition and manual verification of the lining surface images 
collected at an inspection speed of 50 km/h, it was found that the inspection system 
could meet the requirements for fast railway tunnel lining crack inspection. In view 
of a large error in circumferential crack length recognition, a priority will be given 
to the research on the technology of multi-channel image stitching with little 
redundancy, to improve the accuracy of circumferential crack length recognition. 

4 Tunnel Lining Apparent Inspection Data 

Utilization Strategy 

4.1 Characteristics of Apparent Cracks in Operating Tunnel 

Lining 

Through the LSI system, a total of 6,629 lining cracks were inspected along the 55 
km railway tunnel. Specifically, circumferential cracks, longitudinal cracks, oblique 
cracks, massive cracks and water seepage cracks accounted for 55%, 23.1%, 16.9%, 
4.9%, and 1.5% of the total, respectively. There were 8.3 cracks per 100 meters on 
average (Table 3, Figure 11). 

Table 3 

Lining crack inspection results of the 55 km operation railway tunnel 

Crack type Quantity Density (Quantity/100 m) Proportion 

Crack 

Circumferential crack 3598 6.5 54.3% 

Longitudinal crack 1498 2.7 22.6% 

Oblique crack 1101 2 16.6% 
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Massive crack 327 0.6 4.9% 

Water 
seepage 

crack 

Circumferential crack 49 0.1 0.7% 

Longitudinal crack 36 0.1 0.5% 

Oblique crack 20 0 0.3% 

Total 6629 8.3 100.0% 

 

Figure 11 

Distribution of apparent lining cracks in operating tunnels 

 

Figure 12 

Evaluation standard for crack inspection grade of Railway tunnel in China 

Crack ratings AA, A1, and B are specified in Assessment standard for structure 
deterioration of railway bridge and tunnel Part 2: Tunnel (Q/CR 405.2–2019).  

The specific rating standards and disposal measures are shown in Figure 12. Only 
the cracks under development can be rated as A. Single inspection is not enough to 
ascertain whether the cracks continue to develop. Therefore, the single-inspected 
cracks are classified as those that need "focus" and "attention" respectively.  
The state assessment criteria are itemized in Table 4. According to such criteria, the 
A-grade cracks along the 55 km railway tunnel were further distinguished.  
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In addition, crack grades and disposal urgency were optimized to a certain extent. 
After such optimization, there were 1,919 cracks worthy of focus, accounting for 
28.9% of the total (Table 5). As a result, it significantly reduced the workload of 
routine inspection by the maintenance unit. 

Table 4 

Lining surface crack rating criteria 

Crack type Action proposal 

Crack length: L＞12 m 
Focus, rated as AA if monitoring results show 

the sign of development 

Crack width: δ＞5 mm 
Focus, rated as AA if monitoring results show 

the sign of development 

Crack length: 5 m≤L＜12 m 
Attention, rated as AA if monitoring results 

show the sign of development 

Crack length: L＜5 m, and Crack 
width :5 mm≥δ≥3 mm 

Attention, rated as A1 if monitoring results 
show the sign of development 

Table 5 

"Focus" and "Attention" cracks 

Crack type Focus Attention Total Proportion of focus 

Crack 

Circumferential crack 930 2668 3598 25.8% 

Longitudinal crack 397 1101 1498 26.5% 

Oblique crack 218 883 1101 19.8% 

Massive crack 327 0 327 100.0% 

Water 
seepage 

crack 

Circumferential crack 20 29 49 40.8% 

Longitudinal crack 16 20 36 44.4% 

Oblique crack 11 9 20 55.0% 

Total 1919 4710 6629 28.9% 

4.2 Data Utilization Strategy 

Inspection results show that there might be thousands of cracks in a single tunnel 
due to the environmental effects, construction defects and external forces, thus 
posing some challenges to the analysis and management of lining conditions. 
Moreover, the development of cracks is neither continuous, nor certain. Cracks will 
not continue to develop unless they are affected by external forces or in case of 
significant changes in environmental conditions. Therefore, it is suggested to 
inspect the tunnel lining conditions through the LSI system once every six months, 
so as to understand the service status of lining in a timely manner. 

In consideration of LSI system performance verification results, and the impact of 
crack shapes on the lining structure safety, data utilization strategies for different 
types of cracks are proposed based on the mechanism for periodic inspection of 
lining surface conditions (Table 6). 
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(1) The cracks with a width of less than 0.3 mm are fine cracks having little 
impact on lining safety. Thus, it is suggested that only the cracks with a width 
of 0.3 mm and above are worthy of attention in the disease recognition process. 

(2) In consideration of systematic errors, the longitudinal cracks with a length 
increment of no more than 0.7 m, and the circumferential cracks with a length 
increment of no more than 1.2 m shall be deemed as normal cracks in case of 
periodic inspection. 

(3) Circumferential cracks occupy a large proportion but have a low impact on 
structural safety, it is suggested to conduct the comparative analysis once every 
two years, to effectively reduce the workload of the maintenance unit. 

(4) Longitudinal cracks and oblique cracks are mostly stress cracks. 
Particularly when longitudinal cracks penetrate through the lining surface, the 
overall performance of lining under stress will decline, with a huge local stress. 
After the inspection each time, it is necessary to focus on analyzing the 
development trend of such cracks, assess them according to the criteria listed 
in Table 4, and put forward the disposal measures in a timely manner. 

