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Abstract 

Hopper wagons are subjected to complex loading conditions during granular material transportation. This 

study aims to evaluate the effect of stiffener configurations on the structural response of a hopper wagon using finite-

element analysis under multi-compartment loading conditions. Three configurations are analyzed: vertical, 

rectangular, and triangulated stiffeners, with a non-uniform distribution of granular material to reflect real-world 

operating conditions. The results show that the triangulated configuration exhibits the lowest average deformation 

(15.466 mm) and a more uniform stress distribution. The vertical configuration yields the lowest maximum stress 

and the highest safety factor, but is less effective at controlling global deformation. Conversely, the rectangular 

configuration increases structural stiffness but produces stresses close to the material’s yield limit. The analysis also 

indicates that the most critical loading conditions do not always occur under full loading. Overall, the triangulated 

configuration provides the best balance among stiffness, stability, and structural safety across various loading 

conditions. 

 

Keywords: hopper wagon, stiffener configuration, finite element analysis, multi-compartment loading, structural 
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1. Introduction 

The transportation of bulk materials remains one of the primary functions in rail-based logistics systems. Various 

commodities, such as ballast, construction materials, sand, and coal, are typically transported using hopper cars. These cars 

enable rapid loading and unloading through a gravity-fed mechanism at the bottom of the car. In operational practice, hopper 

cars play a vital role in large-scale material distribution chains, particularly in the mining and construction industries [1]. While 

the system is relatively simple operationally, it is structurally more complex than it appears from a structural standpoint [2]. 

The hopper must withstand the weight of large volumes of material while also accommodating fluctuating loads during train 

transit [3]. The combination of material pressure and vehicle operational conditions means that the structural design of the 

hopper cannot be treated as a purely static problem. 

The material inside the hopper does not merely impose a vertical load due to its weight [4]. Granular particles also transfer 

lateral pressure to the hopper walls through particle-particle interactions and friction with the plate surface [5]. Consequently, 

the hopper plates experience a complex two-way stress state [6]. During operation, these conditions are influenced by vehicle 

vibrations and wheel-rail interactions [7]. However, in many studies of rail vehicle structures, dynamic effects are often first 

represented using an equivalent static loading approach [8]. This approach is commonly used when the analysis focuses on 

stress distribution resulting from material pressure and structural plate configurations [9]. 
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In actual operation, the loading process rarely produces a perfectly uniform load distribution [10]. Material is typically 

poured gradually, so some hopper compartments may fill up before others [11]. This condition causes the force distribution on 

the hopper structure to become asymmetric [12]. The hopper wall plates then experience increased local bending in certain 

areas [13]. In freight car maintenance inspection reports, these areas often represent the initial locations where structure 

deformation or cracks appear [14]. 

Several previous studies have attempted to understand the structural behavior of freight railcars using various approaches. 

Numerical methods based on finite element analysis are widely used to evaluate stress distribution in the railcar body, as 

demonstrated by Lv [15]. Through this approach, the structural response under various loading conditions can be analyzed in 

greater detail. Some studies have focused on the wagon’s main frame or bogie system to examine how dynamic loads affect 

the vehicle’s structural integrity, including the work of Xiao et al. [16].  

Research on granular material inside the hopper has also received considerable attention [17]. Classical models such as 

Rankine’s or Janssen’s theories are often used to estimate bulk pressure against the wagon hopper walls, as reviewed by Dyck 

et al. [18]. These models indicate that granular pressure does not always follow a hydrostatic distribution. Some studies have 

even attempted to model this phenomenon using numerical approaches to obtain more realistic pressure distributions, such as 

that proposed by Eidin et al. [19]. Additionally, many hopper studies often treat the hopper as a mere material container, 

without a deeper discussion of the structural behavior of its plates, as discussed by Vatulia et al. [20]. 

When considering the literature as a whole, it is evident that research focus remains largely directed toward two areas. 

The first is the global strength analysis of the wagon structure. The second is the behavior of granular material inside the 

hopper. Meanwhile, discussions of how the plate stiffener configuration affects the hopper's structural response have received 

comparatively less attention. The hopper plate is essentially a thin plate structure reinforced by stiffeners. In such structures, 

the stiffener pattern plays a crucial role in determining the path of force distribution. 

Another limitation of previous research relates to the loading assumptions used. Many studies assume a uniform load 

distribution throughout the hopper volume, as reported by Panchenko et al. [21]. In operational practice, such conditions rarely 

occur. Material is often distributed unevenly due to the gradual loading process. This imbalance in load distribution can result 

in more severe loading conditions than those predicted under uniform loading assumptions, as highlighted by Sookchanchai 

et al. [22]. Furthermore, most studies evaluate only a single structural configuration without providing systematic comparisons 

across other configurations that may yield different responses. 

