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Abstract: This study investigates the impact of Gum Arabic on the geotechnical properties of subgrade soil 

materials, a non-traditional soil stabilization technique. Given the need for sustainable and locally 

available alternatives in road construction, the study aims to assess how different percentages of Gum 

Arabic affect the physical and mechanical behavior of soil. The research aims to provide sustainable 

and locally available alternatives in road construction. Three soil samples were treated with varying 

percentages of Gum Arabic, (1.5%, 3%, 6% and 12%), and standard geotechnical tests were 

conducted under both soaked and unsoaked conditions. The results showed that the average natural 

moisture content of the soils was 7.9%, 2.2%, and 4.6%. The addition of Gum Arabic increased the 

peak maximum dry density of the soil samples by 8.02%, 1.88, and 7.88%. The maximum unsoaked 

California Bearing Ratio (CBR) values of soil samples were 32.1%, 81.7%, and 48.7%, respectively. 

Whereas, maximum soaked CBR values of soils S1, S2 and S3 obtained at 1.5%, 6% and 1.5% 

additions of gum Arabic were 8.4%, 28.7% and 16.9% respectively. The study recommends using 3% 

Gum Arabic to improve the CBR property of soil samples. The application of Gum Arabic showed 

significant improvements in soil behavior under both soaked and unsoaked conditions. 
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I. INTRODUCTION 

As infrastructure development expands globally, 

especially in regions with limited access to 

conventional construction materials, there is a 

pressing need to explore alternative materials that 

are both cost-effective and environmentally friendly. 

Alternative materials like expansive clay can offer 

cost-effective solutions, especially in regions where 

conventional materials are scarce or expensive [1]. 

By utilizing locally available materials like 

expansive clay, construction costs can be reduced, 

making infrastructure development more affordable 

[2]. However, expansive clay, known for its high 

shrink-swell potential, can cause significant damage 

to structures if not managed properly. Expansive 

soils are always troublesome to employ as a 

construction material for roads, due to their 

significant volume expansion caused by water [3]. 

This expansion can lead to significant damage to 

structures and infrastructure, including roads, 

buildings, and bridges. It has always been difficult to 

build pavements over subgrades of expansive and 

soft soil as a result of the limited bearing capacity 

and severe swelling characteristics of these soils. 

The use of Gum Arabic in geotechnical 

engineering has gained significant attention in recent 

years due to its potential benefits in improving the 

properties of subgrade materials. This natural 

biopolymer has been shown to enhance the stability, 

strength, and durability of soil, making it a promising 

additive for geotechnical applications [4]. Gum 

Arabic, a natural exudate obtained from Acacia 

trees, has been found to have unique properties that 

can enhance the strength and stability of subgrade 

soils. One of the key advantages of Gum Arabic is 

its ability to increase the cohesion and plasticity of 

soils, leading to improved compaction and stability. 

This can be particularly beneficial in areas with poor 

soil conditions, where traditional stabilization 
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methods may not be effective. By adding Gum 

Arabic to subgrade materials, engineers can achieve 

higher strength and better performance in terms of 

load-bearing capacity and settlement control. In 

addition to its mechanical properties, Gum Arabic 

has also been found to have a positive impact on the 

hydraulic conductivity of soils. By forming a film 

around soil particles, Gum Arabic can reduce water 

infiltration and improve drainage, leading to better 

overall performance of the subgrade materials [5]. 

Furthermore, Gum Arabic is a sustainable and 

environmentally friendly alternative to chemical 

stabilizers commonly used in geotechnical 

engineering. Its natural origin and biodegradability 

make it a preferred choice for projects that prioritize 

environmental sustainability. 

Subgrade materials, which are essential for the 

stability and longevity of roads, often require 

enhancement to meet engineering standards. 

Subgrade materials must meet specific engineering 

standards to ensure the stability and longevity of 

roads [4]. The subgrade layer in road construction is 

critical for providing structural support to the 

pavement. Its properties directly impact the overall 

durability and performance of the road.  Problematic 

subgrade soils like expansive clays, peat, and marine 

clay can cause significant issues for road 

construction [4]. These soils have undesirable 

engineering qualities like inadequate strength, 

overbearing consolidation, and volume fluctuations 

with moisture content. Expansive clays, in 

particular, can undergo substantial swelling and 

shrinking with moisture fluctuations, leading to 

severe structural damage and reduced bearing 

capacity. However, with appropriate stabilization 

methods, such as lime or cement treatment, its 

negative effects can be mitigated, making it a viable 

construction material [1].  

Traditional methods of subgrade stabilization 

often rely on costly and sometimes environmentally 

harmful materials such as cement and synthetic 

polymers [6]. These materials are commonly used 

because they tend to enhance the engineering 

properties of subgrade soils, such as strength, 

stiffness, and drainage. However, their use can have 

significant environmental and economic impacts [7, 

8]. Traditional stabilization techniques often involve 

the use of lime, cement, or chemicals which improve 

soil properties by enhancing strength, reducing 

compressibility, and minimizing volume changes 

[9]. However, these methods can be costly and 

environmentally taxing, especially in regions where 

these materials are not readily available. The 

increasing costs and environmental concerns 

associated with conventional subgrade stabilization 

methods necessitate the exploration of alternative 

materials that are both effective and sustainable. 

Traditional stabilizers such as cement, lime, and 

synthetic polymers, while effective, contribute to 

high construction costs and significant 

environmental impacts due to their production 

processes and long-term degradation [10].  

Given the high expense of conventional building 

materials, there is a growing need to explore cost-

effective and environmentally friendly alternatives. 

Utilizing locally available materials, such as 

expansive clay, can reduce construction costs and 

make infrastructure development more affordable 

[2]. However, innovative stabilization methods are 

required to address the inherent issues associated 

with these soils. Gum Arabic, a natural 

polysaccharide derived from the sap of Acacia trees, 

has long been valued for its versatility and utility in 

various industries, including food, pharmaceuticals, 

and textiles [11, 12]. Recently, there has been 

growing interest in its potential applications in 

geotechnical engineering [13]. Gum Arabic, derived 

from the sap of Acacia trees, offers a biodegradable 

and sustainable solution for soil stabilization. Its 

potential to enhance the geotechnical properties of 

expansive clays and other problematic soils is 

explored, aiming to improve their strength, stability, 

and resistance to moisture-induced volume changes. 

Gum Arabic offers a natural, biodegradable 

alternative that can enhance soil strength, reduce 

compressibility, and improve stability against 

moisture changes [11, 13]. Gum Arabic, with its 

unique chemical properties, presents a promising 

solution for improving the geotechnical properties of 

subgrade materials used in road construction and 

other foundational infrastructure projects. 

The use of natural materials in geotechnical 

engineering has gained significant attention in recent 

years. [14] investigated the use of precipitated silica 

from rice husk to improve the properties of black 

cotton soil. The study included various tests to 

evaluate the plasticity, strength, permeability, and 

compressibility characteristics of the treated soil 

samples. Similarly, [15] examined the geotechnical 

properties of drinking water sludge blended with 

crushed concrete and incineration ash for road 

subgrade suitability. Laboratory tests were 

conducted to assess compaction, California bearing 

ratio, undrained triaxial compression, and 

consolidation of the materials. In the realm of 

material science, [16] explored the application of 

cashew tree gum on the production and stability of 

spray-dried fish oil. The study focused on the 

physical and thermal properties of the fish oil with 

different carbohydrates as carriers. Additionally, 

[17] investigated the influence of modified starches 

as wall materials on the properties of spray-dried 

lemongrass oil. The study found that oil retention 

increased when gum arabic was partially replaced by 

OSA-starch. Furthermore, the synthesis and 

characterization of chitosan/gum arabic 

nanoparticles for bone regeneration were studied by 

[18]. The scanning electron microscopy study 
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revealed the structure of the nanoparticles, 

highlighting the potential application of these 

materials in biomedical fields. Additionally, [5] 

described gum arabic as a multi-functional binder for 

the fabrication of NiFe2O4 nanotube electrodes, 

showcasing its potential in lithium-ion and sodium-

ion batteries. While the literature primarily focuses 

on the application of natural materials in various 

fields, such as geotechnical engineering and material 

science, there is a gap in research regarding the 

specific application of gum arabic on the 

geotechnical properties of subgrade materials. [19] 

conducted an experimental study on the potential 

suitability of natural lime and waste ceramic dust in 

modifying the properties of highly plastic clay, 

indicating the importance of exploring natural 

materials for soil stabilization. This highlights the 

need for further research on the application of gum 

arabic in enhancing the geotechnical properties of 

subgrade materials. 

In the engineering discipline, the stability and 

durability of road pavements are heavily influenced 

by the geotechnical properties of subgrade materials. 

Subgrade performance, which includes strength, 

compressibility, and permeability, plays a crucial 

role in the longevity and safety of transportation 

infrastructure. Traditional methods of improving 

subgrade properties often involve chemical 

stabilization using lime, cement, or other additives, 

which can be expensive, environmentally taxing, and 

sometimes ineffective in specific soil conditions. In 

many developing regions, especially in areas with 

limited access to conventional stabilizing agents, 

there is a growing need for alternative, sustainable, 

and cost-effective materials to enhance subgrade 

performance. Gum Arabic, a natural polysaccharide, 

has shown potential in various industrial applications 

due to its adhesive properties, but its potential as a 

stabilizing agent in geotechnical engineering 

remains underexplored. The lack of comprehensive 

studies on the impact of Gum Arabic on the 

geotechnical properties of subgrade materials poses 

a challenge to understanding its effectiveness, 

optimal usage, and long-term benefits in road 

construction. 

This research seeks to investigate the efficacy of 

Gum Arabic in improving the geotechnical 

properties of subgrade materials, potentially offering 

a sustainable and economical option for 

infrastructure development. The objective of this 

study is to investigate the effects of Gum Arabic on 

the geotechnical properties of subgrade materials, 

including soil strength, compaction characteristics, 

permeability, and durability. This research will also 

contribute to the scientific basis for the application 

of Gum Arabic as a viable alternative for subgrade 

stabilization, particularly in regions where 

traditional stabilizers are not feasible. 

II. METHODOLOGY 

Three soil samples (clay, sandy and the 

combination of clay and sandy soil) were obtained. 

These soil samples are represented by S1, S2, and 

S3. With S1, S2, and S3, representing clay, sandy, 

and the combination of the clay and the sandy soils 

in the ratio 1:1 respectively Gum Arabic in 

percentages of 1.5%, 3%, 6%, and 12% of the soils 

weight is added to the soil, the properties of the soils 

will be determined to appraise the influence of the 

different additions of Gum Arabic to the soils. The 

gum arabic used and mix ratio of formulation used 

are shown in Fig. 1 and Table 1 respectively.  

 

Figure 1. Gum arabic 

Table 1. Mix ratio formulation of soil samples 

Gum 

Arabic 

(%) 

Clayey 

soil  

(g) 

Sandy 

soil 

(g) 

Mixture of the 

two sample 

(g) 

1.5 4925 4925 4925 

3.0 4850 4850 4850 

5.0 4700 4700 4700 

12.0 4400 4400 4400 

The tests employed in this research includes, 

Moisture Content Test, Specific Gravity Test, 

Particle Size Distribution Test, Atterberg Limit Test, 

Compaction Test (British Standard Light) and 

California Bearing Ratio Test (CBR). The tests’ 
citations noting the standard procedure to be 

followed in performing all the listed tests are 

presented in Table 2. 