(5) Water seepage indicates that the cracks have been penetrated through by 
the water source behind the lining. Therefore, it is suggested to strengthen 
manual inspections before and after rainfall or during the freezing and thawing 
period, and to place emphasis on the crack development and local deformation 
of surrounding lining. 

(6) Most massive cracks are near construction joints, and are likely to fall off. 
Thus, it is suggested to take corrective measures in time. 

Table 6 

Comparative analysis cycles for different types of cracks 

Crack type 
LSI 

system 
survey 

Comparative analysis cycle 
Check 

items/Actions 

Circumferential 
crack 

Once 
half a 
year 

Once every two years Crack length 

Longitudinal 
crack and 

Oblique crack 
Once half a year 

Deformation 
and crack width 

Water seepage 
crack 

strengthen manual inspections before 
and after rainfall or during the 
freezing and thawing period 

Water seepage 
and local 

deformation 

Massive crack Take corrective measures in time. 
Chisel or anchor 
reinforcement 

Conclusions 

(1) After automatic recognition and manual verification of the lining surface images 
collected at an inspection speed of 50 km/h, it was found that the inspection system 
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could meet the requirements of the maintenance unit. Results show that the 
inspection rate of the cracks with a width of more than 0.3 mm, longitudinal crack 
length error, systematic length error of circumferential cracks, and dispersion are 
93%, ±0.7 m, 27% and –0.4~1 m, respectively. The analysis of crack length errors 

will facilitate the subsequent identification of crack development conditions. 

(2) The statistics about the 55 km railway tunnel show that there were 8 cracks per 
100 meters on average. In addition, circumferential cracks accounted for 55% of the 
total, while oblique and longitudinal cracks took up only 40%. Based on the existing 
criteria, new criteria of crack classification for aperiodic inspection were proposed. 
According to the new criteria, the cracks are classified as those that need "focus" 
and "attention" respectively. After such optimization, there were 1,919 cracks 
worthy of focus, accounting for 28.9% of the total. As a result, it significantly 
reduced the workload of routine inspection by the maintenance unit. 

(3) Based on the periodic inspection mechanism, this paper proposes corresponding 
analysis cycles for different types of cracks, to ensure the timely analysis of the 
cracks affecting the lining structure safety, and to reduce the workload of the 
maintenance unit busy dealing with excessive circumferential cracks. 

(4) Tunnel lining defects are characterized by a complexity in types, a large number, 
and a large difference in the impact on lining safety. In the process of risk 
investigation, cancellation confirmation, and follow-up observation, it is necessary 
to develop a system for digital management of inspection results, and build a closed-
loop digital management model integrating inspection data display, integrated 
analysis, disease database construction, site review, and track monitoring. 
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Abstract: Currently, the expanding scale of railway tunnels in operation raises higher 

requirements for effective management thereof so as to ensure their safe operation. Just in 

this context, this paper compares and analyzes the tunnel inspection systems, condition 

assessment methods and technical equipment prevailing in many countries including 

Japan, European countries, the United States and China. Study results show that in terms 

of tunnel inspection systems, various countries have set their respective tunnel inspection 

cycles according to the tunnel integrity, service duration, service status, speed level and 

other factors. In particular, Japan and Europe have designed the tunnel inspection 

procedures, putting forward requirements for the professional competence of inspectors.  

In terms of condition assessment, Japanese standards are more hierarchical and systematic 

in the integrated application related to lining crack, deformation and defect, but are 

insufficient in the assessment of serious internal lining defects. In contrast, European 

standards focus on the impact of diseases on the overall performance of the tunnel 

structure. In addition, Chinese standards highlight the single-indicator assessment, but 

ignore the correction of assessment results in case of multiple deterioration types. It’s 

worth noting that Japan and China have respectively developed their own rail-mounted 

tunnel inspection devices to replace manual inspection. Based on a comprehensive 

comparison of tunnel inspection systems and condition assessment methods of different 

countries, according to the scale, inspection device technical level and service 

characteristics of China's railway tunnels, this paper proposes a framework of railway 

tunnel inspection regulation, while optimizing and supplementing the contents and 

requirements of relevant tunnel inspection regulation. 

Keywords: Railway Tunnel; Inspection System; Inspection Device; Condition Assessment 

Method 



G. Song et al. Review of Railway Operation Tunnel Inspection System and Condition Assessment Method 

 – 260 – 

Introduction 

By the end of 2020, the total mileage of China's railways in operation reached 

145,000 km. Over the same period, a total of 16,798 railway tunnels and 3,631 

high-speed railway tunnels had been put into operation, with a total length of 

about 19,630 km and 6,003 km, respectively. All these indicate that China has 

become the country with the largest scale of railway tunnels in operation in the 

world [1, 2]. In China with a vast territory, environments along railway lines are 

complex and changeable in climatic, geological and hydrological conditions. 

Similarly, tunneling is vulnerable too many complex factors such as corrosion, 

freeze thawing, etc. Due to differences in construction periods, construction 

standards, and uncertainties in construction quality, railway tunnels in operation 

are exposed to various types of defects and diseases [3]. In fact, any minor defect 

or disease of tunnel lining might affect the safe operation of a railway in operation 

[4]. 

