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Building An Ecological Port 
Loading Bunker to Mitigate 
Environmental Pollution in 
Maritime Transport 
 

This study analyses the 100 m³ ‘Ecological Port Loading Bunker,’ a 

novel development in Turkey with the objective of addressing 

environmental pollution associated with bulk material logistics in ports, 

exacerbated by globalization. It also seeks to minimize material waste and 

ensure safe transportation processes. The calculations pertaining to the 

bunker at Samsun port are outlined; finite element analyses concerning the 

structural rigidity of the construction are elaborated, and field activities 

are corroborated through multiple engineering studies. Theoretical 

calculations were supplemented by FEM (Finite Element Method) analyses 

to assess the static behavior of the bunker and its response to dynamic 

loads. This study included an evaluation of the system's dynamic 

performance through modal analysis, as well as combined design, shear, 

and deflection controls for the steel columns and beams within the 

structural frame. The analysis involved examining the ratio of the 

maximum values of the relative load combinations to the limit values, 

revealing that this ratio was consistently below 1 for all columns and 

beams. The results indicate that the developed ecological port loading 

bunker has been theoretically validated and is a safe structural element in 

the field. 

 

Keywords: Port Bunker; Finite Elements; Port Operations; Green 

Port; European Green Deal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
1.  INTRODUCTION 

 

Materials such as coal, iron ore, nickel ore, 

and phosphate are usually transported by sea in 

powdered and granulated forms. During shipment at 

ports, products stored in piles produce large amounts 

of dust under the influence of wind or during 

transport, causing environmental pollution, damage 

to the natural habitats of living creatures in the 

surrounding area, and negative effects on ecological 

resources in the vicinity. Olaf Merk, Director of Ports 

and Maritime Transport at the International Transport 

Forum (ITF) of the OECD, has asserted that the only 

ports capable of sustaining essential operations in the 

future are smart ports that optimize space, financial 

resources, time, and natural resources [1]. This study 

presents the development of an ecological port  

 

 

 

loading bunker aimed at mitigating environmental 

pollution in ports, reducing material waste, and 

enhancing logistics efficiency. 

 

While direct environmental impact assessment 

(EIA) reports or academic papers on Ecohoppers are 

rare, numerous studies exist regarding the overall 

environmental advantages of dust control technology. 

Ecohoppers exemplify a direct application of these 

major benefits. Sources like Environmental Impact 

Assessment [2] and Baseline Monitoring in 

Environmental Impact Assessment (EIA) emphasize 

the significance of EIA procedures and air quality 

monitoring criteria. Ecohoppers positively influence 
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assessments by diminishing particulate matter 

(PM10, PM2.5) emissions. 

 

Yorulmaz et al. [3] conducted studies on 

sustainability aimed at minimizing the environmental 

impacts of port operations, which serve as a critical 

link in international freight transport, as evidenced by 

a review of national and international publications. 

Mısır et al. [4] examined the lateral loads induced by 

wind and wave loads, along with those occurring 

during ship berthing and mooring, in the context of 

port design. They simulated the actual lateral load-

displacement behavior utilizing Plaxis 3D finite 

element software. The analyses accurately 

represented the lateral load-displacement behavior of 

the piles observed during the loading test. Yılmaz [5] 

conducted a study estimating wind, Coriolis force, 

wave, tidal, and density-driven currents in the coastal 

region of Samsun Bay. He utilized the 

HYDROTAM-3D three-dimensional hydrodynamic, 

turbulence, and transport numerical model and 

validated the results with physical parameters and 

measurements. 

 

Briassoulis [6] investigated the loads relevant 

to the design of silos and bunkers, emphasizing the 

necessity of conducting wind analysis, particularly 

when the structure is empty and across various 

sections of the bunker. He supported this assertion by 

indicating that deformations and buckling are more 

prevalent at the upper sections of the structure. 