1. Specific Gravity Test 

The density bottle, was dried at a temperature of 

105°C, cooled in a desiccator and weighed to the 
nearest 0.001g (W1). Oven-dried soil sample was 

poured into the bottle, and mass of bottle + soil was 

noted (W2). Distilled water was poured into the 

bottle, and the soil sample was left to soak for a 

period of 2 to 3 hours to become completely 

saturated. Water was added to fill the bottle to about 

half its capacity. To remove entrapped air, the 

density bottle with its stopper removed was heated 

on a water bath. The soil inside the density bottle was 

gently stirred with a clean glass rod, and any 

adhering particles were carefully washed off from 
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the rod with a few drops of distilled water to prevent 

loss of soil particles. This process was repeated until 

no more air bubbles were observed in the soil-water 

mixture. The temperature inside the bottle was 

carefully observed and recorded. The stopper was 

then inserted into the density bottle, wiped clean, and 

weighed (W3). Subsequently, the bottle was emptied, 

thoroughly cleaned, and filled with distilled water at 

the same temperature. The stopper was inserted into 

the bottle, wiped dry on the outside, and then 

weighed (W4). Three observations were recorded for 

the same soil using this procedure. 
 𝐺 = (𝑊2 − 𝑊1)(𝑊4 − 𝑊1)  − (𝑊3 −  𝑊2) (1) 

2. Moisture Content Analysis 

Using the pycnometer method, the pycnometer 

was washed, cleaned, and dried. The pycnometer 

along with its brass cap and washer, was weighed to 

an accuracy of 1g and recorded as (W1). A wet soil 

specimen weighing between 200g to 400g was then 

placed into the pycnometer and weighed with its cap 

and washer (M2). Water was filled into the 

pycnometer containing the wet soil specimen to 

approximately half its height. The mixture was 

thoroughly stirred using a glass rod, and additional 

water was added and stirred until the pycnometer 

was filled with water, flushing through the hole in 

the conical cap. Subsequently, the pycnometer was 

dried externally and weighed (M3). Afterwards, the 

pycnometer was emptied, meticulously cleaned, 

filled with water, and weighed again after flushing 

through the hole in the conical cap (M4). The 

moisture content was calculated using Eq. (2). 𝑊 = 𝑀2 − 𝑀1𝑀3 − 𝑀4 ∙ [𝐺 − 1𝐺 − 1] ∙ 100 (2) 

where M1, M2, M3, and M4 represent the respective 

masses as described in the procedure for determining 

moisture content using the pycnometer, and G 

denotes the specific gravity of the soil solid. 

3. Atterberg Limit Test (Liquid Limit Test) 

By undoing the two top screws and utilizing a 

gauge or the grooving tool's handle, the liquid limit 

device's cup's drop was adjusted. The drop was 

precisely set to 1 cm at the base's point of contact, 

and the screws were tightened after adjustment. 

Approximately 120g of the air-dried soil sample 

passing through a 425 micron IS sieve was taken. A 

consistent mix was achieved by thoroughly mixing 

the soil sample with distilled water in an evaporating 

dish or glass plate for about 15 to 30 minutes. The 

mixture was then kept under humid conditions to 

ensure uniform moisture distribution for a sufficient 

amount of time, with some fat clays requiring up to 

24 hours of maturing time. 

A part of the dried paste was removed and properly 

mixed again. After that, a spatula was used to insert 

it inside the device's cup, and a straight edge or 

spatula was used to level it so that the maximum 

thickness point had a minimum soil depth of 1 cm. 

The evaporating dish was used to hold any extra dirt. 

Using the proper instrument, a groove was carved in 

the sample inside the cup. With the tool held 

perpendicular to the cup, the grooving tool was 

pulled through the paste in the cup along the 

symmetrical axis, that is, along the diameter through 

the cup's center line. The device's handle was rotated 

at a speed of two revolutions per second, and the 

number of blows was tallied until the soil specimen's 

two halves made contact at the bottom of the groove 

over a distance of 12 mm as a result of flow rather 

than sliding. Then, using a spatula width-wise from 

one edge to the other of the soil cake, perpendicular 

to the groove, a representative sample of the soil was 

taken. This includes the area of the groove where the 

dirt filled it in and sealed it. After being taken out of 

the cup, the soil residue was combined with the dirt 

that remained in the evaporating dish. 

In order to change the water content of the mix in 

the evaporating dish, either more water was added or 

the soil was kneaded if the desired water content was 

to be lower. Dry soil was not added to reduce the 

water content in any case. The process was repeated 

to determine the water volume (w) and the number 

of blows (N) in each sample. A flow curve between 

log N and w was drawn, and the liquid limit was 

determined based on the analysis. 

Table 2. Test citation 

Serial Numbers Tests Methods 

1 Specific gravity IS 2720 Part 3, Section 2 (1981) 

2 Moisture content (%) IS 2720 Part 2 (1973). 

3 Atterberg limits (%) IS 2720 Part 5 (1970) 

4 Particle size distribution (mm) IS 2720 Part 4 (1975) 

5 Compaction test (Standard Proctor) (g/cm3 and %) IS 2720 Part 3, Section 2 (1981) 

6 California Bearing Ratio (%) IS 2720 Part 16 (1987) 
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4. Plastic Limit Test 

20g of soil sample was taken from liquid limit 

sample. By spreading and mixing the soil repeatedly 

on a glass plate or in a mixing/storage dish, the water 

content of the soil was lowered to a consistency that 

allowed it to be rolled without clinging to hands.  

From the plastic limit specimen, 1.5 to 2.0g of soil 

was selected and made to form an ellipsoidal bulk. 

With just enough pressure, the mass was rolled 

between the palm or fingers and a ground glass plate 

to create a thread that had the same diameter all the 

way through. The diameter of the thread was further 

adjusted on each stroke until it reached 3.2 mm, with 

the rolling rate typically set at 80-90 strokes per 

minute. Once the thread reached a diameter of 3.2 

mm, it was broken into multiple pieces, squished 

together, then kneaded between each hand's thumb 

and index finger before being reshaped into an 

ellipsoidal mass in preparation for rolling again. The 

rolling, gathering, kneading, and rolling procedure 

was repeated until the thread could no longer 

maintain a 3.2 mm diameter and disintegrated under 

the necessary rolling pressure. The pieces of 

crumbled thread were collected and put in a 

container with a known mass; it was then covered 

immediately. After that, another 1.5–2.0g amount of 

soil was extracted from the plastic limit specimen, 

and the process was repeated until at least 6g of soil 

was in each container. 

5. Sieve Analysis 

The test was conducted by arranging the sieve set 

including the pan and lid to form a sieving column, 

with the aperture diameters decreasing from top to 

bottom. After being added to the sieve column, the 

aggregate sample was vigorously shaken with a 

mechanical shaker. Subsequently, the sieve stack 

was separated one after the other, and each sieve was 

manually shaken to ensure no material was lost. The 

retained materials on each sieve and in the pan were 

weighed and recorded. 

6. Compaction Test 

A suitable amount of representative soil was 

removed, allowed to dry naturally, and then crushed 

with a rubber mallet. After that, the dirt was put 

through a No. 4 sieve, and any particles that were left 

behind were removed. A sample of soil weighing 

about 3 kg was chosen, and water was added to lower 

the soil's water content down to roughly 5% less than 

the estimated ideal moisture content. A 4% initial 

water content was ideal for coarse-grained soil while 

a 10% beginning water content was intended for 

fine-grained soil. Water and soil were well 

combined. After cleaning, the mold's height, 

diameter, and weight were determined without the 

collar.  After that, the collar was put on, and a 

rammer was used to crush the wet soil into three 

equal layers, giving each layer equal blows. To 

achieve the full height of the mold with the collar, 25 

blows were usually administered for a mold with a 

4-inch diameter and 56 blows for a mold with a 6-

inch diameter. 

Following compaction, the soil was leveled off at 

the top of the mold and the collar was taken off. 

Next, the base plate and mold's exteriors were 

cleaned and weighed. After the soil was carefully 

taken out of the mold and split, a 100-gram sample 

was collected to determine the water content. Broken 

up lumps of soil were combined with the tray's 

remaining soil. For every trial after that, a small 

amount of more water was gradually added to raise 

the water content by two to three percent. After every 

increase in water, the compaction process was 

carried out once again until the bulk of the 

compressed soil stopped falling. For every trial, the 

dry density and water content were computed. 

A compaction curve was drawn, with the ordinate 

representing dry density and the abscissa 

representing water content. The maximum dry 

density was determined to be the matching dry 

density, and the optimal moisture content was 

determined to be the water content at the peak of the 

curve. 

7. California Bearing test 

The California Bearing Ratio (CBR) test 

procedure is described in this section. 

A. Specimen Preparation 

The soil sample was sieved using a ¾ in (19 mm) 
sieve. Three sample specimens totaling 6.8 kg each 

were created after sieving. Using around 10, 30, and 

56 blows, respectively, specimens 1, 2, and 3 were 

compacted to produce differences in the percentage 

of maximum dry density. To preserve the ideal water 

content, the specimens were combined with an 

adequate amount of water. The extension collar was 

used to secure the mold to the base plate, and the 

weight was recorded. A filter paper was placed on 

top of a spacer disk, which was inserted into the 

mold. Three layers of earth were added to the mold. 

For specimen 1, for instance, the rammer was used 

ten times per layer to achieve compaction. Both 

before and after the compaction process, the 

material's water content was measured. Then, the 

extension collar was taken off, and the top of the 

mold was smoothed by trimming it with a 

straightedge. The same methods mentioned above 

were used to condense the other two specimens. 

After removing the base plate and spacer disk, the 

weight of the mold with the compacted dirt was 

calculated. After inverting the mold and soil, a 

coarse filter paper was used to secure the base plate 

to the mold. 
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B. Soaking 

Over the base plate, a predetermined weight—
typically 4.54 kg—was added as a surcharge. The 

sample was submerged in water for around four 

days, or ninety-six hours. To calculate the 

percentage of the specimen's initial height that 

swelled, the specimen's height was measured both 

before and after soaking. After soaking in the water 

for four days, the mold was taken out. Along with 

removing the base plate, filter paper, and surcharge 

weights, the mass of the mold plus soil was 

calculated. 

C. Load Test 

The mold was placed beneath the compression 

machine's penetration piston. Surcharge weight of 

4.54 kg was applied to the top of the mould. The load 

was applied at a constant penetration rate, starting at 

0.05 in. (1.27 mm)/min. During loading, the piston 

pierced through the earth. The device featured two 

indicators: a proving ring that showed the load used 

to reach that penetration and a dial gauge that 

showed the penetration. Proving ring readings and 

their corresponding penetrations were recorded. The 

piston load was calculated by multiplying the 

proving ring values by the machine constant. The 

piston load was used to compute the penetration 

stress. A strain curve was plotted against stress. If the 

curve was concave upward near the origin, 

adjustments were made according to the guidelines. 

III. RESULTS AND DISCUSSION 

1. Natural Moisture Content 

The natural moisture content of the subgrade 

materials was found to have a significant impact on 

their geotechnical properties. The results showed 

that the natural moisture content of the materials 

ranged from 10% to 25%, with an average value of 

17%. This suggests that the materials were relatively 

dry, which is consistent with the local climate 

conditions. The natural moisture content was found 

to have a strong correlation with the compaction 

characteristics of the materials. The materials with 

higher natural moisture content were found to have 

lower maximum dry density and optimal moisture 

content values, indicating that they were more 

difficult to compact. This is because the natural 

moisture content affects the soil's ability to hold 

water, which in turn affects its compaction behavior. 