The railway infrastructure inspection system is vital for and of great significance 

to the safe operation of railways in China, as well as scientific and rational 

guidance in maintenance and repair [5]. After analyzing the service characteristics 

and maintenance modes of Chinese bridges and tunnels, Lu Chunfang [4] pointed 

out that preventive maintenance is a trend of maintenance and repair of high-speed 

railway bridges and tunnels in China. In addition, Chen Qi [6] et al. proposed to 

optimize the technical rules and procedures of infrastructure maintenance to better 

achieve the safety management, monitoring and inspection, application of 

machinery and devices, and production organization, etc. Also, Chen Dongsheng 

[7] proposed several management modes for high-speed railway maintenance in 

China according to the foreign experience in this regard. Ma Weibin [8] 

summarized the existing technologies for railway tunnel inspection, monitoring, 

assessment and disease treatment in China, and then proposed a technical system 

for disease treatment of railway tunnels in operation. 

Despite the constant progress in tunnel damage identification technology and 

quality inspection method [9-14], currently tunnel condition data are acquired 

mainly through manual inspection, and there still exists a certain gap to achieve 

targeted maintenance and preventive maintenance of railway infrastructure due to 

the deficiencies in inspection method efficiency, and accuracy. Furthermore, as the 

railway maintenance management units face increasingly pressures in reducing 

production costs and improving the efficiency of maintenance and repair, it is 

found that conventional inspection systems, devices and condition assessment 

methods are becoming hard to meet the requirements with the scale development 

of tunnels. In view of this, it is necessary to optimize the inspection systems and 

improve the condition assessment standards on the basis of comparing and 

analyzing the railway tunnel inspection situations of different countries. 

Specifically, it is required to study and establish a scientific and efficient 

inspection system in line with the scale of railway tunnels, so as to timely identify 
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railway transportation safety risks, objectively understand the law of tunnel 

structure performance evolution, and provide a reasonable guidance in the targeted 

maintenance of tunnels. 

1 Tunnel Inspection Systems 

In order to ensure the safe and efficient operation of railways, many countries 

including Japan, Europe, the United States and China have established different 

tunnel infrastructure inspection systems. In particular, along with the development 

of inspection technologies and devices, they have successively updated their 

respective professional inspection standards and systems since the beginning of 

the 21st Century. 

1.1 Japanese Tunnel Inspection System 

Upon entrustment by the Railway Bureau of the Ministry of Land, Infrastructure, 

Transport and Tourism of Japan, Railway Technical Research Institute (RTRI) 

founded the Research Committee on Maintenance Management of Railway Civil 

Engineering Structures and the Research Committee on Track Maintenance 

Management in 2000, initiating the research on identifying the inspection cycles 

and integrity of civil engineering structures and tracks. In January 2007, the said 

Railway Bureau promulgated the Standards for the Maintenance Management of 

Railway Structures [15, 16] (hereinafter referred to as the "Standards"). Focusing 

on the safety, usability and restorability of structures, the Standards clarify the 

railway structures maintenance management system and procedures, including the 

basic concepts, inspection methods, integrity assessment criteria, maintenance 

management measures and records, etc. The required performance, performance 

item and judgment criterion of the tunnel structure are detailed in Table 1. 

Table 1 

Required performance, performance item and judgment criterion of the tunnel structure 

Required 

performance 
Performance items Judgment criterion 

Safety  

Stability of tunnel 

structure  
No risk of tunnel collapse 

Structure boundary No invasion into the boundary 

Line stability 

No uplift, subsidence and movement of 

railway subgrade that might affect the safe 

operation of trains 

Spalling stability 

No spalling of concrete, maintenance 

materials and so on that might affect the safe 

operation of trains 

Safety in case of water No phenomenon of water seepage or freezing 
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seepage and freezing that might affect the safe operation of trains 

Usability 

Usability in case of 

water seepage or 

freezing 

No phenomenon of water seepage or freezing 

that might affect the functions of devices in 

the tunnel 

Dirt on the surface 
No dirt that would seriously hinder the normal 

inspection 

Impact on surrounding 

environment 
No impact on surrounding environment 

Restorability  Post-disaster recovery 
Easiness in post-disaster repair of damaged 

tunnels 

Tunnel inspection falls into several categories, i.e., preliminary inspection, 

comprehensive inspection, individual inspection and random inspection. Among 

them, comprehensive inspection can be divided into comprehensive inspection 

and special comprehensive inspection. Specifically, a preliminary inspection is 

required before any railway structures newly-built, renovated or expanded is put 

in to use. The comprehensive inspection is conducted regularly, to identify the 

integrity of the entire structure, and the necessity of individual inspection, while 

the special comprehensive inspection aims to improve the accuracy of integrity 

identification. In contrast, an individual inspection is conducted in the course of 

any comprehensive inspection or random inspection, and is specific to a railway 

structure with an integrity rating of A or any other railway structure for which 

such inspection is deemed necessary. In addition, random inspection aims to find 

out exceptions arising from the occurrence of a natural disaster. For example, a 

random inspection is required if concrete spalling might seriously affect the safety 

of any third party or adjacent engineering might affect the target structure. 