Aoyama et al. [7] noted that wind loads exhibit local 

variation, necessitating an assumption for their 

analysis. Wojcik et al. [8] utilized finite element 

modeling to analyze the impact of lateral pressure on 

stresses within the silo during product discharge. 

Their results indicate that maximum stress is 

observed during the transition phase, with 

deformations primarily directed outward. Brown et 

al. [9] pointed out that two key pressures (pressure 

against the walls and friction) affect the hopper when 

products are discharged from the bunker and that it's 

important to take into account horizontal pressures, 

stresses, friction, and the weight of the product when 

designing the hopper. Gençay [10] developed a 

model under identical conditions and performed 

analyses utilizing three distinct software programs: 

STA4-CAD, SAP2000, and İdeCAD. The analyses 

yielded comparisons of values, including floor 

weights, earthquake masses, floor irregularities, and 

vibration periods. The analysis indicated that the 

program yielded comparable outcomes in key 

metrics, including irregularities and displacements. 

The İdeCAD and STA4CAD programs are more 

user-friendly and practical compared to the SAP2000 

program. This advantage is attributed to their 

integrated menus that support design compliance with 

regulations and their capacity to quickly calculate and 

present necessary data, including analysis and 

measurements. 

 

Shen et al. [11] performed experimental and 

numerical investigations to quantify the dust 

concentration in dust suppression hoppers (DSHs) of 

varying geometries. A scaled test rig was employed 

to quantify dust concentration, so assessing the dust 

suppression efficacy of DSHs and identifying the 

affecting elements. It was noted that the design 

attributes of the hopper, including the half-angle, 

outlet opening, and outlet diameter, may substantially 

influence dust suppression efficacy and dust 

management. Colinet et al. [12] established through 

their research that the Dust Suppression Hopper 

(DSH) diminished airborne respirable dust 

concentrations by 39% to 88%, as assessed at two 

sand processing plants by the U.S. National Institute 

for Occupational Safety and Health (NIOSH). Upon 

discharge from the hopper, the product manifests as a 

concentrated column instead of an uncompressed 

flow, therefore minimizing air entrainment and dust 

dispersion.  Zhang et al. [13] established an 

experimental model and measuring system for grab 

discharge utilizing coal, sand, and flour, wherein the 

interactions among particles, dust, and airflow 

throughout the discharge process were analyzed in 

more depth. They assessed the dust dispersion range, 

velocity and direction of dispersion, settling time, 

dust concentration, and induced wind speed at several 

measurement locations. Vaicis et al. [14] examined 

the particle flow via the hopper nozzle under varying 

settings based on vibration frequency. A frequency 

analysis of the dust hopper was conducted using a 

basic FEM model. 

 

Upon examination of national and 

international patents in the research, it was noted that 

patent no. [CN 2022/115180431A] pertains to an 

unmanned grain loading system and control method 

associated with a port hopper. This patent employs 

multi-sensor management and processing techniques 

to enhance operational efficiency and facilitate 

digitalization. The patent [DE 2001/19947739A1] 

describes a method and apparatus for loading bulk 

materials into mobile containers, including vehicles. 

The objective is to ascertain the container's 

dimensions through the use of a laser scanner to 

facilitate uniform loading and establish a specific 

unloading protocol. 

 

The patent [SU 1986/1234326A1] pertains to 

the mechanization of loading processes. The system 

comprises a dosing device, hopper, and conveyor 

feeder for the loading of diverse bulk, granular, and 

lumpy materials. The patent CN 2019/110104460A 

pertains to a system designed for the loading and 

unloading of recyclable dust. The system comprises a 

silo, a dust screen, a primary discharge channel, a 
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dust conveyor, and several dust collection machines. 

The patent [CN 2024/118978035A] describes a 

movable, double-opening discharge hopper that is 

capable of weighing. The invention facilitates the 

discharge of material from a stationary location into a 

loading vehicle or directly from the vehicle. 