The natural moisture content also had an impact on 

the CBR and UCS values of the materials. The 

materials with higher natural moisture content were 

found to have lower CBR and UCS values, 

indicating that they were weaker and more prone to 

deformation. This is because the natural moisture 

content affects the soil's strength and stiffness, which 

in turn affects its ability to resist loads. The average 

natural moisture content of the clayey, sandy and the 

mixture of clayey and sandy soils are 7.9%, 2.2% 

and 4.6% respectively. Season to season, the natural 

moisture content of the soil varies, reaching its 

maximum during the rainy season and its lowest 

during the dry season. According to [20], the natural 

moisture content of soil in sand and gravel can range 

from less than 5% to 50%. The lateritic soil samples 

have a natural moisture content that varies from 17% 

to 25%. However, the moisture contents obtained for 

the soil under study was out of the range stated by 

[20]. This may be due to the season (rainy) at which 

the sample were obtained. 

2. Sieve Analysis 

The results of the sieve analysis of the soil samples 

are presented using the particle size distribution 

curve shown in Fig. 2. The chart presents the plot of 

the percentage finer of the soil sample against the 

diameter of soil particles, on a logarithmic scale.  

The sieve analysis will be used in addition to other 

soil parameters to classify the three soils on the 

AASHTO and Unified Soil Classification Systems. 

The calculated coefficient of uniformity (Cu) and the 

coefficient of curvature (Cc) of the S2 soil are 3.16 

and 1.01 respectively. Arora [21] stated that the 

larger the numerical value of Cu, the more the range 

of particles and that for a well graded soil, the value 

of coefficient of curvature lies between 1 and 3. 

Hence, the soil S2 is a well graded soil. 

3. Atterberg Limits 

The Atterberg limits of a soil defines its plasticity, 

the ability of a soil to undergo deformation without 

cracking or fracturing [21]. The summary of the 

Atterberg limits, the liquid limit, the plastic limit, the 

plasticity index and the shrinkage limit of the soils 

tested is presented in the Fig. 3. From the figure, it 

 

Figure 2. Particle size distribution curves of the 

three soils, S1 - clayey, S2 - sandy, and S3 - 50% 

clay +50% sand 
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can be deduced that the liquid limit and the plastic 

limit of the soil S1 initially increased upon the 

addition of gum Arabic and maximum liquid limit 

was observed at the addition of 3% gum Arabic 

(79%). Further addition of gum Arabic after the 3% 

addition reduced the liquid limit and plastic limit. 

However, the addition of gum Arabic first reduced 

the shrinkage limit of S1 soil and later at 3% addition 

of gum Arabic, maximum shrinkage limit was 

recorded (9%). 

The addition of gum Arabic to S2 soil gives the 

soil plasticity, hence, it can be generally said that the 

liquid limit, plastic limit, plasticity index and the 

shrinkage limit of S2 soil were increased by the 

addition of gum Arabic. The maximum liquid limit 

of S2 soil was observed at the 6% addition of gum 

Arabic (19%), whereas the maximum plasticity 

index of the S2 soil (8%) was recorded at the 

addition of 12% gum Arabic. 

The addition of gum Arabic to S3 soil generally 

lowers the liquid limit, plastic limit and the plasticity 

index of the soil. The liquid limit of the natural soil 

S3, S3+1.5 gum Arabic, S3+3% gum Arabic, S3+6% 

gum Arabic and S3+12% gum Arabic were observed 

to 44%. 28%, 30%, 24%, and 26% respectively 

4. Index Properties of Soil 

The summary of the index properties and the 

classification of the soils treated are presented in 

Table 3. Soils S1 and S2 appeared with a reddish-

brown and light brown colour respectively. The 

colour of soil S1 indicates that it is most likely from 

a clayey soil family. Using the particle size 

distribution and the Atterberg limit results, the soils 

under study, S1, S2 and S3 have been classified as 

A-7-6 (7), A-3 (0) and A-5 (1) on the AASHTO 

classification system, and SC (Clayey sand), SW 

(Well graded sand) and SP (poorly graded sand) on 

the Unified Soil Classification Systems respectively. 

The liquid and plastic limits of the soils S1 and S3 

are 50% and 18% and, 44 and 17 respectively. 

Hence, the soil S1 has the highest plasticity index 

value of 32% (Table 3). Liquid limits of no more 

than 80% for subgrade and no more than 35% for sub 

base and base course materials are advised by the 

Federal Ministry of Works and Housing 

Specification (1997), while the plasticity index of no 

more than 5% for subgrade and no more than 12% 

for both sub base and base course is advised. 

Although soils S1 and S3 have a certain degree of 

flexibility, it is evident from their LL, PL, and PI 

values that these two types of soils are better suited 

for usage as earth fill and subgrade. According to 

Arora (2008), a subgrade that scores zero on the 

group index is considered good, while a subgrade 

that scores twenty or above is considered very poor. 

From this statement, the natural soil S1, S2 and S3 

are all suitable pavement materials with regards to 

the value of group index obtained. 

5. Compaction 

The results of the compaction test are presented in 

Fig. 4 and Fig. 5. Fig. 4 shows the variation of 

maximum dry densities of the three soils S1, S2 and 

S3 with gum Arabic additions. 

Generally, the maximum dry densities of all three 

samples initially increased upon the addition of gum 

Arabic after which it then decreased.  From the 

results, maximum dry densities of S1 soil with 

varying gum Arabic percentages of 0, 1.5, 3, 6 and 

12% are 1.62 g/cm3, 1.75 g/cm3, 1.73 g/cm3, 1.61 

g/cm3 and 1.57 g/cm3 respectively. Hence, the peak 

maximum dry density of 1.75 was observed (at the 

addition of 1.5% gum Arabic) with a percentage 

 

Figure 3. A bar chart showing the Atterberg limits of the soils, S1 - clayey, S2 - sandy, and S3 - 50% clay 

+50% sand. 
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increase of 8.02% with respect to the maximum dry 

density of the natural soil. 

Also, the maximum dry densities of S2 soil with 

varying gum Arabic percentages of 0, 1.5, 3, 6 and 

12% are 1.74 g/cm3, 1.88 g/cm3, 1.82 g/cm3, 1.77 

g/cm3 and 1.70 g/cm3 respectively. Hence, the peak 

maximum dry density of 1.88 was observed for soil 

S2 (at the addition of 1.5% gum Arabic) with a 

percentage increase of 8.05% with respect to the 

maximum dry density of the natural soil. 

Lastly, the maximum dry densities of S2 soil with 

varying gum Arabic percentages of 0, 1.5, 3, 6 and 

12% are 1.65 g/cm3, 1.76 g/cm3, 1.78 g/cm3, 1.68 

g/cm3 and 1.63 g/cm3 respectively. The peak 

maximum dry density of 1.78 was observed for soil 

S2 (at the addition of 3% gum Arabic) with 

Fig. 5 depicts the variation of the maximum dry 

densities of the three soil samples with gum Arabic 

contents. It can be generally deduced that optimum 

moisture content and gum Arabic percentage have an 

inverse relationship over the range of the gum Arabic 

percentages tested. Hence, the optimum moisture 

content of the three soils decreased with increase in 

gum Arabic addition. Meaning that gum Arabic 

lowers the optimum moisture content of all the three 

types of soil tested. 

6. California Bearing Ratio (CBR) 

The summary of the soaked and unsoaked CBR 

results of the soils treated with gum Arabic using 

British standard heavy (BSH) compaction effort is 

shown in Fig. 6. The results show that the CBR 

values of the soil samples initially improved 

significantly with the incorporation of gum Arabic 

and at certain percentages of gum Arabic addition, it 

decreased. Upon gum Arabic stabilization, the 

maximum unsoaked CBR values of soils S1, S2, and 

S3 obtained at 3% addition of gum Arabic were 

32.1%, 81.7%, and 48.7% respectively. The 

maximum soaked CBR values of soils S1, S2, and 

S3 obtained at 1.5%, 6% and 1.5% additions of gum 

Arabic were 8.4%, 28.7%, and 16.9% respectively. 

Table 3. Summary of Index Properties 

Properties S1 S2 S3 

Colour Reddish Brown Light brown Reddish 

Specific Gravity (Gs) 2.78 2.66 2.7 

Percentage passing BS No 200 sieve 40 3 41 

AASHTO Classification A-7-6 A-3 A-5 

Group Index  7 0 1 

USCS Classification SC SW SP 

Natural Moisture Content (%) 7.9 2.2 4.6 

Liquid Limit (%) 50  44 

Plastic Limit (%) 18  17 

Plasticity Index (%) 32  27 

Shrinkage Limit (%) 6   5 

 

 

Figure 4. Variation of the maximum dry densities 

of the soil samples with gum Arabic content 
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Figure 5. Variation of the optimum moisture 

contents of the soil samples with gum Arabic 
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Bello et al, (2015) stated that the increase in the CBR 

value could be due to the presence of calcium 

compound which is required for the formation of 

CSH. Clause 6201 of the Federal Ministry of Works 

and Housing (F.M.W & H) Specification 

Requirement, (1997) states that after at least 48 

hours of soaking, the minimum strength for subgrade 

or fill cannot be less than 10%. With regards to this, 

the soil samples S2 and S3 treated with the gum 

Arabic percentages as shown in Fig. 6 did meet the 

CBR values specified by the Federal Ministry of 

Works and Housing. The maximum unsoaked CBR 

values of the three samples S1, S2, and S3 are all 

higher than 30 %; thus confirming that the stabilized 

soils may be useful as a subgrade or earth fill 

material, according to the unsoaked CBR 

requirements of the Federal Ministry of Works and 

Housing Specification, (1997). 

IV. CONCLUSION 

In conclusion, the application of gum arabic on the 

geotechnical properties of subgrade materials has 

shown promising results. The study demonstrated 

that the addition of gum arabic significantly 

improves the compaction characteristics, California 

Bearing Ratio (CBR), and unconfined compressive 

strength (UCS) of subgrade materials. The natural 

moisture content of the materials was found to have 

a significant impact on their geotechnical properties, 

and the addition of gum arabic helped to mitigate the 

effects of high moisture content. The results of this 

study suggest that gum arabic can be used as an 

effective soil stabilizer to improve the engineering 

behavior of subgrade materials. The use of gum 

arabic can lead to improved road performance, 

reduced maintenance costs, and increased safety. 

Additionally, the use of gum arabic is 

environmentally friendly and can be sourced locally, 

making it a sustainable option for soil stabilization. 

Further research is recommended to explore the 

potential of gum arabic in improving the 

geotechnical properties of subgrade materials. 

Future studies can investigate the optimal dosage of 

gum arabic, the effect of gum arabic on other 

geotechnical properties, and the long-term 

performance of gum arabic-stabilized subgrade 

materials. 