The cycles of preliminary inspection and comprehensive inspection are detailed in 

Figure 1. Specifically, a comprehensive inspection is generally conducted once 

every two years, and the first special comprehensive inspection is conducted 

within 10 years after the railway structure is put into operation. If the results of 

special comprehensive inspection show the target structure has the required 

performance, the comprehensive inspection cycle may be extended accordingly. 

The process of tunnel inspection and maintenance is shown in Figure 2. 

In accordance with Japanese standards, qualified tunnel inspectors with rich 

experience accumulated through receiving training over years shall be able to 

identify tunnel risks comprehensively according to various factors, and 

particularly have the skills of special comprehensive inspection conducted to 

extend the comprehensive inspection cycle. 
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Acomplishment
Start using

First inspection 

before use

Within 

2 years

Comprehensive inspection

2 years

Within 10 years 10 years

Special comprehensive inspection  

Figure 1 

Schematic diagram of preliminary inspection and comprehensive inspection cycles 
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Figure 2 

 Process of Japanese structure inspection and maintenance 

1.2 European Tunnel Inspection System 

Although their tunnel maintenance systems vary to a certain extent, European 

countries generally follow the principle of moderate separation of "management, 

inspection, and maintenance", and actively promote the business outsourcing [17]. 

Whereas EU standards and International Union of Railways (UIC) standards are 

integrated, the tunnel inspection systems of European countries are generally 
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consistent with the tunnel inspection requirements raised by UIC. The Code for 

Management and Maintenance of Tunnels in Service (“the Code” for short) [18] 

(UIC Code 779-10) specifies the contents of management, maintenance, 

performance improvement, and operation of tunnels in operation. Inspection 

constitutes an important part of tunnel maintenance. According to the Code, the 

inspection work is composed of planned monitoring and unplanned monitoring. 

Further, planned monitoring consists of routine monitoring, annual monitoring, 

detailed inspection, and special monitoring. The content, personnel and period of 

each inspection are shown in Table 2. If it is hard to identify the tunnel conditions 

after the conventional condition assessment, some geotechnical and geological 

professionals and experts shall be organized to conduct the supplementary 

inspection and theoretical analysis. 

Table 2 

Types of European tunnel inspection 

Inspection type Duties Implementer  Cycle 

Planned 

monitoring 

Routine 

monitoring 

General inspection of tunnels 

in combination with line 

inspection 

Lineman  
Line 

inspection 

Annual 

monitoring 

Reviewing various inspection 

results in the detailed 

inspection report, and making 

supplementary explanations  

Tunnel 

inspector 
1 year  

Detailed 

inspection 

Issuing a detailed inspection 

report, updating and 

distributing the disease 

records to all the parties of 

maintenance management, 

and clarifying the 

maintenance work 

recommendations and their 

urgency in the report 

Professional 

engineers, 

assisted by 

experts if 

necessary 

4-6  

years 

Special 

monitoring 

Inspecting the sensitive areas 

(such as the areas featuring 

the rapid disease development 

or marked “unstable” in the 

inspection report) more 

frequently, taking 

corresponding safety 

measures (such as train speed 

limitation) if necessary, 

before disposal (generally 

accompanied by the 

measurement of geometry 

such as convergence, crack)  

/ / 

Unplanned monitoring 
Carrying out any special 

inspection, or any meticulous 

External 

experts or 
/ 
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inspection of structures or 

parts thereof in unforeseen 

circumstances (such as 

occurrence of a natural 

disaster or sudden appearance 

of some special problems)  

specialized 

firms, with 

assistance 

needed if 

necessary  

1.3 American Tunnel Inspection System 

In 2005, the Federal Highway Administration of the U.S. Department of 

Transportation and the Federal Transit Administration jointly promulgated the 

Highway and Rail Transit Tunnel Inspection Manual (“the Manual” for short) 

[19]. In the Manual, tunnel inspection was expounded from the perspectives of 

structure, machinery, electrical engineering and others, and the inspectors, 

responsibilities, devices, preparations, and safety measures were introduced. 

According to structural requirements, new tunnels shall be inspected once every 5 

years, while old tunnels shall be subject to the short-distance inspection once 

every 2 years. In addition, old tunnels shall be inspected on a daily, weekly and 

monthly basis. 

In 2008, American Railway Engineering and Maintenance-of-Way Association 

(AREMA) published the Railway Bridge Inspection Manual [20], recommending 

some methods for the inspection of railway bridges and tunnels (including tunnel 

structures). The Manual mainly introduces the general concepts of bridge and 

tunnel inspection, and different types of inspections for specific structures. 

Unlike the railways in Japan, Europe, and China, American railways are owned by 

private companies. Thus, for their own sake, such private companies would 

minimize the maintenance costs. Specially, annual maintenance costs of bridges 

and tunnels only account for about 10% of the overall costs. In addition because 

American railways are privately owned, and the official tunnel structure rating 

methods issued by the U.S. railway authority involve the potential liability issues, 

currently there are no uniform rating methods for railway tunnel structures. Thus, 

various railway companies in the United States usually establish their own 

procedures for the inspection, maintenance, rating and safety management of 

tunnel structures in accordance with general guidelines released by the federal 

government as well as their internal management rules. 