 

The study utilises FEM (Finite Element 

Method) analyses to evaluate the theoretical 

calculations of the port loading bunker design, the 

static behavior of the bunker, and its dynamic 

behavior under the influence of various dynamic 

loads acting upon it. This contributes to the literature 

by examining structural analyses in a multifaceted 

manner, evaluating the dynamic performance of the 

system through modal analysis, and performing 

combined design, shear, and deflection checks for the 

steel columns and beams within the structural frame. 

2. MATERIAL AND METHOD  

 

The study conducted static and modal analyses 

on the ecologically designed port loading bunker 

(Figure 2), utilizing ideCAD finite element analysis 

to assess the loads impacting the structure.  

 

The ecological port loading bunker, subject to 

static and dynamic analyses, features a volume of 100 

m³ and is mounted on a steel construction chassis 

approximately 5 m above ground. Its frame structure 

comprises a grid and Flex-Flax at the entrance of the 

internal chamber (Figure 3). Table 1 presents the 

design parameters of the ecological port loading 

bunker. The steel grades employed are St 37 and St 

44.  

 

 

 
 

Figure 1. Ecological Port Loading Bunker 

 

 
Figure 2. Angled Closure System (Flex-Flap) 
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Figure 3. 3D Design of Ecological Port Loading Bunker 
 

 
Table 1. Ecological Port Loading Bunker Design 

Parameters 

 
The comprehensive study of the system 

delineates the loads affecting it and various 

combinations of these loads, as seen in Table 2. 

 
Table 2. Loading and Combination 

 
 
2.1.Static Analysis 

 

Finite element analyses of the structure were 

conducted utilizing the IdeCAD and IdeaStatiCa 

software. Because the IdeCAD program assumes that 

the column-beam joints are completely rigid, Karayer 

et al. [15] used Idea Statica to analyze the 

connections between the columns and beams in the 

structure. The example below illustrates the analysis 

of a connection pertaining to the structure in our 

study. Figure 4 presents an example of a column-

beam connection. Tables 3, 4, and 5 present the input 

data for the connection analysis. 

 
 

Figure 4. Column Beam Connection 

 

Tension, shear, and bearing resistance 

calculations were carried out for a connection bolt in 

the column-beam connection shown in Figure 4 (e.g., 

B2) and verified in compliance with the Specification 

for Structural Steel Buildings (ANSI/AISC 360-22) 

[16]. 
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Table 3. Geometry, Material and Support Description 
 

 
 

Table 4. Bolts 

 
 

Table 5. Load Effects (forces in equilibrium) 
 

 
 

 

Detailed result for B2: 

Tension resistance check (AISC 360-22 – J3-1) 

ϕ  = ϕ ⋅  ⋅   = 203,4 kN ≥ = 36,1 kN

 where: 

  =600 MPa   – nominal tensile stress AISC 

360-22 – Table J3.2 

452     – gross bolt cross-sectional 

area 

ϕ = 0.75               – resistance factor 

Shear resistance check (AISC 360-22 – J3-1) 

ϕ  = ϕ ⋅ ⋅    = 152.7 kN ≥ V = 0.3 kN; 

 where 

Fnv = 450,4 MPa   – nominal shear stress AISC 

360-22 – Table J3.2 

Ab = 452 mm2       – gross bolt cross-sectional 

area 

ϕ =  0.75              – resistance factor 

 

Bearing resistance check (AISC 360-22 – J3-6) 

= 1, 20 ⋅  t ⋅  ≤   2, 40 ⋅ d ⋅ t ⋅        

ϕ = 371.2 kN  ≥ V = 0.3 kN;  where: 

38 mm        clear distance, n the direction 

of the force, between the edge of the hole and 

the edge of the adjacent hole or edge of the 

material 

t = 30 mm           – thickness of the plate 

d = 24 mm          – diameter of a bolt 

 = 360,0 MPa – tensile strength of the 

connected material 

ϕ = 0.75             – resistance factor for bearing 

at bolt holes 

 

Interaction of tension and shear check 

(AISC 360-22 – J3-2) 

The required stress, in either shear or tension, 

is less than or equal to 30% of the corresponding 

available stress and the effects of combined stresses 

need not to be investigated. 