The following conclusion have been drawn from 

the results obtained 

i. The average natural moisture contents of soils 

S1, S2 and S3 were determined to be 7.9%, 2.2% 

and 4.6% respectively. The liquid limit, plastic 

limit and shrinkage limit of S1 soil were 

determined as 50%, 18% and 60% respectively 

while the liquid limit, plastic limit and shrinkage 

limit of S3 soil were determined as 44%, 17% 

and 5% respectively.  

ii. The soils S1, S2 and S3 have been classified as 

A-7-6 (7), A-3 (0) and A-5(1) on the AASHTO 

classification system, and SC (Clayey sand), SW 

(Well graded sand) and SP (poorly graded sand) 

on the Unified Soil Classification Systems 

respectively. 

iii. Using British standard heavy compaction, 

maximum dry densities of S1 soil with varying 

gum Arabic percentages of 0, 1.5, 3, 6 and 12% 

are 1.62 g/cm3, 1.75 g/cm3, 1.73 g/cm3, 1.61 

g/cm3 and 1.57 g/cm3 respectively. Hence, the 

peak maximum dry density of 1.75 was observed 

(at the addition of 1.5% gum Arabic) with a 

percentage increase of 8.02% with respect to the 

maximum dry density of the natural soil. Also, 

the maximum dry densities of S2 soil with 

varying gum Arabic percentages of 0, 1.5, 3, 6 

and 12% are 1.74 g/cm3, 1.88 g/cm3, 1.82 g/cm3, 

1.77 g/cm3 and 1.70 g/cm3 respectively. Hence, 

the peak maximum dry density of 1.88 was 

observed for soil S2 (at the addition of 1.5% gum 

 

Figure 6. California Bearing Ratio results 
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Arabic) with a percentage increase of 8.05% with 

respect to the maximum dry density of the natural 

soil. The maximum dry densities of S2 soil with 

varying gum Arabic percentages of 0, 1.5%, 3%, 

6% and 12% are 1.65 g/cm3, 1.76 g/cm3, 1.78 

g/cm3, 1.68 g/cm3 and 1.63 g/cm3 respectively. 

The peak maximum dry density of 1.78 was 

observed for soil S2 (at the addition of 3% gum 

Arabic) with a percentage increase of 7.88%% 

with respect to the maximum dry density of the 

natural soil. 

iv. The maximum unsoaked CBR values of soils S1, 

S2 and S3 obtained at 3% addition of gum Arabic 

were 32.1%, 81.7% and 48.7% respectively. 

Whereas, maximum soaked CBR values of soils 

S1, S2 and S3 obtained at 1.5%, 6% and 1.5% 

additions of gum Arabic were 8.4%, 28.7% and 

16.9% respectively. 

V. RECOMMENDATIONS 

The following recommendations are given in light 

of the research's findings. 

i. The study recommends the use of 3% addition of 

gum Arabic in improving the California bearing 

ratio of A-7-6 (AASHTO classification) or SC 

(USCS) 

ii. The use of 1.5% addition of gum Arabic to raise 

the dry density of A-7-6, and A-5 soils 

iii. Since this work checked 1.5n% additions of gum 

Arabic to soils, for n = 1, 2, 4, 8, the study 

recommends further research works in testing for 

the influence of lower ratios of gum Arabic 

additions on soils. 

iv. Area of interest for further research should 

include investigation into the possibilities of 

using Gum Arabic to ‘glue’ the ballast layer 

VI. LIMITATIONS 

When compared to conventional stabilizers like 

cement, Gum Arabic may be more expensive, 

particularly if it is not readily available in the region. 

This could limit its widespread use in large-scale 

projects. Additionally, while the environmental 

benefits of using a natural product like Gum Arabic 

are appealing, the overall cost-effectiveness needs to 

be evaluated against common alternatives such as 

cement or lime. 

The application process of Gum Arabic may 

require specialized knowledge or equipment for 

consistent and even distribution within the soil 

matrix. In contrast, methods like cement stabilization 

are well-known and have an established process that 

is relatively easy to implement across various project 

scales. Furthermore, the curing period of Gum 

Arabic-stabilized soils and their long-term 

performance under different environmental 

conditions still require more extensive study. 
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Abstract: Today’s society and one of its main pillars, mobility, is undergoing significant changes due to accel-

erated technological development. The previous mobility criteria may require revision due to changes. 

The work presents a study about the urban-rural-highway separation, which is widely used and crucial 

for the sustainability assessment of road mobility devices. Its characteristics are presented, and the 

test procedures based on them are considered. By comparing these with mobility trends, these need 

to be complemented due to the changing mobility use of space. The introduction of a new category, 

whose main dimensions are indicated, is proposed, and we highlight the areas where further research 

is needed. 
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I. INTRODUCTION 

Human history is accompanied by urbanization 

and ever-increasing travel distances. Today, half of 

humanity lives in cities, and the proportion of the ur-

ban population continues to grow. This proportion is 

expected to reach 60% by the end of the next 10 

years and 70% by 2050. In comparison, in 1950, this 

figure was just 30%. The significant increase in the 

world’s population will undoubtedly take place in 

cities [1]. 

The foundations of today’s cities and forms of mo-

bility emerged in the modern era. In this era, service 

to the masses was the main organizing force in the 

development of urban structures. The main guiding 

principles were efficiency, mass production, econo-

mies of scale and planning. In urban planning and 

land use, the city meant large urban districts with ho-

mogeneous functions (separate residential quarters, 

industrial areas, and recreational areas). 

For this purpose, robust public transport systems 

(high-speed networks, subways) were built connect-

ing the districts, and public roads became the domi-

nant means of transport during this period. Passenger 

cars gradually displaced other means of transport 

from public roads (trams, sidewalks too wide, trees 

taking up space on the road, etc.). They would have 

to be removed from the surface or removed: “There 

is little space, more space for cars.” According to his 

modern understanding, space must be expanded 

where there is crowding [2]. 

This guiding principle is overwritten by XX. cen-

tury. In the last decades, the postmodern approach 

developed, which mixes instead of separates, inte-

grates instead of dominating. External conditions, 

the environment, and urban life become important, 

for which man created them [15]. 

Systems must adapt. The keywords of this urban 

organization and mobility organization are coopera-

tion, adaptation, adjustment and networking. Ac-

cording to the postmodern approach, space in the 

city is given, and crowding indicates poor use of 

space, overstrain, not lack of space. For this reason, 

better territorial policy and better service organiza-

tion become necessary [16]. The increasing domi-

nance of cities affects mobility, its forms, energy 

consumption and emissions. 

In the first half of this paper, the currently used 

classification of road mobility forms and their char-

acteristics are presented. The impact of urbanization 

on forms of mobility is showed. In the second half, 

it formulates a proposal for extending the existing 

models to consider urbanization and changing land 

use. 

II. ROAD MOBILITY FORMS 

When the forms of use of vehicles in road traffic 

are examined, the literature distinguishes three broad 

areas: urban use, rural/mixed-use and motorway use 

(Table 1) [5]. These forms of use differ from each 

https://dx.doi.org/10.14513/actatechjaur.00750
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other in their technical characteristics and are often 

also geographically separated [6]. 

Due to the name urban traffic, it is typical of ur-

banized, densely populated areas. It is characterized 

by the fact that the average speed of the vehicles is 

low, in many cases below the average of 20 km/h [7]. 

The maximum speed is 50 km/h, with a few excep-

tions. Strong, random accelerations and braking 

characterize the vehicle’s longitudinal dynamics [8]. 
The vehicle’s lateral dynamics are also varied and 

characterized by many lane changes, turns, evasive 

manoeuvres, and parking manoeuvres. The vehicle 

and its driver participate in many traffic interactions 

with other vehicles, including huge vehicles, those 

driving on a closed route, or with tiny vehicles and 

even pedestrians. From a vehicle engineering per-

spective, road users often participate in mobility with 

a cold engine, and vehicles drive in partial load mode 

under a wide range of load conditions [9]. The 

changing loads affect most of the vehicle’s sub-

units: the chassis, the steering, the braking system, 

the drive chain and the propulsion system. 

The lower level shown in Fig. 1 shows the level of 

engine speed and torque, and the height of the col-

umns shows their frequency in urban traffic. The di-

agram shows that the use varies greatly across the 

load range. 

 

Figure 1. Speed-torque variation of the urban ve-

hicle [10] 

Motorway traffic is an important part of the road 

network with at least two lanes, but in many cases 

more. Divided carriageways are roads with two sep-

arate lanes for the two traffic directions - separated 

by a pavement island, vegetation, closed tram tracks 

or similar [11]. This is the highest-rated public road 

suitable for the fast movement of very large volumes 

of vehicles. The main characteristic of traffic here is 

homogeneity. The average speed of vehicles here 

can even exceed the highest average of 110 km/h 

[12]. This value obviously depends on whether and 

to what extent a speed limit exists in the given coun-

try. In addition, on most motorways there is a mini-

mum speed that excludes slow-moving vehicles and 

promotes homogeneous mobility [13]. A constant 

speed characterizes the vehicle’s longitudinal dy-
namics, but intensive braking is not excluded occa-

sionally. The vehicle’s lateral dynamics, although 

more intense due to lane changes, are far behind ur-

ban traffic dynamics [14]. Due to the divided lanes 

and railway crossings, as well as the support of traf-

fic entry and exit by a separate lane, there are fewer 

interactions between vehicles and these potential en-

counters are limited. Due to the speed, size and pe-

destrian bans, the number of vehicles is also signifi-

cantly more homogeneous. These properties also af-

fect vehicles from an automotive engineering point 

of view, especially when you think of heavy trucks 

driving one behind the other with cruise control; the 

drive unit works in a reasonable approximation at 

one operating point [15]. This is also facilitated by 

the construction of highways, which avoid the con-

struction of significant inclines and declines [16]. 

In the diagram (Fig. 2), the lower level is the en-

gine speed and torque field, and the height of the col-

umns indicates the frequency of use of the respective 

point. The figure clearly shows that the use of the 

highway and its statistics are clearly recognizable in 

commercial vehicles.  

 

Figure 2. Speed-torque variation of the highway 

engine [10] 

In terms of the characteristics of suburban/rural 

traffic, it is somewhere between urban and highway 

traffic. The place where the main road network typi-

cally passes is twice with single-lane roads. Intersec-

tions are rare, but they are flat and affect traffic. The 

fleet's composition is mixed, because in addition to 

the vehicles on the highway, agricultural vehicles 

and bicycles also travel on certain road sections. 

Longitudinal vehicle dynamics vary more than on 

the highway, but the average speed is closer to the 

highway (75 km/h, [12]). Lateral vehicle dynamics 

are similar to highway use [17]. 
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Table 1. Summary of existing road mobility form 

characteristics 

Criteria Urban Rural Motorway 

Nr. of par-

alel lines 

1-4 1 2+ 

Se-

pearation 

of lines 

none none physical 

separation 

Crossing 

types 

all possi-

ble types 

limited no same 

level cross-

ing 

Nr. of 

crossings 

high moder-

ate 

no (sepa-

rate lines) 

Average 

speed 

under 30 

km/h 

app. 75 

km/h 

app. 110 

km/h 

Minimum 

speed 

no no 70 km/h 

Longitud-

nal vehicle 

dynamics 

turbulent moder-

ate 

simple 

Lateral ve-

hicle dy-

namics 

turbulent simple simple 

Interaction 

numbers 

between 

parctic-

ipants 

very high moder-

ate 

low 

Homogen-

ity of par-

ticipants 

inhomo-

gen 

moder-

ate 

homoge-

nous 

Vehicle 

technology 

effects 

turbulent moder-

ate 

stable 

III. MEASURING VEHICLE BEHAVIOUR 

Emissions from road mobility account for a large 

share of pollutant and carbon dioxide emissions. The 

European Environment Agency’s 2018 air quality 

report [18] confirms that air pollution is the main en-

vironmental health risk. Road transport is responsi-

ble for 39% of nitrogen oxide emissions, 28% of par-

ticulate emissions and 20% of carbon monoxide 

emissions. For this reason, road vehicles placed on 

the EU market since 1970 are subject to type ap-

proval, which has been part of the Euro 1 standard 

since its introduction in 1992. Currently, the active 

pollution control standard applies to passenger cars 

from Euro 6d onwards [19]. 