1.4 Chinese Tunnel Inspection System 

In China, railway bridges and tunnels are maintained and repaired based on the 

speed grades, namely high-speed and normal speed. In addition, types and 

frequencies of tunnel inspection are specified. The tunnel inspections for both 

high-speed trains and normal-speed trains are basically the same, including 

periodic inspection, temporary inspection, and special inspection. In accordance 
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with the Rules for Maintenance and Repair of Bridges and Tunnels for Normal-

speed Railways (TG/GW 103-2018) [21], important tunnel devices shall be 

inspected once every six months. In addition, each tunnel shall be 

comprehensively inspected during the comprehensive maintenance period. 

However, the inspection cycle may be appropriately extended if a line only allows 

the passing of freight vehicles and the annual transport volume is less than 5 

million tons. In accordance with the Rules for Maintenance and Repair of Bridges 

and Tunnels for High-speed Railways (Trial) (TG/GW 114-2011) [22], important 

tunnel devices shall be inspected once every quarter, while the inspection 

frequency for others depends on the structural position. For example, tunnel 

entrances and exits shall be inspected once every six months, while tunnels and 

surroundings shall be inspected once a year. In contrast, with normal-speed rail 

tunnels, high-speed rail tunnels are inspected more frequently, and the inspection 

cycle for each part of the tunnel structure is clarified. However, the requirements 

for temporary inspection and special inspection are the same for both normal-

speed rail tunnels and high-speed rail tunnels, depending on the environmental 

conditions and service time thereof. 

1.5 Comparison of Different Inspection Systems 

In accordance with Japanese tunnel inspection standards, comprehensive 

inspection cycle shall be 2 years, and a special comprehensive inspection shall be 

conducted in not less than 10 years. In addition, the comprehensive inspection 

cycle may be extended if conditions permit after the special comprehensive 

inspection, and basic qualifications and skills of relevant inspection personnel are 

specified. Throughout the inspection process, inspection personnel focus on 

inplying and predicting the causes of changes in tunnel performance. 

In accordance with European tunnel inspection standards, mainly the tunnel 

diseases specified in the detailed inspection report shall be reviewed, and the 

detailed inspection cycle shall be 4-6 years. The process of condition assessment 

based on conventional condition assessment, supplementary inspection and 

theoretical analysis is proposed, and the responsibilities and roles of different 

positions are specified. 

In accordance with American tunnel inspection standards, the short-distance 

inspection cycle shall be 2-5 years, depending on the service time of tunnels. 

However, because American railways are privately owned, currently there are no 

uniform rating methods for railway tunnel structures. 

In accordance with Chinese tunnel inspection standards, inspection cycles for 

high-speed railway tunnels and normal-speed railway tunnels shall vary to some 

extent. Specifically, the comprehensive inspection cycle of high-speed railway 

tunnels shall be one year, while the inspection cycles of normal-speed railway 

tunnels shall depend on the time of comprehensive maintenance. 
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2 Tunnel Condition Assessment 

2.1 Japanese Tunnel Condition Assessment 

In Japan, the structure integrity is identified according to the inspection results, 

change causes and prediction results. The integrity ratings include A, B, C, and S. 

Among them, A is further divided into AA, A1, and A2. The tunnel integrity 

identification criteria and corresponding maintenance measures are itemized in 

Table 3. 

In accordance with Japanese standards, mountain tunnels and urban tunnels shall 

be inspected and assessed separately. The integrity of mountain tunnels is affected 

by external factors and environmental effects. Specifically, there are 9 types of 

external actions, mainly including surrounding rock pressure, landslide, water 

pressure, frost heave and adjacent construction. Also, there are 7 kinds of 

environmental effects, mainly including concrete carbonization and harmful water 

erosion. In addition, tunnel conditions can be identified according to the 

deterioration forms under typical external actions such as rock mass bias, 

landslide, unbalanced water pressure, and frost heave. Based on the analysis of 

change causes, the tunnel integrity can be further assessed. 

Table 3 

Criteria for assessing the tunnel integrity 

Integrity Tunnel conditions Maintenance measures 

A 

AA 

Threatening the safety of passengers and masses, 

affecting the normal operation of trains and 

having other possible dangers 

Taking emergency 

measures 

A1 

Performance reducing due to ongoing changes, or 

performance losing due to heavy rain, water 

seepage, earthquake, etc. 

Taking prompt actions 

A2 
Performance reducing in the future due to 

possible changes 

Taking measures when 

necessary 

B Changes that might lead to integrity A 
Taking measures such as 

monitoring as necessary 

C Minor changes 

Prioritizing the 

inspection thereof next 

time 

S Fine integrity N/A 

In accordance with Japanese tunnel inspection standards, if the tunnel lining 

integrity is rated as A, individual inspection shall be carried out in the process of 

comprehensive inspection once every two years, to achieve the itemized 

assessment of integrity (AA, A1, A2). 

Crack is a common tunnel disease, and the criteria for assessing the degree of 

crack deterioration are shown in Figure 3. The integrity assessment of mountain 
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tunnels with cracks is detailed in Table 4. The development status depends on the 

ratio between the lining deformation u and the development time t. In case of 10 

mm/year<u/t or 2 mm/month<u/t, it is deemed as very fast development; in case 

of 3 mm/year<u/t<10 mm/year, it is regarded as fast development; in case of 1 

mm/year<u/t< 3 mm/year, it is determined as slow development. 