This situation indicates that there remains a significant research gap in this area. Specifically, the relationship between 

stiffener configurations and stress distribution in the hopper plate has not yet been comprehensively investigated. Research 

examining various stiffener configurations comparatively is also still relatively limited. This is particularly true for hopper 

wagons used to transport heavy granular materials such as railway ballast. 

Given these conditions, this study aims to evaluate the influence of stiffener configurations on the structural behavior of 

hopper wagons. The analysis is conducted by considering several variations in stiffener configurations on the hopper plate. 

Additionally, the load distribution within the hopper is not assumed to be uniform. Several loading scenarios were used to 

represent various possible conditions of hopper compartment filling. This approach is expected to provide a more realistic 

representation of how the hopper structure responds to different force distributions. 

The main contribution of this study lies in the comparative approach to stiffener configurations on the hopper plate. 

Several stiffener patterns were analyzed, including vertical, rectangular, and triangulated stiffener configurations. By 

comparing the structural response of each configuration, this study identifies the most effective stiffener pattern for enhancing 

structural stiffness and reducing stress concentrations. Furthermore, the use of various load distribution scenarios allows for a 
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more representative evaluation of the operational conditions of hopper wagons. The results of this study provide a clearer 

understanding of the relationship between stiffener configurations and the structural performance of hoppers, as well as serve 

as a basis for developing more reliable hopper wagon designs. 

2. Materials and Methods 

This study was conducted using a finite element methodology to evaluate the structural response of hopper wagon walls 

under granular loading conditions. The analysis focused on how different stiffener configurations affect deformation, strain, 

and stress. The numerical model incorporated material properties, hopper geometry, stiffener arrangement, loading conditions, 

and mesh generation. All configurations were analyzed under identical conditions to ensure a consistent comparison. 

2.1  Material properties 

The material used in this study is 09G2S structural steel [23]. This material is a low-alloy steel commonly used in railways 

and structures operating under heavy loads. It was selected because it offers a good combination of strength and toughness 

with good resistance to fracture under demanding service conditions. In railway applications, this material is also known for 

its good resistance to cyclic loading. 

In the numerical simulations of this study, the material is assumed to be linearly elastic and isotropic. This assumption is 

used to represent the material’s elastic behavior during the initial stage of deformation, where stresses remain below the 

material’s yield point. The relationship between stress and strain still follows Hooke’s law. Thus, the structural response can 

be analyzed using the material’s basic elastic properties. The material property data are provided in Table 1. 

Table 1 Properties of 09G2S structural steel 

Property Symbol Value Unit 
Density ρ 7.85 × 10³ kg/m³ 

Young’s Modulus E 2.10 × 10⁵ MPa 
Poisson’s Ratio ν 0.30 - 
Bulk Modulus K 1.75 × 10⁵ MPa 
Shear Modulus G 8.08 × 10⁴ MPa 

Tensile Yield Strength σᵧ 3.55 × 10² MPa 
Tensile Ultimate Strength σᵤ 5.10 × 10² MPa 

2.2  Geometry model and stiffener configuration 

The geometry of the hopper car used in this study was developed based on the typical configuration of railway cars. This 

type of hopper car is designed to transport granular materials such as rail ballast, construction aggregates, or mining materials. 

The main structure consists of side plate walls, internal partitions, and an inverted cone-shaped hopper section. This cone 

directs the material toward the unloading mechanism at the bottom. 

The hopper model used has a total length of approximately 10 m, a width of approximately 3 m, and a structural height 

of approximately 2.6 m. The hopper structure is divided into four main compartments separated by internal partitions. This 

compartmentalization not only serves as a material distribution barrier but also as a structural element that helps transfer forces 

to the wagon’s main frame. This geometry was then used as the basis for developing the structural model in numerical 

simulations. The geometry, dimensions, and example of the hopper wagon are shown in Figs. 1 and 2. 

 

Fig. 1 Geometry and dimensions of hopper wagon in mm 
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Fig. 2 Example of hopper wagon 

After the basic geometric model is established, plate stiffeners are added to the hopper walls. The addition of stiffeners 

aims to enhance the structural stiffness of the plates and reduce deformation caused by granular material pressure [24]. In thin-

plate structures such as hopper walls, lateral pressure from the material can cause significant local bending. The first 

configuration is the vertical stiffener configuration, in which stiffeners are installed vertically along the hopper plate. The 

second configuration is the rectangular stiffener configuration, which forms a grid pattern through a combination of vertical 

and horizontal stiffeners. The third configuration is the triangulated stiffener configuration, which uses a triangulation pattern 

to increase structural stiffness through a triangular frame mechanism. These three configurations are shown in Fig. 3. 