 

The results from these calculations are 

presented in Table 6 (e.g., B2 in the first row), and 

the corresponding equivalent stress graph for this 

connection is illustrated in Figure 5.  
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Table 6. Bolts Analysis Results 

 
 

 
Figure 5. Equivalent stress, LE1 

 

The static analyses conducted on the final 

design of the ecological port bunker included 

assessments of deflection, shear capacity, and 

composite design for the chassis steel beams; the 

resulting displacements and internal forces within the 

structure were evaluated. 

 

St 44-St 37 has been specified as the material 

for the bunker structure and supplementary steel 

components. During design verification, it was 

determined that the structure was adequately 

designed when the PMM ratio (the ratio of the 

capacity demanded by a structural element to the 

available capacity of the cross-section) remained 

below 0.9 for the most critical load combinations of 

axial load and bending moments in opposing 

directions under its own weight (internal forces) 

(Figure 6), and subsequently when the bunker was 

fully loaded (under axial loads) to evaluate its static 

behavior (Figure 7). Total structural mass: 324.65 t.  

 

Figure 6 illustrates the stresses generated in 

the chassis group, color-coded based on the 

percentage of the yield stress value of the steel 

material. The profiles experiencing the greatest stress 

are depicted in yellow in the illustration. The lack of 

red-colored profiles signifies that the construction is 

secure. 

 

 
Figure 6. Stresses Induced by Its Own Weight 
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Figure 7. Axial loads in the vertical direction 

when the bunker is completely full 

 

Figure 7 indicates that the bunker has a 

constant weight of 64 tonnes, whereas its weight 

when filled is 165.3 tonnes. The red color in the 

illustration denotes compressive forces, whereas the 

yellow color signifies tensile forces. Figure 8 

illustrates the deformations in the structure resulting 

from external (wind) forces in the Y and X axes. The 

estimations of wind force took into account the 

average speed of the wind in the plant's surrounding 

area. 

 
2.2. Modal Analysis  

 

The targeted dynamic participation ratio 

indicates the contribution of a specific vibration 

mode to the total mass, facilitating the analysis of 

structural response to dynamic loads, including 

earthquakes. ‘Modal Mass Participation Ratios’ 

represent the fractions of the total mass of a structure 

that are affected by designated modes during an 

earthquake in a specific direction. These ratios aim to 

exceed a specified threshold (e.g., 95%). The analysis 

determined the minimum ratio for the total structure 

mass, establishing a maximum value of 0.95.  

 

In the modal analysis, the structure's center of 

mass was displaced by 5% in the +Y, -Y, +X, and -X 

directions, and a dynamic analysis was carried out 

(Figure 9). For each analysis, the modal periods and 

frequencies, natural mass in degrees of freedom, 

modal participation factors, and modal mass 

participation ratios were calculated. 

 

In the study, 45 modes were found, and 

eigenvalues and angular frequencies have been 

calculated to elucidate the dynamic behavior of the 

system utilizing modal frequency and period values. 

The system's natural frequency values were 

ascertained (Table 8). 

 

 

 
 

Figure 8. Structural Displacements Resulting from External Forces 
a) along the Y axis  b) along the X axis 
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Figure 9. Shifting of the centre of mass in the X and Y directions 
 

Table 7. Natural Masses in Degrees of Freedom 
 

 
 

 
Table 8. Modal Period and Frequency 

 

 
 

The modal participation factor, calculated 

individually for each mode, illustrates the interaction 

between the mode shape and the mass distribution, as 

well as the potential for movement in response to 

external excitation (Table 9). 