5mm

3mm

 medium crack long crack

extra-long crack

crack width

crack width

5m 10m  

Figure 3 

Criteria for distinguishing extra-long cracks, long cracks and medium cracks 

Table 4 

Integrity assessment of mountain tunnels with cracks 

Degree of 

deterioration  

Development 

status 
Deterioration prediction Integrity 

Extra-long cracks, or 

shear cracks, serious 

crushing 

Yes Instability of current tunnel AA 

No 
Being unable to identify its stability 

before next inspection  
A1 

Long cracks, 

crushing 

Very fast 

development 
Instability of current tunnel AA 

Fast 
Being unable to identify its stability 

before next inspection 
A1 

Medium cracks 

Very fast 

development 
Instability of current tunnel AA 

Fast 
Being unable to identify its stability 

before next inspection 
A1 

Slow 

development 

High possibility of reduced stability 

before next inspection 
A2 

No obvious cracks 

Very fast 

development 
Instability of current tunnel AA 

Fast 
Being unable to identify its stability 

before next inspection 
A1 

Slow 

development 

High possibility of reduced stability 

before next inspection 
A2 

No Stability of current tunnel B~C 

The deterioration location, initial defect, and structural form shall also be taken 

into account for the purpose of integrity rating. In addition, assessment results 

shall be corrected if necessary. In the case of vertical pressure, landslide and other 
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circumstances caused by any mountain movement, the integrity rating will be 

reduced by one grade. If the depth of cracks in a masonry tunnel made of bricks or 

concrete blocks exceeds 100 mm, the tunnel lining thickness, location and scope, 

and deterioration degree shall be taken into account, and the integrity may be 

reduced accordingly by one grade. If the tunnel lining has initial defects such as 

material deterioration and insufficient thickness, the bearing capacity of lining will 

be undermined. In this case, the integrity will be assessed based on the effective 

thickness (the thickness with an intensity greater than 15 MPa), and assessment 

results can be appropriately corrected, as shown in Table 5. 

Table 5 

Correction of assessment results for initial defects of lining 

Effective thickness γ, effective thickness ts Correction of assessment results 

 γ<1/3, or effective thickness ts<250mm Integrity reducing by 2 grades 

1/3≤γ＜2/3 Integrity reducing by 1 grade 

Note: Effective thickness γ=ts/design thickness; 

 ts=thickness with an intensity greater than 15 MPa 

2.2 European Tunnel Condition Assessment 

In some European countries, tunnel conditions are assessed by I-IV grades.  

The overall conditions of and corresponding repair measures for each grade of 

tunnels are shown in Table 6. 

Table 6 

Tunnel condition rating and repair measures 

Grade  
Overall  

condition 
Description Repair measures 

I Favorable 
No problem, or insignificant 

problem  

Maintaining the current 

conditions 

II Reasonable 
Existence of some non-

structural problems (diseases) 

Minor maintenance to avoid 

deterioration 

III Poor 

Structural diseases, serious or 

massive deformation or 

cracking, large-scale water 

seepage  

Repair required within 5 

years 

IV Very poor 

Severe structural diseases, 

risks of collapse in important 

structure areas 

Dealing with as soon as 

possible to stabilize the 

conditions within one year, 

with regular special 

inspection required for 

special monitoring of 

hazardous areas  
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2.3 Chinese Tunnel Condition Assessment 

In accordance with the Assessment Standard for Structure Deterioration of 

Railway Bridges and Tunnels [23] (Q/CR405.2-2019), tunnel deterioration can be 

rated as A, B, C, and D according to the impact on structural functions and traffic 

safety, and grade A can be further divided into AA and A1. Different repair 

measures for different tunnel deterioration grades are shown in Table 7, and the 

deterioration rating depends on the highest deterioration level of a single disease. 

In accordance with the Interim Regulations on the Safety Rating of Railway 

Tunnel Linings [24] (TYH [2004] No. 174), lining defects and diseases shall be 

quantitatively graded. In particular, the severity of lining defects and diseases of 

segmented tunnels shall depend on the highest level of single quantitative 

indicators. In addition, the lining safety level shall rest with surrounding rock level, 

groundwater condition, impact on traffic safety, and other factors. The safety level 

of tunnel lining shall depend on the safety level of the tunnel segment with most 

severe diseases. 

Table 7 

Tunnel deterioration rating and repair measures 

Deterioration 

grade 

Impact on structural functions 

and traffic safety 
Measures 

A 

AA (very 

severe) 

Serious deterioration, 

endangering traffic safety 
Taking measures immediately 

A1 (Severe) 
Serious deterioration, which 

might endanger traffic safety 

Taking measures as soon as 

possible 

B (relatively 

severe) 
Possibility to become very severe 

Strengthening monitoring and 

taking measures if necessary 

C (moderate) Minor impact 
Strengthening inspection, keeping 

normal maintenance 

D (minor) No impact 
Normal maintenance and 

inspection 

2.4 Comparison of Tunnel Condition Assessment Standards 

Japanese tunnel condition assessment standards focus on implying and predicting 

the causes of changes in tunnel performance. Tunnel integrity assessment is based 

on the severity of tunnel diseases, deterioration degree, development status, and 

impact on structural stability. In addition, the deterioration location, initial defect, 

and structural form shall also be taken into account to correct assessment results. 