   

(a) Vertical stiffener (b) Rectangular stiffener (c) Triangulated Stiffener 

Fig. 3 Stiffener design configurations for hopper wagons 

The stiffener arrangements were selected to represent different reinforcement approaches commonly found in hopper 

structures. Their spacing was adjusted according to the hopper wall dimensions to maintain comparable structural proportions. 

The selected layouts were intended to provide representative structural behavior under the same loading conditions. 

Nine vertical stiffeners were used in the longitudinal configuration. A denser arrangement could further increase stiffness 

and reduce wall deformation. However, additional stiffeners would also increase plate intersections, welding work, and 

structural weight. Similar considerations were applied to the rectangular configuration. Using a smaller grid spacing would 

likely improve local rigidity, although fabrication complexity and production cost would also increase. 

The triangulated configuration did not include diagonal members in every panel region. Partial triangulation was adopted 

to avoid excessive reinforcement density in several hopper sections. This arrangement was considered sufficient to alter the 

force transfer mechanism without significantly increasing fabrication difficulty. Different stiffener quantities or spacings may 

lead to different deformation and stress responses. Therefore, the present study is limited to the assumed stiffener geometries 

defined in the numerical model. 

2.3  Finite element modeling 

The finite element model was developed to evaluate the structural response of the hopper wagon across different stiffener 

configurations and loading combinations. The simulation includes defining boundary conditions, calculating pressure loads, 

modeling multi-compartment loading scenarios, and generating the mesh. All configurations were analyzed using identical 

material properties, loading conditions, and support constraints to ensure a consistent comparative framework. The modeling 

procedure was designed to capture the deformation, strain, and stress distributions of the hopper structure under granular 

loading conditions. 
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2.3.1  Boundary conditions 

The boundary conditions in the model consist of a fixed support applied at the lower frame of the hopper, which is 

connected to the bogie system. The fixed support area is shown in Fig. 4. This area serves as the primary load transfer point 

between the wagon body and the train wheel system. In the numerical model, the support is constrained in all degrees of 

freedom for both translation and rotation, and is therefore modeled as a fully fixed boundary condition. This approach is used 

to represent the structural condition of the hopper, which is supported by the wagon’s main frame during operation. 

 

Fig. 4 Fixed support in a static structural simulation 

2.3.2  Pressure loading  

The pressure exerted on the hopper walls by the crushed stone was calculated using the material bulk density, gravitational 

acceleration, material height, and internal friction angle [25]. In this study, the applied pressure represents an equivalent static 

lateral pressure acting normal to the hopper wall surfaces. For simplicity in the static structural simulation, the pressure was 

assumed to be uniformly distributed over each wall panel. The lateral pressure acting on the hopper wall is expressed as: 

2

2
tan (45 )a

p gH


=  −  (1) 

where 𝑃 is the lateral pressure acting normal to the hopper wall surface (MPa), 𝛾 is the bulk density of the material (t/m³), 𝑔 

is the gravitational acceleration (9.81 m/s²), ℎ is the material height inside the hopper (m), and 𝜑 is the internal friction angle 

of the granular material. 

The pressure magnitude varies depending on the inclination angle of the hopper wall. Because the normal component of 

the granular force changes with wall orientation. Hopper walls with steeper inclinations experience higher normal pressure 

compared to more inclined wall sections. 

The ballast material density used in this study was 1.50 t/m³ with a material height of 2.4 m. Based on the calculation, the 

maximum lateral pressure acting on the vertical wall section (90° inclination) was 0.00657 MPa. Using the same calculation 

approach, the pressures acting on hopper wall inclinations of 54°, 38°, and 24° were determined as 0.00447 MPa, 0.00296 

MPa, and 0.00164 MPa, respectively. These pressure values were subsequently applied as uniformly distributed loads normal 

to the corresponding hopper wall surfaces in the finite element model. Thus, each wall section received a pressure magnitude 

according to its geometric inclination angle. 