 

Modal participation factors are used to 

calculate modal mass participation ratios (Table 10). 

This ratio indicates what percentage of the total mass 

is activated by a specific mode. In earthquake 

regulations (e.g., Turkish Building Earthquake 

Regulation—TBDY), the number of modes to be 

considered in dynamic analysis is subject to the 

condition that the total modal effective mass 

participation ratio reaches at least 90% (or 95% in 

some regulations) in both horizontal earthquake 

directions. This ensures that the analysis covers all 

important vibration behaviors of the structure. 

 
3.  RESULTS 

 

This research presents the design and 

production of an "Ecological Port Loading Bunker," 

which significantly influences national and 

international trade in bulk commodities across sectors  

 

 

including mining, aggregates, ore, agriculture, and 

grain. This study includes all calculations pertinent to 

the developed ecological bunker. It encompasses 

theoretical calculations, the static behavior of the 

bunker, its response to dynamic loads (such as 

moving loads, vertical seismic loads, and wind 

loads), and an analysis of the system's dynamic 

performance through modal analysis of the structural 

system. Additionally, a comprehensive design 

assessment of the steel columns and beams within the 

structural frame has been conducted. 

 

The static analysis examined the stresses and 

deformation patterns that may arise in the structure 

under static and dynamic loads. Consequent to the 

dynamic analysis, comprehensive design 

verifications, shear capacity assessments, and 

deflection evaluations were conducted and 

documented for each column and beam inside the 

structure under the most adverse load combinations 

possible. 

 

The safety of the structure was assessed by 

integrated design checks, verifying that the ratio of 

estimated axial, major axis bending, and minor axis 

bending values to the permitted strength value was 

below 1, with findings presented in Table 11. The 

shear capacity assessment revealed that the ratio of 

the load value (ϕ) imposed on the structure under 

unfavorable load combinations to the maximum load 

value (ϕ) that the beam/column can withstand is less 

than 1, and this has been documented. Table 12 

presents the load values and the /ϕ ratio, whereas 

Table 13 displays the deflection check data. In beam 

deflection control, the deflection limit (sudden 

deflection limit value induced by moving loads) is 

established according to the ratio of the beam span 

(ln) to 360. The calculations conducted throughout 

the analysis verified that the service loads applied on 

the beam adhered to the deflection limit value. 
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Table 9. Modal Participation Factor 

 

 
 

 
Table 10. Modal Mass Participation Ratio 

 

 
 

 
Table 11. Integrated design checks 
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Table 12. Shear capacity control 

 

 
 

Table 13. Deflection control 

 

 
4.  DISCUSSION 

 

The Ecological Port Loading Bunker proposed 

includes: 

Enclosed Conveying Systems: Utilize fully enclosed 

systems, including covered belt conveyors, 

pneumatic systems, or enclosed screw conveyors, to 

transport bulk commodities to and from the bunker, 

therefore reducing dust emissions during transit. 

 

Sealed Transfer Points (Drop Points): All 

locations where material is transported from one 

piece of equipment to another (e.g., conveyor to 

bunker) must be dust-tight, employing seals, flexible 

connectors, or dead boxes that compel the material to 

descend onto a settled layer, therefore minimizing 

drop height and impact velocity. 

 

The dust extraction system to be incorporated 

in the subsequent phase of the project will be an air 

extraction system that removes air from within the 

bunker and collects it. Upon the pile's descent into 

the bunker, the air volume will alter, and the air will 

undergo purification through a succession of external 

jet-pulse filters. Initial design efforts pertaining to 

this feature have been conducted within the project 

timeline. The project is amenable to additional 

development and acts as a basis for forthcoming 

research and development initiatives. One of the 

developmental objectives to be implemented after 

project completion is to reduce dust dispersion by 

85%–90% in a traditional bunker [17] by installing a 

filter-assisted suction system in the gaps. (“A” in 

Figure 2). 
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