Japanese standards are more hierarchical and systematic in the integrated 

application related to lining damages, deformations and defects, but are 

insufficient in the assessment of serious internal lining defects. In contrast, 

European standards focus on the impact of diseases on the overall performance of 

the tunnel structure. In addition, convenient Chinese standards highlight the 

single-indicator assessment, but ignore the correction of assessment results in case 

of multiple deterioration types. 
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3 Tunnel Inspection Devices 

With the growing scale of tunnels in operation, traditional inspection modes 

gradually become outdated due to their high subjectivity, low efficiency, and 

certain risks. Just in this context, Japan and China respectively developed special 

rail-mounted tunnel lining inspection devices. 

3.1 Japanese Tunnel Inspection Devices 

In 2001, East Japan Railway Company (JR East) [25] and Mitsui Engineering & 

Shipbuilding (MES) jointly developed a self-powered tunnel lining inspection 

vehicle installed with radar antennas. Relying on two radar antennas on the crank 

arm, and one radar antenna on the straight arm, the inspection device can detect 

the lining within a range above the arched line, having the function of three-

dimensional inspection of lining cavity within a range of 40 cm [26, 27].  

The working condition of inspection is shown in Figure 4.  

 

Figure4 

Working condition of JR East’s geological radar inspection vehicle 

In order to realize the fine inspection of surface conditions of normal-speed 

railway tunnels, JR East introduced the vehicle for detecting surface conditions of 

lining using the laser scanner (1# vehicle) in 1999. In 2010, JR East successively 

introduced the 2# and 3# inspection vehicles. Currently, the three inspection 

vehicles are still used to detect the surface conditions of normal-speed railway 

tunnel lining at a speed of 8.5 km/h. The general view of the inspection vehicles is 

shown in Figure 5 (a). In order to detect the JR East upgraded the original tunnel 

inspection system used for nearly 20 years in 2020. The upgraded version of 

inspection vehicle is equipped with 12 sensors (lasers + cameras), which can 

realize the continuous inspection of surface conditions and 3D shapes of linings at 

a speed of up to 20 km/h. Currently, new inspection vehicles were put in to use for 

the Shinkansen tunnels in February 2020 [28]. A inspection vehicle for 

Shinkansen tunnels is shown in Figure 5 (b). 
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(a) A inspection vehicle for normal-
speed railway tunnels 

 (b) A inspection vehicle for Shinkansen tunnels put 
into use in 2020 

Figure 5 

Japanese vehicles for detecting surface conditions of railway tunnel linings  

3.2 Chinese Tunnel Inspection Devices 

In 2012, China Academy of Railway Sciences developed a inspection vehicle for 

normal-speed railway tunnels [29, 30]. This vehicle with the 25T passenger train 

body is equipped with 5 sets of medium-and-high-frequency geological radar 

antennas. With a maximum antenna inspection depth of 1.5 m, and a inspection 

speed of 3~5 km/h, it is used to detect normal-speed railway tunnels. An 

inspection vehicle for normal-speed railway tunnels is shown in Figure 6. 

Based on the inspection technology for normal-speed railway tunnels, China 

Academy of Railway Sciences developed a inspection vehicle for high-speed 

railway tunnels in 2018 [31, 32]. This vehicle is equipped with 9 sets of high-and-

low-frequency radar antennas, and a CCD imaging system. With 8 industrial 

cameras, the CCD imaging system achieves a crack recognition accuracy of 1mm. 

In addition, its geological radar inspection speed is 3 km/h, and its imaging 

inspection speed is 50 km/h [33]. Figure 7 shows the general view of a inspection 

vehicle for high-speed railway tunnels, as well as the distribution of imaging 

systems. 

 

CAMERA 6CAMERA 5CAMERA 4CAMERA 3

CAMERA 1

CAMERA 2
CAMERA 7

CAMERA 8

 
Figure 6 

An inspection vehicle for normal-

speed railway tunnels 

Figure 7 

An inspection vehicle for high-speed railway tunnels 
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3.3 Comparison of Inspection Devices 

Japanese tunnel inspection vehicles are all self-powered, with geological radars 

and cameras mounted on different vehicles. In contrast, Chinese tunnel inspection 

vehicles refitted from the 25 T passenger train body are not self-powered, but are 

towed by other vehicles. In addition, geological radars and cameras are mounted 

on the same vehicle. It’s worth noting that in terms of the imaging inspection 

speed, Chinese vehicles for detecting surface conditions of tunnel linings are 

superior to Japanese ones. 

4 Suggestions on Improvement of Railway Tunnel 

Inspection System 

It is important to effectively detect and conduct quantitative and scientific 

assessment of railway tunnel defects and diseases developing constantly. However, 

the current railway tunnel inspection system is hard to meet such needs. In 

consideration of the actual conditions, scale and development law of China's 

railway tunnels, China should establish a sound system of railway tunnel 

inspection throughout the process of management. 

4.1 Establishing a Railway Tunnel Inspection System 

The overall framework of the railway tunnel inspection system composed of four 

modules (inspection items, inspection system, inspection technology and devices, 

data analysis and evaluation) is shown in Figure 8. 