2.3.3  Multi-compartment loading 

The loading scheme was designed to represent the distribution of granular material during operation. The hopper model 

consists of four main compartments separated by internal partitions. Granular material pressure was applied to the hopper plate 

surface in a direction perpendicular to the plate surface [26]. The presence of partitions in the hopper operates on a mechanical 

principle similar to that of baffles in fluid tanks. Although granular material does not behave exactly like a fluid, particle 

redistribution may still occur due to vibrations, acceleration changes, or the path inclination [27]. The hopper is divided into 

four loading sections by three internal partitions, which help restrict material movement while channeling pressure toward the 

wagon’s main frame, as shown in Fig. 5. 
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Fig. 5 Sections of hopper wagon 

To evaluate the effect of load distribution, several compartment loading combinations were modeled in the simulation. 

These combinations include 1, 1-2, 1-2-3, and 1-2-3-4 as presented in Fig. 6. These variations allow for analysis of both 

symmetric and asymmetric loading conditions. Thus, the structural response of the hopper can be observed under various 

material distribution conditions, enabling critical stress concentrations to be identified more accurately. 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 6 Critical loading combinations 

2.3.4  Mesh generation 

The geometric model of the hopper wagon was discretized using a meshing process to convert the continuous geometry 

into numerical elements. The mesh consists predominantly of quadrilaterals on the surface of the structure. This mesh type 

(quadrilateral–dominant) was chosen because the hopper’s geometry consists largely of plate structures. Furthermore, these 

mesh elements are generally more suitable for representing the stress distribution in the plates more accurately than tetrahedral 

elements. The mesh visualization and its specifications are shown in Fig. 7 and Table 2. 

 

Fig. 7 Mesh generation 

Table 2 Specification of mesh 

Parameter Value Unit 
Element Size 60 mm 

Number of Elements 76,237 - 
Number of Nodes 75,868 - 

Bounding Box Diagonal 11,123 mm 
Average Surface Area 3.5509 × 10⁵ - 

Minimum Edge Length 1.0383 mm 
Maximum Layers 5 - 

Growth Rate 1.2 - 
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3. Results 

The finite element simulations were performed to evaluate the structural response of the hopper wagon. Different stiffener 

configurations and loading combinations were analyzed in the simulations. The structural response was evaluated based on 

total deformation, equivalent elastic strain, and equivalent (von-Mises) stress. Each configuration was analyzed under the same 

loading conditions to ensure a consistent basis for comparison. The results were then compared to identify the influence of 

stiffener topology on structural behavior. 

3.1  Structural response of vertical stiffener configuration 

The simulation results for the vertical stiffener are shown in Figs. 8-10 and Table 3. The results indicate that the vertical 

stiffener is capable of maintaining stress levels within a relatively moderate range. However, this configuration shows limited 

effectiveness in controlling the global deformation of the hopper plate. In this configuration, the stiffener acts predominantly 

in the height direction of the plate. The transfer of granular pressure forces tends to be directed along the vertical path toward 

the joint area and the lower frame. This mechanism is effective in reducing stress accumulation under certain conditions, but 

it still leaves a weakness regarding global bending between the plate panels. 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 8 Total deformation simulation on vertical stiffener configuration 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 9 Equivalent elastic strain on vertical stiffener configuration 
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(a) 1 (b) 1-2 

  
(c) 1-2-3 (d) 1-2-3-4 

Fig. 10 Equivalent (von-Mises) stress simulation on vertical stiffener configuration 

Table 3 Simulation results of vertical stiffener configuration 

Loading combination Total deformation (mm) Equivalent elastic strain Equivalent (von-Mises) stress (MPa) 
1 27.197 0.0012574 259.57 

1 - 2 27.005 0.0012689 259.91 
1 - 2 - 3 26.751 0.0013125 261.55 

1 - 2 - 3 - 4 8.4865 0.001271 263.04 

The maximum deformation occurred at load step 1 (27.197 mm), while the minimum value occurred at load steps 1-2-3-

4 (8.4865 mm). The average deformation (𝛿𝑎𝑣𝑒), deformation range (∆𝛿), average equivalent elastic strain (𝜀𝑎𝑣𝑒), equivalent 

elastic strain range (∆𝜀), theoretical yield strain (𝜀𝑦), and strain percentage (𝜀%) are calculated using the following equations: 

ave
n





=  (2) 

max min   = −  (3) 

ave n





=  (4) 

max min   = −  (5) 

y

y E


 =  (6) 

max%
y




 =  (7) 

where ∑ 𝛿 is the deformation summation, 𝑛 is the number of deformations or strains, 𝛿𝑚𝑎𝑥  is the maximum deformation, 𝛿𝑚𝑖𝑛 

is the minimum deformation, ∑ 𝜀 is the strain summation, 𝜀𝑚𝑎𝑥  is the maximum strain, 𝜀𝑚𝑖𝑛 is the minimum strain, 𝜎𝑦 is the 

yield stress, 𝐸 is the Young modulus, and 𝜀𝑦 is the yield strain.  