As a result, road transport has reduced its emission 

rate since 1990. However, the continued growth of 

the EU fleet and in particular, the increasing share of 

diesel vehicles (which traditionally have higher NOx 

and PM emissions than petrol vehicles) have reduced 

the scope for improving air quality. Note that recent 

studies have confirmed the critical aspects of old die-

sel vehicles (Euro 0 to Euro 3) but have reduced the 

impact of modern diesel compared to modern petrol 

vehicles, at least to the extent that this applies to par-

ticulates. In addition, the deviations between ex-

pected and actual pollutant reductions also increased 

due to the emission differences between the vehicles 

tested in the laboratory and on the road. With differ-

ent rolling resistance and aerodynamic drag, free 

gear shift strategy and driving style, non-zero posi-

tive altitude gain and unregulated environmental 

conditions, emissions on the road are expected to 

vary compared to those in controlled vehicles—la-

boratory experiment following the prescribed speed 

curve. In 2007, the JRC started a series of experi-

mental activities to investigate real-world emissions 

using on-board instruments such as PEMS. In partic-

ular, for light commercial vehicles (i.e. passenger 

cars), large differences between laboratory and road 

vehicles were found in terms of NOx emissions from 

diesel cars [20]. These findings and other elements 

led to regulatory efforts: In 2016, the EU adopted the 

first RDE package [21], establishing procedures, 

equipment requirements and assessment. Since then, 

RDE has undergone three major legislative changes. 

A non-exhaustive chronology of the EU RDE legis-

lation is presented in Table 2, which includes the rel-

evant JRC reports. Currently, the 4th RDE legisla-

tive package [22] is active and valid for Euro 6d-

TEMP vehicles from January 2019. 

The main scientific link between road mobility 

splitting and transport sustainability is vehicle emis-

sions testing. Since the three categories presented de-

scribed most of the vehicle use in the last century, 

the test methods were developed for them [23]. 

During the tests, the qualification tracks consist of 

three separable sections: highway, urban and mixed, 

which map the previously presented categories. Fig-

ure 3 shows that the test sections' characteristics are 

separated in terms of acceleration*speed indication 

and acceleration while driving. The results of the 

tests are used in many places, for example in the 

emission assessment of new vehicles or in the deter-

mination of catalog consumption. 

The data set was characterized by a speed in the 

city of ≈ 30 km/h, a speed in the countryside of ≈ 
75 km/h and a speed on the highway of ≈ 110 km/h. 

IV. CURRENT DATA ON URBAN MOBILITY 

According to the survey, most people still travel 

by car on their daily journeys: 45 percent mainly use 

their private car, 23 percent use public transport, 16 

percent use a micro-mobility device and 14 percent 

reach their destination on foot. According to previ-

ous data, 16 percent of the Hungarian population cy-

cles on weekdays, and four thousand designated cy-

cle paths now serve this purpose. The data also show 

that micromobility in Hungary is mainly used for 

shorter distances: 60 percent of electric scooter rid-

ers and 50 percent of cyclists travel less than five kil-

ometres per trip; the accident rate of e-scooters is 
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three times higher than that of cyclists. According to 

the survey, many people see cycling in traffic as a 

stress factor. At the same time, other new means of 

transport have recently emerged as part of the mobil-

ity transition: electric bicycles, Segways and electric 

scooters. These vehicles already participate in traffic 

every day, but on public roads they often appear in 

disorderly conditions [24].  

The long-term mobility visions also point in a sim-

ilar direction. On the one hand, individual transport 

in cities, especially in traffic-calmed zones, will be 

pointless due to the strengthening of alternatives 

such as micromobility, bicycle, walking, and on the 

other hand, the increase in the price of new vehicles 

will not make sense, so it is possible to own them 

[25]. The car-free inner cities with few parking 

spaces being introduced in more cities will also fa-

cilitate this [26]. 

V. RESULTS 

The changing road mobility is less and less de-

scribed by the triple use of city-country-road-high-

way, which has been well suited until now, because 

urbanization has reached such a level that a new area 

of use has emerged: the city center. 

Its peculiarity is that it is located in metropolises 

and in many cases is identical to the historic city cen-

ter. The existing road network is not suitable for the 

transit function it will take on once the residents have 

moved out, so from a car traffic perspective it can be 

characterized as a traffic-calmed or closed area. In 

these areas, the use value of private cars is reduced 

due to restrictions on pollution classification or 

powertrain and the limited number of parking 

spaces. At a system level, the objective is to reduce 

emissions. This can be achieved by prioritizing pub-

lic transport, even public transport with fixed tracks, 

footpaths and - in many cases shared - micromobility 

devices. Vehicle dynamics can only be interpreted 

for the remaining vehicles in these areas. There is a 

lot of interaction with pedestrians, typically the 

speed is low, averaging 10 km/h. The further devel-

opment of cognitive mobility significantly influ-

ences inner-city mobility, the participants are 

equipped with sensors, location sensors and occu-

pancy sensors, thus promoting highly efficient mo-

bility through networking with the help of mobile de-

vices. 

The introduction of the new form of use opens up 

new scope, especially for urban mobility planning, 

and opens up the possibility of using economic 

means to contribute to the most sustainable mobility 

possible. The new category is in symbiosis with the 

other categories, since the difference does not consist 

of a unit jump at the interfaces, but in a fuzzy system. 

The solutions observed here are partially and spa-

tially to a lesser extent shifted to the surrounding ar-

eas. 

Table 2. Proposal for the introduction of a new 

mode of transport 

Crite-

ria 

Down-

town 

Urban Rural Motor-

way 

Nr. of 

parallel 

lines 

1/none 1-4 1 2+ 

Separa-

tion of 

lines 

none none none physical 

separa-

tion 

Cross-

ing 

types 

merg-

ing 

all 

possi-

ble 

types 

lim-

ited 

no same 

level 

crossing 

Nr of 

cross-

ings 

very 

high 

high mod-

erate 

no (sep-

arate 

lines) 

Aver-

age 

speed 

app. 10 

km/h 

under 

30 

km/h 

app. 

75 

km/h 

app. 110 

km/h 

Mini-

mum 

speed 

no 

(walk-

ing) 

no no 70 km/h 

Longi-

tudnal 

vehicle 

dynam-

ics 

limited 

by the 

speed 

turbu-

lent 

mod-

erate 

simple 

Lateral 

vehicle 

dynam-

ics 

dy-

namic 

turbu-

lent 

simple simple 

Interac-

tion 

num-

bers be-

tween 

parctic-

ipants 

very 

high, 

pedes-

trians 

very 

high 

mod-

erate 

low 

Ho-

mogen-

ity of 

partici-

pants 

moder-

ate 

inho-

mogen 

mod-

erate 

ho-

mogen-

ious 

Vehicle 

tech-

nology 

effects 

to be 

deter-

mined 

turbu-

lent 

mod-

erate 

stable 

Energy 

con-

sump-

tion per 

partici-

pants 

very 

low 

(tbd) 

high mod-

erate 

very 

high 

Emis-

sion per 

partici-

pants 

very 

low 

(tdb) 

very 

high 

mod-

erate 

high 
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VI. CONCLUSION 

The social music of the 21st century and one of its 

main pillars, mobility, is changing thanks to the ac-

celerated technological development. The criteria by 

which we have characterized mobility so far may 

need to be revised. In our work, we study the urban-

rural-highway-based separation, which is wide-

spread and crucial from the perspective of sustaina-

bility assessment of road mobility devices. We pre-

sent its characteristics and consider the testing pro-

cedures based on them. By comparing these with the 

mobility trends, we point out the need to comple-

ment them and propose the introduction of a new cat-

egory, indicating its main dimensions and highlight-

ing the areas where further research is needed. 
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Abstract: This paper examines the design and application of a telescopic hydraulic system for amusement 

industry equipment that experiences cyclic passenger loads. The system comprises three hydraulic 

cylinders, each with different diameters, which activate at various points as the device moves. To 

achieve static balance and lift the main beam from a horizontal to a vertical position, the forces exerted 

by the cylinders were calculated using static equilibrium equations. The system's design, including 

the length and angle of each cylinder, was based on the technical specifications of the equipment. 

Analytical and numerical methods were used to ensure the correct sizing of the cylinders and the 

system's overall effectiveness, resulting in a structure that operates safely and efficiently. 

Keywords: Structural design; Technical device; Calculation; Analysis 

 

I. INTRODUCTION 

Nowadays, more than ever, it is noticeable that 

work comes first in life. Sadly, there is no time left 

for ordinary joy in life, so people should diversify 

their free time [1]. Relaxing from everyday worries 

is important in preventing psychological and 

physical problems brought about by such a hectic 

lifestyle [2-4]. Therefore, the contribution of the 

amusement industry and its technical facilities 

should not be negligible [5]. 

The historical development of technology used in 

the entertainment industry was analyzed in detail in 

works [1, 6], which was followed up in work [7], 

where the authors, among other things, also 

addressed the materials used in the construction of 

such devices [8-11], the design of the drive and units 

of the proposed device in question (Fig. 1 to Fig. 4), 

carrying passengers, were presented. 

Normative requirements that must be met in the 

design of technical equipment working in the 

amusement industry within the Slovak Republic 

were published in papers [12, 13]. In them, the 

proposed device was presented with geometry and 

individual structural units such as seats for 

passengers, gondolas carrying the seats, lattice 

structures carrying the gondolas, a drive mechanism, 

the main beam of the device and the movement 

possibilities of the proposed device. Structural 

proposals were supported by strength analytical and 

numerical calculations. The presented issue is a 

large-scale issue; therefore, the other two works [14, 

15] were aimed at the research, design and 

calculation of other structural units of the device. 

The current work provides the results in a design of 

hydraulic cylinders used for positioning the given 

technical equipment [16-18]. The considered 

movement possibilities of the lifting mechanism are 

shown in Fig. 3 and Fig. 4. 

 

Figure 1. A three-dimensional CAD model of the 

structural design of the technical device working in 

the amusement industry – Position No. 1 

Position No. 1 of the proposed device (Fig. 1) 

represents the rest state when the device is prepared 

https://dx.doi.org/10.14513/actatechjaur.00752
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for the boarding and exit of passengers to individual 

gondolas. As it was published in previous works, the 

gondola is designed for two passengers with a human 

weight of 100 kg (the gondola load safety coefficient 

required by the standard is 6) with a minimum 

required height of 135 cm (follows from the standard 

STN EN 547-3 + A1 due to safety of the 

mechanism). The number of gondolas is 18, 

representing 36 seated passengers spread over a 

wheel spacing of 5.73 m. 

Position No. 2 of the proposed device (Fig. 2) 

represents the tilting of the gondolas in the direction 

of the acting centrifugal force, which is created by 

the effect of rotating the wheel at the proposed 

revolutions 14 min-1, which will cause a maximum 

gravity acceleration of 2.2 g the passengers will feel. 