4.2 Establishing a System of Railway Tunnel Inspection 

Throughout the Process of Management 

With reference to foreign railway tunnel inspection systems, relevant tunnel 

inspection systems should be further optimized based on existing tunnel 

inspection systems according to the scale of China's railway tunnels and the actual 

conditions in application of new technology and devices, so as to realize the 

whole-process management of tunnel diseases. Tunnel inspections mainly include 

routine inspection, cyclic inspection, temporary inspection, special inspection, and 

key tunnel calibration and monitoring. Different types of inspections vary greatly 

in the inspection objects, frequency, operation requirements, data accuracy, 

personnel (organization), etc. Details are shown in Table 8. 
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Figure 8 

Framework of railway tunnel inspection system 

Table 8 

Attributes of different inspections 

Inspection 

type 
Object Frequency 

Operation 

requirement 

Personnel/or

ganization 

Routine 

inspection 

Surrounding 

environment; 

 Overall condition 

seen visually; 

 Diseases that 

need special 

attention; 

Daily Simple tools Trackwalker  

Cyclic 

inspection 
Full contact 

Cyclic  

(4~6 years) 

Professional 

auxiliary 

inspection 

devices  

Inspector 

Temporary 

inspection 
Key parts 

After a natural 

disaster; 
Professional 

auxiliary 

Inspection 

engineer 
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 Adjacent 

engineering; 

Affecting third-

party safety 

inspection 

devices 

Special 

inspection 

Uncertain defects 

and diseases 
As required 

Professional 

technology 

or devices 

Inspection 

engineer 

Testing 

agency 

External 

environment\tunn

el boundaries 

As required 

Key 

calibration 

and 

monitoring 

 Complex 

geological tunnel; 

Rapid disease 

development; 

Occurrence of 

geological 

disasters 

Cycle (≤10 
years) or  

real-time online  

Professional 

technology 

and devices 

Inspection 

engineer 

Analytical 

engineer 

Testing 

agency 

Routine inspection shall refer to the ordinary inspection of accessible parts along 

the ground or rail surface in the visual manner or by using simple tools without the 

help of professional auxiliary facilities. The objects of routine inspection mainly 

include the surrounding environment, overall tunnel condition in a visual range, 

and diseases that need special attention as indicated in the cyclic inspection list. 

Cyclic inspection shall refer to a comprehensive and detailed contact inspection 

of tunnels according to the inspection plan. It is necessary to issue a detailed 

inspection report, update and distribute the disease records to all the parties of 

maintenance management, and clarify the maintenance work recommendations 

and their urgency in the report. 

Temporary inspection shall refer to the inspection of exceptions after the 

occurrence of any natural disaster. A random inspection is required if concrete 

spalling might seriously affect the safety of any third party or adjacent engineering 

might affect the target structure. 

Special inspection shall refer to the special inspection of structural condition, 

material performance, defects and diseases, and external environment of a tunnel 

in operation with the help of professional technology or devices. The inspection 

objects include the safety condition of tunnel lining, and tunnel boundaries.  

A special inspection is required if the distribution and impact of defects and 

diseases are uncertain. Supervisory tunnel inspection belongs to the scope of 

special inspection. 

Calibration and monitoring of important tunnels shall refer to the 

comprehensive calibration and assessment of surrounding environments of 

complex geological tunnels, to assess their safety levels. If the diseases develop 

rapidly and geological disasters may affect the traffic safety, the monitoring 

system is required for real-time monitoring, forecasting and warning. 
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Conclusions 

This paper compares and analyzes the status quo and practical experience of Japan, 

Europe, the United States, and China in terms of railway tunnel inspection. 

Results show that Japanese tunnel condition assessment standards focus on 

inplying and predicting the causes of changes in tunnel performance. In addition, 

they are more hierarchical and systematic in the integrated application related to 

lining damages, deformations and defects, but are insufficient in the assessment of 

serious internal lining defects. In contrast, European standards focus on the 

impacts of diseases on the overall performance of the tunnel structure, and the 

review of discovered diseases, regarding inspection as an important part of tunnel 

maintenance. In accordance with American standards, the inspection cycle shall 

depend on the service time of the tunnel in operation. Because American railways 

are privately owned, currently there are no uniform rating methods for railway 

tunnel structures. In accordance with Chinese standards, the inspection cycle shall 

depend on the operating speed of the railway in operation. Chinese standards 

highlight the single-indicator assessment, but ignore the correction of assessment 

results in case of multiple deterioration types. To overcome the deficiencies of 

manual inspection, Japan and China have respectively developed their own rail-

mounted tunnel inspection devices. 

In consideration of the operation characteristics, scale and development law of 

China's railway tunnels, this paper proposes to optimize the railway tunnel 

inspection system. The framework of a sound system of railway tunnel inspection 

throughout the process of management has been established. The railway tunnel 

inspection system is composed of four modules, namely inspection items, 

inspection system, inspection technology and devices, data analysis and evaluation. 

Railway tunnel inspections throughout the process of management mainly include 

routine inspection, cyclic inspection, temporary inspection, special inspection, and 

key tunnel calibration and monitoring. Different types of inspections vary greatly 

in the inspection objects, frequency, operation requirements, data accuracy, 

personnel (organization), etc. 
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