The values of  (𝛿𝑎𝑣𝑒) and (∆𝛿) are 22.3599 mm and 18.7105 mm, respectively. The (∆𝛿) fairly wide range indicates that 

the vertical stiffener configuration is highly sensitive to variations in load distribution. Physically, this suggests that the vertical 

stiffeners are not yet capable of distributing stiffness evenly across the entire plate.  

For the equivalent elastic strain parameter, the maximum value occurs at loading stages 1-2-3, at 0.0013125, while the 

minimum value occurs at loading stage 1, at 0.0012574. The values of (𝜀𝑚𝑎𝑥)  and (∆𝜀) are 0.00127745 and 0.0000551, 

respectively. To evaluate how close the material is to its elastic limit, the values of  (𝜀𝑦), and (𝜀%) are 0.00169048 and 77.63%, 

respectively. The value of (𝜀%)  indicates that, despite the significant deformation, the material is still operating within the 

elastic range with a sufficient safety margin.  
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For the equivalent von Mises stress parameter, the maximum value occurred under load 1-2-3-4 at 263.04 MPa, while the 

minimum value occurred under load 1 at 259.57 MPa. The average stress (𝜎𝑎𝑣𝑒), stress range (∆𝜎), stress percentage (𝜎%), 

remaining stress percentage (𝜎𝑟𝑒𝑚%) and safety factor (SF) can be calculated using the following equations: 

ave
n





=   (8) 

max min   = −   (9) 

max%
y




 =   (10) 

% 100% %rem  = −   (11) 

max

y
SF




=   (12) 

where ∑ 𝜎 is the stress summation, 𝑛 is the number of stresses, 𝜎𝑚𝑎𝑥  is the maximum stress, 𝜎𝑚𝑖𝑛 is the minimum stress, and 

𝜎𝑦 is the yield stress 9, 10. 

The values of (𝜎𝑎𝑣𝑒) , (∆𝜎) , (𝜎%) , (𝜎𝑟𝑒𝑚%)  and (SF) are 261.02 MPa, 3.47 MPa, 74.10%, 25.90%, and 1.35, 

respectively. The very small (∆𝜎) indicates that the stress distribution in this configuration is relatively uniform across all 

loading scenarios. Thus, the vertical stiffener configuration can be considered safe in terms of stress, but less effective in 

controlling the structure’s global deformation. 

3.2  Structural response of rectangular stiffener configuration 

The simulation results for the rectangular stiffener are shown in Figs. 11-13 and Table 4. The same calculation procedure 

as described in Section 3.1 was applied to determine the average value, range, and utilization ratio for each parameter. In the 

rectangular stiffener configuration, the grid pattern formed by the combination of vertical and horizontal stiffeners provides 

increased stiffness to the hopper plate. This is evident from the lower deformation values compared to the vertical configuration. 

However, this increase in stiffness is accompanied by a significant increase in stress concentration, causing the force 

distribution to become more concentrated and triggering increased stress in certain areas. 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 11 Total deformation simulation on rectangular stiffener configuration 
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(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 12 Equivalent elastic strain on rectangular stiffener configuration 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 13 Equivalent (von-Mises) stress simulation on rectangular stiffener configuration 

Table 4 Simulation results of rectangular stiffener configuration 

Loading 

combination 

Total deformation 

(mm) 

Equivalent 

elastic strain 

Equivalent (von-Mises) stress 

(MPa) 

1 23.731 0.00095989 198.27 

1 - 2  23.656 0.0015586 318.18 

1 - 2 - 3 23.639 0.0016738 345.30 

1 - 2 - 3 - 4 11.622 0.0016786 346.31 

The maximum deformation value occurred at load level 1, at 23.731 mm. The minimum value occurred at load levels 1-

2-3-4, at 11.622 mm. The values of (𝛿𝑎𝑣𝑒) and (∆𝛿) are 20.662 mm and 12.109 mm, respectively. Compared to the vertical 

configuration, this configuration is more effective in reducing deformation. Rectangular stiffeners also provide a more stable 

response to variations in loading. However, these effects require further analysis using strain and stress parameters.  