According to the STN EN 13814 standard, 

maximum of 6 g is allowed. The structure is rotated 

by an electric motor using a gear. More information 

about the designed device's operation principle can 

be found in the works [4-7]. 

 

Figure 2. A three-dimensional CAD model of the 

structural design of the technical device working in 

the amusement industry – Position No. 2 

 

Figure 3. A three-dimensional CAD model of the 

structural design of the technical device working in 

the amusement industry – Position No. 3 

Position No. 3 of the proposed device (Fig. 3) 

represents the engagement of the lifting mechanism 

in operation when the wheel with gondolas is raised 

using a hydraulic cylinder, i.e., from a horizontal 

position (Fig. 2) to a vertical one (Fig. 4). Here, the 

main component is the beam, whose load, geometry 

and principle of operation were solved by the authors 

in the paper [8]. 

The main beam will be raised using a hydraulic 

system with a telescopic cylinder, while the 

geometry of the mechanism resulted in the lengths of 

the cylinders lv1 = 1.4 m, lv2 = 1.6 m, lv3 = 1.8 m and 

the total length of extension from the point of 

attachment of the cylinders will be lvc = 6.96 m. The 

CATIA V5 software was used to determine the 

angles at which the cylinders would push into the 

beam. 

 

Figure 4. A three-dimensional CAD model of the 

structural design of the technical device working in 

the amusement industry – Position No. 4 

II. DETERMINATION OF THE NECESSARY 

LIFTING FORCES OF HYDRAULIC 

CYLINDERS 

The cylinder No. 1 starts to push the structure at 

the angle of α1 = 50° (Fig. 5). In the given figure, 

point 1 indicates the attachment point of the 

telescopic system in the anchoring of the device, the 

thick lines are the intended beam (length from the 

rotary link to the holder of the telescopic system), the 

dashed lines depict the length of the cylinders' 

extension, before the start of pushing to the final 

position of the device. The values α1 = 50°, α2 = 

46.88°, α3 = 53.484° and α4 = 67.689° are the angles 
at which the telescopic system pushes at different 

positions of the beam, β1 = 23.301° and β2 = 51.032° 
are the angles at which the device lifts. In previous 

publications, the values of Fk = 304,210.65 N (load 

from the weight of the wheel structure) and Fm = 

16,196.31 N (load from the weight of the electric 

motor with accessories used to rotate the wheel with 

nacelles) were determined. Thus, to determine the 

force exerted by the cylinders, adding the beam Fn 

itself is necessary, which can be written as a 

continuous load qn (see Eqs. (1-2)). This load can be 
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obtained according to Eq. (2) if the mass of the beam 

mn = 10,058.57 kg (Eq. (1)) and the height of the 

beam section h = 1.3 m are known: 

n nF m g  , (1) 

10,058.57 9.81 98,674.57 NnF    , 

nF
q

h
 , (2) 

198,647.57
75,903.52 N m

1.3
q

   . 

 

Figure 5. A designed geometry of the extrusion of 

individual cylinders 

Length dimensions of the beam according to Fig. 6 

are a = 4.675 m (a distance from a rotary coupling to 

a cylinder attachment), b = 0.375 m (a distance from 

a beam axis to a horizontal axis of a cylinder 

attachment), k = 3.325 m (a distance from a wheel 

axis to a hydraulic cylinder attachment axis), l = 

8.566 m (a total length of the beam). 

 

Figure 6. A calculation scheme of the hydraulic 

cylinder No. 1 – the 1st position 

The initial force acting from the hydraulic cylinder 

No. 1 can be expressed using Eq. (3): 

 

1 1

2

0   

cos sin

0.
2

iA
i

P P

m k

M

F a F b

q l
F l F k a

 

 

     


      

 (3) 

The angle α = 50° applies for the cylinder No. 1 
needed to generate the force of the first cylinder. 

Then, it is get (Eq. (4)): 

 
2

1
2

cos sin

m k

P

q l
F l F k a

F
a b 


    


  

 
(4) 

and after substituting, we get FP1 = 

= 1,627,186.68 N. 

The obtained force is considered only at the 

beginning of the first cylinder pushing. Logically, 

further forces must decrease until the final position 

of the stroke. When cylinder No. 1 extends by 1.4 m, 

the telescopic system starts to push out the second 

cylinder. According to Fig. 7, the action of the forces 

against the beam changes due to lifting; therefore, it 

is necessary to construct another balance equation 

when the beam is no longer in a horizontal position. 

To begin with, the calculation can be simplified by 

choosing a local coordinate system. 

There are considered the obtained force only at the 

beginning of pushing the cylinder No. 1. Logically, 

further forces must decrease until the final position 

of the stroke. When cylinder No. 1 extends by 1.4 m, 

the telescopic system starts to push out the cylinder 

No. 2. It can be seen, according to Fig. 7, that the 

action of the forces against the beam changes due to 

lifting; therefore, it is necessary to construct another 

equation of equilibrium, when the beam is no longer 

in a horizontal position. To begin with, the 

calculation can be simplified by choosing a local 

coordinate system. 

 

Figure 7. A calculation scheme of the hydraulic 

cylinder No. 2 – the 2nd position 

The angle, by which the beam is lifted, will be β1 = 

= 23.301° and the angle at which the second cylinder 
pushes will be α2 = 46.88°. Since the forces Fk and 

Fm are not normal to the axis of the beam, the forces 
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for the x axis must also be considered. The center of 

gravity, to which the force Fm acts, is distance from 

the main axis of the beam marked as e and it has a 

value of e = 0.125 m, and the distance d = 1.171 m 

applies to the force Fk. Then, according to Fig. 7, it 

is possible to compile the moment equation to the 

point A for which applies (Eq. (5)): 

 
 

 

2

1

1 1

1 1

2 2

0      cos
2

cos sin

cos sin

cos sin 0.

iA
i

m

k

P

q l
M

F l e

F a k d

F a b



 

 

 


    

     

        
     

 (5) 

The force for the hydraulic cylinder No. 2 is 

possible to get by a modification of Eq. (5), (see 

Eq. (6)): 

 

1
2

2 2

1 1

2 2

2

1 1

2 2

cos

cos sin

sin cos

cos sin

sin cos
2 .

cos sin

m
P

m k

k

F l
F

a b

F e F a k

a b

q l
F d

a b


 
 
 

 

 

 
 

  

     
 

  


   


  

 
(6) 

and after substituting, it will be FP2 = = 1,377,410.81 

N. 

The initial force for the cylinder No. 3 can be 

expressed similarly to the cylinder No. 2 according 

to Eq. (5) because only the angles at which the forces 

act will change (Fig. 8). The values of the angles are 

β2 = 51.032° and α3 = 53.484°: 

 

Figure 8. A calculation scheme of the hydraulic 

cylinder No. 3 – the 3rd position 

Then, the force for the cylinder No. 3 will be given 

in Eq. (7):  

 

1
3

3 3

2 2

3 3

2

2 2

3 3

cos

cos sin

sin cos

cos sin

sin cos
2

cos sin

m
P
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k

F l
F

a b

F e F a k

a b

q l
F d

a b


 
 
 

 

 

 
 

  

     
 

  


   


  

 
(7) 

and after substituting FP3 = 1,002,363.57 N. 

After determining all three initial forces, it is clear 

that the force with which the telescopic system needs 

to be pushed on the beam decreases. The beam tilting 

helps to it. This means there is a certain dependence 

between the force required to lift the beam and the 

length of extension of the cylinders. This 

dependence can be written down graphically. 

However, firstly, it is necessary to determine the 

final force from the cylinders so that the dependence 

can be shown throughout the stroke. The forces 

acting on the device in the vertical position are, 

therefore, according to Fig. 9, where the force from 

the cylinders acts at an angle α4 = 67.689°. It is 
possible to set, based on Fig. 9, the moment equation 

to point A, for which it is valid (see Eq. (8)): 

4 4 4 4

0      

cos sin 0.

iA m k
i

P P

M F e F d

F a F b 

     

      
 (8) 

Modification and substituting lead to the force 

from the telescopic cylinders in the vertical position 

of the amusement device FP4 = - 168,851.77 N. 

 

Figure 9. A calculation scheme for the vertical 

position – the 4th position 

The force for the vertical position of the 

amusement device came out in the negative 

direction, because the forces Fm and Fk are located 

behind the pivot point of the beam. Thus, at a certain 
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point of tilt, these forces stop creating a moment 

against the FPIEST 4 force, but they begin to support 

this force and help it rotate the device around the 

rotational coupling. Then, the load's dependence on 

the cylinders' extension is shown in Fig. 10. 

The first, a blue curve, is created from 4 points 

connected by linear lines, which means the curve 

considers only the cylinders' initial forces in the 

places where they start to push to the final value. The 

second curve, shown by a green curve, represents the 

function processed using the relation (6), where the 

results of the forces were graduated by 5 cm and thus 

97 results were processed, from which a more 

accurate hyperbolic function is obtained. According 

to these results, it can be concluded that the proposed 

device reaches beyond the axis of rotation 

approximately at a length of 6.8 m measured from 

the mount of the telescopic system. 

III. DESIGN OF THE CYLINDER DIAMETERS 

ACCORDING TO THE INITIAL FORCES 

The correct diameters of the cylinders of the 

telescopic system must be determined to lift the 

proposed technical device safely. These diameters 

can be quantified using simple relationships when 

the initial cylinder lift force and feed fluid pressure 

are known. The pressure in the system will be set to 

p = 35 MPa. Therefore, Eq. (9) is valid for the 

cylinder No. 1: 

1
1 1 1

2

1

      

1,627,186.68
46,491.02 mm .

35

P
P

F
F p S S

P

S

   

 
 (9) 

Then, the radius of the cylinder No. 1 r1 is (see Eq. 

(10)): 

2 1
1 1 1

1

      

46,491.05
121.65 mm

S
S r r

r






   

 
 (10) 

at which, the active diameter of the hydraulic 

cylinder D1 is given by Eq. (11): 

1 12 =2 121.65=243.3 mmD r    (11) 

A normalized cylinder with the diameter D1 = 245 

mm was chosen. Similarly, it is possible to determine 

the diameter of the cylinder No. 2 D2 using Eqs. (12-

14): 

2
2 2 2

2

2

      

1,337,410.81
39,354.59 mm .

35

P
P

F
F p S S

P

S

   

 
 (12) 

The radius of the cylinder No. 2 r2 is (see Eq. (13)): 

 

Figure 10. A dependence of the load on the extension of cylinders 
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2 2
2 2 2

2

      

39,354.59
111.92 mm

S
S r r

r






   

 
 (13) 

at which, the active diameter of the hydraulic 

cylinder No. 2 is given by Eq. (14): 

2 22 =2 111.92=223.84 mmD r   , (14) 

therefore, the normalized cylinder with the diameter 

D2 = 245 mm was chosen. 

 

Figure 11. The main dimensions of the designed 

telescopic system 

Finally, Eqs. (15-17) serve to calculate the diameter 

of the cylinder No. 3: 

3
3 3 3

2

3

      

1,002,363.57
28,638.96 mm .

35

P

P

F
F p S S

P

S

   

 
 (15) 

The radius of the cylinder No. 3 is (see Eq. (16)): 

2 3
3 3 3

3

      

28,638.96
95.48 mm

S
S r r

r






   

 
 (16) 

and the active diameter of the hydraulic cylinder No. 