For the equivalent elastic strain parameter, the maximum value occurred at loading stages 1-2-3-4, at 0.0016786, while 

the minimum value occurred at loading stage 1, at 0.00095989. The values of (𝜀𝑎𝑣𝑒) , (∆𝜀) , and (𝜀%)  are 0.0014677, 

0.0007187, and 99.30%, respectively. The (𝜀%) value indicates that the maximum strain in the rectangular configuration is 

nearly at the material’s elastic yield point. This condition suggests that, despite smaller deformations, the stress distribution 

within the structure tends to become more concentrated. As a result, certain areas are likely to experience critical conditions. 
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For the equivalent von Mises stress parameter, the maximum value occurred under load 1-2-3-4 at 346.31 MPa, while the 

minimum value occurred under load 1 at 198.27 MPa. The values of (𝜎𝑎𝑣𝑔), (∆𝜎), (𝜎%),  (𝜎𝑟𝑒𝑚%),  and (SF) are 302.52 MPa, 

148.04 MPa, 97.55%, 2.45%, and 1.03, respectively. This value indicates that the rectangular configuration approaches the 

material's yield point. With the low safety factor, this configuration poses a high risk if applied to real-world operational 

conditions involving load variations and structural imperfections. 

3.3  Structural response of triangulated stiffener configuration 

The simulation results for the triangulated stiffener are shown in Figs. 14-16 and Table 5. Among the three designs 

analyzed, the triangulated stiffener configuration exhibits the most balanced response. The same calculation procedure as 

described in Section 3.1 was applied to determine the average value, range, and utilization ratio for each parameter.  

The triangulation pattern creates a more direct force distribution path. This causes the load from granular pressure to be 

borne not only through plate bending. The load is also transferred through tensile and compressive mechanisms in the stiffening 

elements. This characteristic makes the structure globally stiffer and more stable, therefore enhancing structural performance 

under changing load distributions. 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 14 Total deformation simulation on triangulated stiffener configuration 

  

(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 15 Equivalent elastic strain on triangulated stiffener configuration 
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(a) 1 (b) 1-2 

  

(c) 1-2-3 (d) 1-2-3-4 

Fig. 16 Equivalent (von-Mises) stress simulation on triangulated stiffener configuration 

Table 5 Simulation results of triangulated stiffener configuration 

Loading combination Total deformation (mm) Equivalent elastic strain  Equivalent (von-Mises) stress (MPa) 

1 17.31 0.00074965 153.09 

1 - 2  17.201 0.0014301 283.86 

1 - 2 - 3 17.306 0.0014309 292.34 

1 - 2 - 3 - 4 10.048 0.0015114 311.71 

For the deformation parameters, the maximum value occurred under load 1 at 17.31 mm. The minimum value occurred 

under loads 1-2-3-4 at 10.048 mm. The values of (𝛿𝑎𝑣𝑒) and (∆𝛿) are 15.466 mm and 7.262 mm, respectively. The (𝛿𝑎𝑣𝑒) 

value is the lowest among all configurations, and the deformation range is also the smallest. This indicates that the triangulated 

stiffener has the highest overall stiffness. In addition, this configuration also exhibits the most stable response to variations in 

load distribution. 

For the equivalent elastic strain parameter, the maximum value occurs at loading stages 1-2-3-4, at 0.0015114. The 

minimum value occurs at loading stage 1, at 0.00074965. The values of (𝜀𝑎𝑣𝑒), (∆𝜀), and (𝜀%) are 0.0012805, 0.00076175, 

and 89.41%, respectively. The (𝜀%) value indicates that the structure remains within an elastic state, although it is higher than 

that of the vertical configuration. 

For the equivalent von Mises stress parameter, the maximum value occurred under load 1-2-3-4 at 311.71 MPa. The 

minimum value occurred under load 1 at 153.09 MPa. The values of (𝜎𝑎𝑣𝑔), (∆𝜎), (𝜎%), (𝜎𝑟𝑒𝑚%), and (SF) are 260.25 MPa, 

158.62 MPa, 87.81%, 12.19%, and 1.14, respectively. Although the maximum stress is higher than that of the vertical stiffener, 

the lower average stress and strain values indicate that the force distribution in this configuration is more efficient. Thus, the 

triangulated stiffener provides the best balance between stiffness, stability, and structural safety. 

4. Discussion 

This section discusses the structural behavior of each stiffener configuration based on the finite element simulation results. 

The discussion focuses on deformation, strain, and stress distribution under different loading conditions. The influence of 

stiffener topology on structural stability is also evaluated. In addition, the force transfer mechanism of each configuration is 

analyzed to identify the most effective reinforcement design for hopper wagon structures. 

4.1  Comparative structural performance 

A comparison of the configurations shows that changes in the stiffener topology directly alter the force distribution 

mechanism and structural response of the hopper wagon. Based on the calculation results, the triangulated stiffener 
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configuration produces the lowest average deformation, namely 15.466 mm, while the vertical stiffener configuration has the 

highest average deformation of 22.3599 mm.  

The reduction percentage in average deformation (𝛿𝑎𝑣𝑒) from the triangulated to the vertical configuration is 30.83%. 

Compared to the rectangular configuration, the reduction percentage in (𝛿𝑎𝑣𝑒) for the triangulated configuration is 25.14%. 

These results indicate that the triangulated configuration provides the greatest improvement in global stiffness. Physically, this 

behavior is due to the triangulation mechanism, which allows forces to be transmitted through more efficient tension-

compression paths, thereby reducing deformation caused by plate bending. 

In terms of average stress (𝜎𝑎𝑣𝑒), the triangulated configuration also demonstrates better performance, with a value of 

260.25 MPa, compared to 261.02 MPa for the vertical stiffener and 302.52 MPa for the rectangular stiffener. The decrease 

percentage in (𝜎𝑎𝑣𝑒) for the triangulated configuration relative to the vertical one is relatively small (0.29%). However, for 

rectangular shapes, the reduction reaches 13.97%. This indicates that the rectangular configuration results in a more uneven 

stress distribution, thereby increasing the overall average stress.  

When compared in terms of maximum stress (𝜎𝑚𝑎𝑥), the vertical stiffener configuration yields the lowest value, at 263.04 

MPa. In contrast, the rectangular stiffener produces the highest (𝜎𝑚𝑎𝑥) of 346.31 MPa, corresponding to an increase of 18.50% 

compared to the vertical configuration. These results show that the vertical configuration remains superior in keeping the 

maximum stress low. However, this advantage comes at the cost of high global deformation.  

The rectangular configuration reduces deformation but results in stresses that approach the material’s yield strength. On 

the other hand, the triangulated configuration exhibits an intermediate maximum stress level but provides a more balanced 

overall deformation and stress distribution. A summary of the derived structural response parameters for the three 

configurations is presented in Tables 6-7. 

Table 6 Summary of derived structural response parameters, part 1 

Configuration Average deformation (mm) Deformation range (mm) Average strain Maximum strain utilization (%) 
Vertical 22.3599 18.7105 0.00127745 77.63 

Rectangular 20.6620 12.1090 0.0014677 99.30 
Triangulated 15.4660 7.2620 0.0012805 89.41 

Table 7 Summary of derived structural response parameters, part 2 

Configuration Average stress (MPa) Maximum stress (MPa) Stress utilization (%) Safety factor 
Vertical 261.02 263.04 74.10 1.35 

Rectangular 302.52 346.31 97.55 1.03 
Triangulated 260.25 311.71 87.81 1.14 

4.2  Critical loading combinations analysis 

The load scenario analysis shows that critical conditions are not always identical for every observed parameter. In the 

vertical stiffener configuration, maximum deformation occurs under loading 1, while maximum stress occurs under loadings 

1-2-3-4. This indicates that localized loading in a single compartment can trigger significant global bending. In contrast, full 

loading increases stress accumulation due to the even distribution of pressure across the entire hopper wall. 

In the rectangular stiffener configuration, the 1-2-3-4 loading case is the most critical condition for both strain and stress. 

The increased stiffness resulting from the grid pattern causes the forces to be concentrated at the intersections of the stiffening 

elements. Consequently, under full loading conditions, the maximum stress increases significantly and approaches the 

material’s yield strength. 

In the triangulated stiffener configuration, maximum deformation still occurs under loading condition 1, while maximum 

strain and stress occur under loading conditions 1-2-3-4. This indicates that although the structure achieves improved overall 

stability, asymmetric load distribution can still result in relatively high deformation under certain conditions. However, the 

overall structural response remains more controlled compared to other configurations. 
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These findings confirm that a multi-compartment loading approach is essential in the analysis of hopper wagons. Uniform 

loading alone is insufficient to represent actual operating conditions, as the most critical structural responses may arise from 

uneven load distributions. 