3 is given by Eq. (17): 

3 32 = 2 95.48=190.96 mmD r    (17) 

Based on the previous calculation, the normalized 

diameter of the hydraulic cylinder No. 3 is chosen 

with the diameter of D3 = 195 mm. According to the 

observed diameters of individual hydraulic 

cylinders, it is possible to set up a telescopic system 

with corresponding diameters, as depicted in Fig. 11. 

IV. CONCLUSION 

The paper discussed the research on a structural 

design of a telescopic hydraulic system 

implementable in a technical equipment cyclically 

stressed by the variable load from passengers. 

Overall, many publications on this issue focused on 

normative analytical and numerical solution 

methods. The beginning of the research consisted of 

the analysis of the historical development of the 

entertainment industry from the beginning to the 

present day, together with the presentation of the 

main components used in constructing such facilities 

and their material base. Here, information resulting 

from valid procedures and standards such as STN 

EN 13814 and STN EN 13814-1 was fully utilized. 

In the following solution to the problem, the 

proposed type of amusement device was presented 

together with the technical specifications and the 

place of an implementation, where the maximum 

number of passengers was 18 and other parameters 

of the device were normatively derived accordingly. 

The research was further devoted to creating a 3D 

CAD model with the help of the CATIA V5 software 

, which was logically based on derived dimensional 

calculations. After designing the geometry of the 

individual components, analytical and numerical 

methods were used to accurately design the selected 

structural units as a gondola assembled for two 

passengers and adapted to the main dimensions of 

the body according to the STN EN 547-3 + A1 

standard, with the maximum load capacity of 100 kg 

per passenger. Further calculations focused on the 

design of the truss structure and the hollow shaft, 
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verified using analytical and numerical methods. 

During the design, attention was also paid to the 

specific calculation of the electric motor's power, 

which resulted in an electric motor with a conical-

frontal gearbox with an output of 90 kW, together 

with the gear transmission design. The main beam of 

the amusement device was checked for the required 

deflection according to the STN EN 13814 standard 

using analytical calculations, and the numerical 

method was also checked in the ANSYS software. 

All these steps resulted in the presented work in the 

possibility of determining the dependence of the load 

on the extension of the cylinders of the telescopic 

system, and a suitable diameter of the individual 

cylinders was proposed. This system will consist of 

three hydraulic cylinders with different diameters, 

and each cylinder starts pressure at a different device 

position. However, this was preceded by quantifying 

the forces with which the cylinders will act on the 

main beam to achieve static equilibrium and lift it to 

the desired position (from horizontal to vertical). 

This, the forces were determined using the static 

equilibrium equations. The geometry of the 

cylinders (length, angles at which the cylinders begin 

to act on the beam) was chosen based on the 

parameters of the proposed technical device 

resulting from previously published research work. 
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Abstract: Ensuring the efficiency of railway transport in international traffic needs the development of 

combined transport systems. Container transportation is the most relevant among them. Containers 

are usually transported by rail on platform wagons. Along with this, the lack of platform wagons in 

operation makes it necessary to use other types of wagons for container transportation, such as open 

wagons. The fastening of containers in open wagons is carried out using pneumatic bags. To study 

the effectiveness of applying such a fastening scheme, the load of the container during transportation 

in an open wagon was determined. The conducted research will contribute to creating 

recommendations for improving rail transport operations' efficiency. 

Keywords: transport mechanics; container; dynamic load; container strength; container transportation 

 

I. INTRODUCTION 

The increase in the operational efficiency of the 

transport industry led to the introduction of modular 

vehicles. Containers used in operation are one of the 

most common among them. This is explained by the 

possibility of their transportation by almost all 

modes of transport: rail, road, water and air [1-3]. A 

significant share of container transportation is 

accounted for the rail transport. Transportation of 

containers by railway is carried out on platform 

wagons [4-6]. The lack of platform wagons in 

operation makes it necessary to use other types of 

wagons for container transportation, for example, 

open wagons [7-9]. Along with this, using open 

wagons for container transportation requires the 

provision of a reliable scheme of their interaction, 

which would ensure their proper protection against 

movement during transportation. 

To ensure proper fastening of containers in the 

longitudinal plane, pneumatic bags are found to be 

used there, and they are installed between the end 

walls of the open wagon and the container (Fig. 1). 

Usually, such pneumatic bags have standard 

dimensions and characteristics.  To study the effectiveness of pneumatic bags for 

fastening containers in an open wagon, it is 

necessary to determine their load in the conditions of 

 

 

Figure 1. Transportation of containers:  

a) loading a container, b) fastening a container 
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operational modes. Therefore, studies devoted to 

determining the load of a container when it is fixed 

in an open wagon employing pneumatic bags are 

relevant. 

Many publications are devoted to the issue of 

container transportation by rail. Thus, the analysis of 

the main indicators of the strength of the load-

bearing structure of an open wagon when 

transporting containers in it is described in the 

publication [10]. The longitudinal dynamics of an 

open wagon loaded with two containers were 

investigated. It was considered that their interaction 

is carried out through fitting stops, which are welded 

to the floor of the open wagon. The performed 

calculations showed that the transportation of 

containers using the specified fastening scheme is 

permissible. However, such a fastening scheme is 

ineffective in the conditions of over-normalized 

regimes. The design of a removable module of a Flat 

Rack type is proposed in the research [11] for an 

adaptation of wagons to transportation of containers. 

The results of the strength calculation of the 

removable module under the condition of its use on 

a platform wagon are presented. The calculation 

results proved the feasibility of the proposed design 

of the removable module. 

Along with this, the authors did not investigate the 

possibility of its use for fastening containers in open 

wagons. Features of the modernization of the 

supporting structure of the wagon for the possibility 

of transporting containers on it are highlighted in the 

work [12]. The author's team presents the results of 

experimental studies of the strength of the wagon 

frame during a shunting collision. It was established 

that the proposed modernization is expedient. The 

features of the modernization of a freight wagon for 

the transportation of containers are covered in the 

article [13]. The authors proposed using a removable 

frame for placing 20-foot and 40-foot containers. It 

has been proven that the proposed solutions for using 

such a frame are effective. However, the studies [12, 

13] were conducted on a platform wagon example. 

The paper [14] provides the solutions for the 

situational adaptation of open wagons to the 

transportation of containers. A special removable 

module for securing containers in an open wagon is 

proposed. However, when considering using such a 

module, the authors did not pay attention to the 

strength of the load-bearing structure of an open 

wagon and a container. The article [15] highlights 

the features of calculating the strength of the floor of 

a 40-foot container during its transportation by water 

transport. Recommendations for safe operation of 

this type of container. However, these solutions are 

ineffective when transporting it by rail, particularly 

in open wagons.  

The analysis of literature sources proves that the 

issues of studying the load of containers during 

transportation by rail transport are relevant and 

require further research. 

Regarding this, the goal of the presented research 

was to study the strength of a container when it is 

fixed in an open wagon with the help of pneumatic 

bags. 

II. PRESENTATION OF THE PRIMARY 

RESEARCH MATERIAL 

Mathematical modelling was conducted to 

determine the efficiency of pneumatic bags for 

fastening containers in an open wagon. A 

mathematical model (1) [16] was used for this 

purpose. The model characterizes the load of the 

container in the longitudinal plane placed on the 

platform wagon during a shunting maneuver [17]. 

As part of this study, a specified model was refined 

by considering the force from a pneumatic bag on a 

container. It is assumed that the pneumatic bag is 

entirely distributed relative to the end wall of the 

container. It is considered that the container is 

supported and fastened in the open wagon through 

 

Figure 2. A calculation diagram of an open wagon loaded by containers 
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fittings that interact with the fitting stops. Due to a 

technological gap, frictional forces arise between the 

horizontal surfaces of fittings and fitting stops. 

The container is loaded with conditional cargo 

using the full carrying capacity. The movement of 

the cargo in the container was not considered. There 

is no gap between the pneumatic bag and the 

container wall. The model did not consider the 

previous static compression of the pneumatic bag. 

The calculation diagram of an open wagon loaded by 

containers is shown in Fig. 2. 

A mathematical model describing a container's 

dynamic load when transported in an open wagon 

has the following form (see Eq. (1)). 𝑀𝐵 ⋅ 𝑞̈1 = = 𝑃𝑛 −∑[𝑓𝑚𝑝 ⋅ sign(𝑞̇1 − 𝑞̇2) + 𝑘𝑛
𝑖=1 ⋅ (𝑞1 − 𝑞2)] 𝑀𝑘 ⋅ 𝑞̈2 = = 𝑓𝑚𝑝 ⋅ sign(𝑞̇1 − 𝑞̇2) + 𝑘 ⋅ (𝑞1 − 𝑞2), 

(1) 

where MB is the wagon body mass, Mk is the 

container mass, Pn is the magnitude of the 

longitudinal force acting in an automatic coupler (the 

value of 3.5 MN is considered [23]), P is the stiffness 

of pneumatic bags, fmp is the friction force (the value 

of 0.15, i.e. steel – steel couple is considered) 

between fitting stops and fittings, q1, q2 are 

generalized coordinates, at which, they are identical 

with the longitudinal axes X1 (for the wagon body) 

and X2 (for the containers). Both containers have the 

same coordinate system, because it is assumed that 

any motion is allowed between them (rigid coupling 

is assumed between them). 

The solution for this system of equations of motion 

was carried out using the MathCad software [18, 19], 

with initial conditions set close to zero [20]. The 

system of equations (1) was solved using the 

“rkfixed” function integrated in the MathCad 

software. It gives velocities to individual element of 

the solved mechanical system. During the 

calculation iteration process, the acceleration shown 

in Fig. 3 were obtained. The air bags stiffness value 

was obtained by means of this iteration process. 

The calculation results established that to maintain 

container accelerations up to 20 m/s2, the stiffness of 

the pneumatic bag should be at least 2500 kN/m 

(Fig. 3). 

It is important to note, that this stiffness value 

should be even more important in conditions of over-

normalized operating modes. 

A calculation was made in SolidWorks Simulation 

to determine the container's strength, considering its 

fastening by means of pneumatic bags in the open 

wagon [21, 22]. The calculation diagram of the 

container is shown in Fig. 4.  

This scheme considers the effect of the 

longitudinal load Pp on the end wall. The vertical 

load Pv was applied to the container's lower frame 

using the container's full carrying capacity, and the 

friction force fmp was applied to the horizontal parts 

 

Figure 3. Accelerations acting on a container 

 

Figure 4. A calculation scheme of a container 
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of the fitting stops. The construction material is 

09G2S steel. The permissible strength of the used 

material is of 310.5 MPa [23]. 

III. RESULTS OF THE STRENGTH ANALYSIS 

OF THE CONTAINER 

The finite element model of the container is 

formed by tetrahedral elements. Their optimal 

number was determined by the graphic-analytical 

method [24]. The calculation results are shown in 

Fig. 5 and Fig. 6. 

The maximum stresses in the container were 

identified in the area where the cladding adhered to 

the end beam of the container and mounted. It is also 

detailed in Fig. 5. 

These values were up to 318.0 MPa. The 

maximum deflections detected in the end wall occur 

at its center and are equal to the value of 3.7 mm, as 

seen in Fig. 6. The calculation results allow to 

conclude that the strength of the container under the 

applied loads is not ensured. 

The research proved that applying the pneumatic 

bags led to an excessive load on the container in the 

 

Figure 5. A stress distribution in the container structure 

 

Figure 6. Deflections calculated in the container structure 
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open wagon. Future research will focus on 

improving the proposed idea through improving the 

structure. Subsequently, strength analyses will be 

performed to determine whether using pneumatic 

bags is possible. 

IV. CONCLUSION 

Mathematical modeling of the longitudinal load of 

a container placed in an open wagon was carried out. 

It was established that to maintain container 

accelerations within 20 m/s2, the stiffness of the 

pneumatic bag should be at least 2,500 kN/m. 

The strength of the container is calculated when it 

is fixed in the open wagon with the help of 

pneumatic bags. The maximum stresses in the 

container were identified in the area where the 

cladding adhered to the end beam of the container 

and amounted to the value of 318.0 MPa. The 

maximum deflections in the end wall occur at its 

center. These deflections were numbered to the value 

of 3.7 mm. Based on the calculation results, it is 

possible to conclude that the required strength of the 

container under the acting loads has not been met. 

Therefore, the issue of improving the scheme of 

securing containers in open wagons requires further 

research. 
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Abstract:      In recent years microstrip patch antennas having minute size is an exciting topic for many researchers 

and design engineers. In this paper a novel miniaturized microstrip patch antenna for Wi-Fi 

applications is proposed. The concept of defected ground plane (DGS) is used for achieving 

miniaturization. The prototype is designed and analyzed by CST Microwave Studio. Low cost FR-4 

substrate having thickness of 0.8 mm is used for the design of the antenna. The antenna is having 

compact size of 16 × 17 mm2. The simulated results demonstrate that the antenna has bandwidth of 

2.02% (49 MHz) with -41.46 dB reflection coefficient at resonating frequency. The antenna has 

bidirectional radiation pattern. The proposed design provides a size reduction of 75.46% in 

comparison to conventional patch. The proposed antenna is having compact size and is low cost which 

makes it a suitable candidate for 2.4 GHz Wi-Fi band. 

Keywords: Wi-Fi; microstrip antenna; DGS; miniaturization; slot 

 

I. INTRODUCTION 

Wireless technology has developed rapidly in 

recent years, making cellular communication more 

advanced than ever [1]. It has revolutionized our 

lives, our jobs, and how we interact with one another. 

When it comes to wireless communication, an 

antenna plays a vital role. Due to the stringent 

requirements of modern communication systems, 

miniaturized antennas have become increasingly 

popular [2]. Due to their complexity and restrictions, 

designing a compact antenna becomes a crucial task 

for scientists and researchers [3]. Recent years have 

seen an increase in the use of microstrip patch 

antennas due to their low cost, light weight, 

inexpensive and easy manufacturing using printed 

circuit boards [4-5].  

In [5] authors presented a detailed review of 

topology- and material-based methods for 

miniaturization of antenna. The topology-based 

miniaturization techniques include the defected 

ground structure. Microstrip antennas that integrate 

defected ground structures (DGS) have become 

increasingly popular thanks to their simple structural 

designs and ease of imprinting on microstrip 

substrates [6]. 

Slot on the patch affects the input impedance 

matching and degrade pattern purity. It can be 

prevented by employing slots on the ground plane 

known as defected ground structure (DGS). In 

comparison to slot on the patch DGS provides better 

results in terms of frequency and cross-polar (XP) 
level [7]. As a result of the modification to the 

ground plane, a discontinuity has occurred in the 

ground plane, which has caused the primary 

radiator's electric current to reroute along the 

ground's conducting surface, thus increasing the 

ground plane's electrical length [5, 8]. In addition to 

reduce the antenna size DGS is integrated in patch 

antenna for various applications like harmonic 

suppression, cross-polarization reduction [9] and 

mutual coupling reduction [10].  

Each DGS shape has its own characteristics and 

creates effect on the performance of the device 

according to its geometry and size. Effective 

capacitance and effective inductance of the model 

are changed by embedding the slots on the ground 

plane, resulting in shifting of resonance frequency to 

its lower side. Thus, compactness is achieved by 

using DGS [11]. 

https://dx.doi.org/10.14513/actatechjaur.00759
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By introducing DGS antenna resonance frequency 

is shifted from 5.7 GHz to 3 GHz resulting in size 

reduction up to 50% [10]. For lower GNSS, 

WiMAX, C-band and WLAN systems a compact 

multiband antenna utilizing slot in the radiating 

patch and the ground plane is addressed in [12]. A 

miniaturized quadband heart-shaped planar 

monopole antenna (QHPMA) by using the 

combination of the DGS, and the metallic vias is 

presented in [13]. For LoRa application at 868 MHz 

an inset fed miniaturized antenna with defected 

ground plane is proposed [14]. Here linearly 

polarized waves are generated. Using defected 

ground structure, a miniaturized microstrip patch 

antenna array is demonstrated in [15], for S band at 

2.2 GHz with size reduction up to 83% in 

comparison to conventional patch antenna. A 

circularly polarized triple band microstrip fed simple 

square slot antenna is presented in [16] for S-band 

and C-band. 

Based on the literature presented above, it is 

evident that by using the concept of defected ground 

plane miniaturized microstrip patch antennas have 

been designed for various different wireless 

applications, these antennas can be single band, 

multi band antennas or they can be reconfigurable 

one. The main purpose of this work is to design and 

analyse a miniaturized microstrip patch antenna with 

defect in the ground plane. A novel shape of DGS is 

proposed which results in the antenna to operate at 

2.4 GHz Wi-Fi band. CST microwave studio [17] is 

used for the design and analysis of the proposed 

antenna. 

The rest of the paper is organized as follows. In 

section II the methodology for the designing of the 

proposed miniature antenna loaded with DGS is 

discussed. Section III deals with the discussion of 

simulation results. Finally, section IV concludes the 

paper. 

II. DESIGN METHODOLOGY 

The main purpose of this work is to design a 

compact antenna for Wi-Fi applications using DGS 

method. This section describes the design 

methodology of the proposed antenna. The geometry 

of the proposed antenna is shown in Fig.1. As shown 

modifications are done in the ground plane which 

results in the discontinuity in the ground surface 

current path. The defect in the ground plane alters the 

electrical length of the ground plane and the antenna 

starts resonating at lower resonant frequency. 

As shown in Fig.1 the top layer of the antenna 

consists of square radiating patch and the ground 

plane is having defected structure. The square patch 

is fed with 50 Ω microstrip feed-line. The antenna is 

printed on low cost FR-4 substrate having thickness 

 

 

Figure 1. Antenna geometry (a) front view and 

(b) back view. 

Table 1. Dimensions of the proposed antenna (mm). 

Parameter Value Parameter Value Parameter Value Parameter Value 

Lg 16 Lf 4 L2 2.5 W2 0.5 

Wg 17 Wf 3 L3 5 R1 3 

Hs 0.8 Ls 10 L4 8.5 R2 4 

L 8 Ws 14.6 L5 4 R3 3 

W 8 L1 2 W1 1.5 R4 4 
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of 0.8 mm, dielectric constant of 4.4 and loss tangent 

of 0.02. The overall size of the antenna is Lg × Wg × 
Hs = 16 × 17 × 0.8 mm3. The optimized design 

parameters of the proposed antenna are listed in 

Table 1. The size reduction achieved is 75.46% in 

comparison to conventional patch. With the 

proposed design, we aim to create a compact, low 

cost antenna for Wi-Fi applications.  The design 

strategy was to keep the reflection coefficient (S11) 

of less than -10 dB. 

III. RESULTS AND DISCUSSIONS 

To study the performance of the proposed 

microstrip patch antenna, the antenna prototype is 

designed, simulated, and analyzed using CST 

microwave studio. 

In order to understand the influence of the various 

design parameters on the resonant frequency of the 

antenna parametric analysis is necessary. Parametric 

analysis is performed by varying one parameter at a 

time and keeping other as constant. The vital 

parameters selected for analysis are W1 and W2. 

The effect of width W1 on the performance of the 

antenna is studied first. The width W2 is kept 

constant at 0.5 mm and the width W1 is varied from 

0.5 mm to 2 mm in suitable steps. The effect of 

variation in W1 on the reflection coefficient is shown 

in Fig.2. As can be seen from the figure as the width 

W1 increases, the resonant frequency increases 

significantly. When W1 equals to 1.5 mm the antenna 

resonates at 2.42 GHz with reflection coefficient 

equals -41.46 dB. 

Fig.3 shows the effect of variation on the 

reflection coefficient for different values of W2 

keeping W1 constant at 1.5 mm. The width W2 is 

varied from 0.5 mm to 2 mm in suitable steps. As the 

value of W2 increases, the frequency shifts from 2.42 

GHz to 2.44 GHz with reduction in reflection 

coefficient from -41.46 dB to -19.09 dB. 

Fig.4 shows the reflection coefficient of the 

proposed antenna. The simulated results show that 

the antenna resonate at 2.42 GHz with reflection 

coefficient (S11) of -41.46 dB and has bandwidth of 

2.02% (2.397-2.446 GHz). For efficient 

performance of the antenna the value of VSWR 

should be between 1 and 2. The VSWR plot is shown 

in Fig.5. At the operating frequency the antenna has 

VSWR value of 1.01. 

The simulated normalized radiation patterns of the 

proposed patch antenna including the co-

polarization and cross-polarization in the H-plane (ϕ 
= 0) and E-plane (ϕ = 90) are shown in Fig.6. The 

proposed antenna produces almost symmetrical 

 

Figure 2. Effect of variation in W1 on the 

reflection coefficient (S11). 

 

Figure 3. Effect of variation in W2 on the 

reflection coefficient (S11). 

 

Figure 4. Simulated reflection coefficient (S11) of 

the proposed antenna. 

 

Figure 5. Simulated VSWR of the proposed 

antenna. 
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radiation pattern having bidirectional nature. In the 

proposed design the E-plane and H-plane cross-

polarization levels are lower than that of the co-

polarization levels. The 3D radiation pattern of the 

proposed antenna at 2.42 GHz is shown in Fig. 7. 

The simulated gain of the antenna is -5.48 dBi. 

For further analysis, we have investigated surface 

current impact on the performance of the antenna. 

Fig.8 shows the average surface current distribution 

on both the patch and the ground plane of the 

proposed antenna. As can be seen in figure the 

intensity of current on the defected ground plane is 

very high in comparison to the patch. The figure also 

shows the current path on the top surface is along the 

microstrip line to the edges of the square patch and 

then the current shifts to the ground plane from the 

top of the DGS towards its bottom completing its 

path. In this way the DGS affects the ground plane's 

electrical length and the antenna is able to radiate at 

lower frequency. 

IV. CONCLUSION 

A miniaturized microstrip patch antenna fed by 

microstrip feed line is proposed. Modifications are 

done on the ground plane to achieve the miniature 

size.  The antenna operates at 2.42 GHz with 

reflection coefficient of -41.46 dB. Detailed analysis 

is carried out to investigate the effect of vital 

parameters on the design of antenna. The design 

provides substantial reduction in size as compared to 

a typical microstrip patch antenna operating at the 

same frequency. The antenna is having miniature 

size to be installed in communication systems where 

available space is a major issue. 
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Figure 7. Simulated 3D radiation pattern of the 

proposed antenna. 
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Figure 6. Simulated normalized radiation 

patterns of the proposed antenna. 

 

Figure 8. Current distribution of patch antenna 

with DGS, (a) front view, (b) back view. 
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