4.3  Structural mechanics interpretation and design implications 

The performance of each stiffener configuration is significantly influenced by the force distribution paths formed within 

the structure. In the vertical stiffener configuration, forces induced by granular pressure are predominantly transmitted along 

the direction of the vertical stiffeners. This results in relatively low maximum stresses of 263.04 MPa. However, because there 

are no stiffeners in the transverse direction, the hopper plate still experiences significant bending, resulting in the highest 

average deformation of 22.3599 mm among all configurations. In this configuration, nine vertical stiffeners were distributed 

along the hopper wall with an average spacing of approximately 1.1 m. The relatively large unsupported plate regions between 

stiffeners still allow considerable global bending deformation to occur. In general, deformation tends to increase as the spacing 

between adjacent stiffeners becomes larger, as expressed in the following relationship: 

s   (13) 

where 𝛿 represents deformation and 𝑠 represents the spacing between adjacent stiffeners. 

In the rectangular stiffener configuration, the presence of horizontal elements increases the panel’s stiffness and reduces 

deformation. The average deformation decreased to 20.662 mm due to the reduced effective plate span between stiffeners. 

However, the interaction between vertical and horizontal members creates stiff zones at the intersection points. These zones 

act as stress concentration points, particularly under full loading conditions. As a result, the rectangular configuration produces 

the highest maximum stress of 346.31 MPa, with a safety factor of only 1.03. Smaller rectangular grid spacing may further 

reduce plate deformation. Nevertheless, excessive grid density may increase stress concentration near welded intersections and 

connection regions. 

Conversely, the triangulated stiffener configuration operates based on the principle of triangular geometric stability. 

Forces are not only resisted through bending but also distributed through tensile and compressive mechanisms between 

elements. The diagonal members introduce additional load transfer paths, making the plate bending effect less dominant 

compared to the other configurations. This configuration produced the lowest average deformation of 15.466 mm while 

maintaining an average stress of 260.25 MPa. Although the maximum stress reached 311.71 MPa, the overall deformation and 

stress distribution remained more stable under different loading conditions. In general, increasing the number of effective 

stiffening members tends to improve wall stiffness and reduce deformation, as expressed below: 

1

n
    (14) 

where 𝑛 is the number of stiffeners contributing to load transfer. 

Overall, these results demonstrate that the triangulation-based topology holds strong potential for enhancing the structural 

efficiency of hopper wagons. This configuration not only increases stiffness but also keeps the stress distribution within safe 

limits under various loading conditions. The present findings also indicate that stiffener spacing, panel dimensions, and 

reinforcement topology should be considered simultaneously during hopper wall design. Smaller panel dimensions generally 

improve stiffness performance; however, this must be balanced against increased fabrication complexity, welding length, 

structural weight, and manufacturing cost. 

5. Conclusions 

This study investigated the influence of stiffener configurations on the structural behavior of hopper wagons using a finite 

element approach under a multi-compartment loading scenario. The analysis was conducted on three main configurations—
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vertical, rectangular, and triangulated stiffeners—while accounting for the non-uniform distribution of granular material 

pressure to represent more realistic operational conditions. This approach enables the identification of structural responses 

under more complex loading conditions than those associated with uniform distributions. Additionally, this analysis reveals 

how stiffener topology affects force distribution within the hopper structure. The main conclusions obtained are as follows: 

(1) The structural response of the hopper wagon is strongly influenced by the stiffener topology. Different reinforcement 

layouts modify the force transfer mechanism and stiffness distribution, resulting in distinct deformation and stress 

characteristics. 

(2) The vertical stiffener configuration provides a favorable safety margin with relatively low stress levels. However, its 

effectiveness in controlling global deformation remains limited due to the absence of transverse reinforcement. 

(3) The rectangular stiffener configuration enhances structural rigidity by reducing plate deformation. Nevertheless, the 

interaction between vertical and horizontal members tends to create localized stress concentrations, which may reduce 

structural reliability under varying loading conditions. 

(4) The triangulated stiffener configuration promotes a more efficient load transfer mechanism through tensile and 

compressive force paths. This characteristic contributes to a more balanced structural response in terms of stiffness, 

deformation control, and stress distribution. 

(5) The multi-compartment loading approach demonstrates that critical structural conditions do not necessarily occur under 

fully loaded conditions. Therefore, non-uniform loading scenarios should be considered to better represent the actual 

operating conditions of hopper wagons. 

(6) Overall, the triangulated stiffener configuration exhibits the most balanced structural performance among the 

configurations evaluated. This approach offers significant potential for improving stiffness, stability, and structural 

efficiency. 

(7) Future research should focus on optimizing stiffener spacing, quantity, and geometric dimensions to further improve 

structural efficiency. The effects of dynamic loading, fatigue behavior, material nonlinearity, and experimental validation 

should also be investigated. These aspects are expected to provide a more comprehensive understanding of hopper wagon 

structural performance under real service conditions. 
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