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Abstract. The object of research in this work is the relationship between the feasibility of secondary use 
the moss layer and the thermal characteristics of an oil pipeline, which was laid underground in permafrost 
conditions. The purpose of the work is to determine the expediency of the secondary use of the moss layer 
with underground laying of the pipeline in the permafrost conditions. The choice of the object and purpose 
of the study is motivated by the intensive development of territories with permafrost soils, by the relevance 
of problems related to the construction and operation of the energy transport system, by its impact on the 
ecological development of the permafrost zone and by the need for further research aimed at solving these 
problems. The following tasks were formulated to achieve this goal: a) to determine the main thermal factor 
affecting the expediency of the secondary use of the moss layer; b) to consider the possibility of restoring 
the moss layer at various permafrost soils; c) to determine the feasibility of restoring the moss layer for 
underground laying pipeline with various types of energy resources; d) to determine the economic 
component of the secondary use of the moss layer. The equivalent of the Zapolyarye–Purpe Oil pipeline 
theoretical model of the underground oil pipeline is presented in this work for research. The inexpediency 
of the secondary use of the moss layer in the underground laying of the oil and gas pipeline is justified by 
the thermal and economic characteristics of the soil. Future considerations of this topic are related to the 
study of the economic indicators of underground pipelines in conditions of multi-layered permafrost soils. 

Citation: Kolosova, N.B., Kolosov, E.S., Ptukhina, I.S., Rineyskaya, A.A. Reconstruction of a moss layer 
in permafrost conditions. Magazine of Civil Engineering. 2025. 18(2). Article no. 13402. 
DOI: 10.34910/MCE.134.1 

1. Introduction 
The object of research in this work is the relationship between the expediency of secondary use the 

moss layer and the thermal characteristics of the oil pipeline, which is laid underground and transports 
energy resources in permafrost conditions. 

The choice of the research object is caused by the intensive development of territories with 
permafrost soils, the relevance of problems connected with the construction and maintenance the energy 
transport system, its impact on the ecological development of the permafrost zone, and the need for further 
research aimed at solving these problems. 

In developing the topic of this work, the authors pay attention to the following facts. 

It is known that there are three methods of laying pipelines in the world experience. These are 
underground, land, and aboveground methods [1–4]. Each of them has advantages and disadvantages. 

  

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-7937-3269


Magazine of Civil Engineering, 18(2), 2025 

However, there are often situations in our lives when only underground pipeline laying is possible. 
Herewith, it’s impossible to avoid a negative impact on the environment. 

According to the authors, one of the main issues is the study of the feasibility of restoring the moss 
layer on the surface of the soil that has been developed because the use of moss layer restoration 
technology in permafrost conditions will require significant additional financial and time resources [2, 4]. 

Analysis of the scientific literature has shown that the choice of the most effective technology for 
underground pipeline laying in permafrost conditions is a serious problem. It requires a comprehensive 
analysis, which is aimed not only at solving technical problems but at the impact of the construction process 
on the ecosystem also [5–9]. 

During the search of effective technologies for underground laying of pipelines, some authors  
[10–18] describe various factors and approaches to finding optimal technical solutions during the installation 
and operation of pipelines in permafrost distribution areas. However, these works are experimental in 
nature and do not reflect the relationship between pipeline laying technology and its effect on the 
temperature condition of permafrost soils. There is no information about the necessity of the secondary use 
moss layer here. 

On the other hand, some authors [19–26] describe the relationship between various physical and 
mechanical properties of frozen soil and negative phenomena occurring in array of permafrost soils (frosty 
heaving, formation soil cracks, etc.). 

These are theoretical works. They do not reflect the relationship between the technological 
operations during the construction of the pipeline (restoration the moss layer) and the process of thawing 
frozen soil. 

As the analysis of scientific literature shows, some authors have conducted researches, which were 
related with the influence of the moss layer and the temperature mode of permafrost soils [27–30]. However, 
we have here the observation of the soils temperature mode with moss layer during long-term operation. 
There is not analysis of the expediency of restoring the moss layer during pipeline construction. 

Thus, a review of the scientific literature has showed the lack of solution to the problem of the 
relationship between the secondary use of moss and the thermal parameters of permafrost soils during 
underground pipeline laying. And the purpose of the research has been obviously. 

The purpose of the study is to determine the expediency of the secondary use moss layer during the 
underground laying of the pipeline in permafrost conditions. 

We need to solve the following tasks in order to achieve the goal: 

− to determine the basic thermal factor defining the expediency secondary use of the moss layer; 
− to consider the possibility of restoring the moss layer with different types of permafrost soil; 
− to determine the expediency of restoring moss layer for underground laying of pipeline with 

various types of fuels; 
− to determine the economic effect of the secondary use moss layer. 

2. Model and Methods 
Research model 
When the authors determined the design of the model for study, they relied on researches that were 

conducted in the field of interaction pipeline – frozen soil system [10, 11, 17, 19]. 

In the issue, it was decided to consider the model for study as the theoretical model of the oil pipeline, 
which was installed underground by analogy with the well-known Zapolyarye–Purpe Oil pipeline [15, 16]. 
Oil with a temperature of 60 °C was used as the transported raw material. 

Design scheme of research model is shown in Fig. 1. 
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Figure 1. The researched model of the underground oil pipeline: 1 – oil pipeline,  

2 – the studied permafrost soil, 3 – the soil of backfill (imported sand), 4 – moss layer. 
The study of the feasibility of restoring the moss layer during underground pipeline laying in 

permafrost conditions was carried out using the calculation method in the PLAXIS 2D software package. 
Temperature fields and soil thawing indicators were determined in August of the first year operation of the 
pipeline. The temperature of 11.1 °C was assumed to be the edge condition on the ground surface. This 
temperature was determined on the basis of the technical report engineering and geological surveys of the 
Ust-Mom city Sakha Republic. 

The main characteristics of frozen soils, backfilling soil, and moss layer were adopted on the basis 
of normative documents of the Russian Federation, technical reports of engineering, geological surveys 
and are presented in Tables 1, 2 and 3. 

Table 1. Main characteristics of the moss layer. 
Name title Value 

Layer thickness, mm 50 
Density, kg/m3 231 

Specific heat, J/kg·°C 6170 
Heat conductivity factor, W/m·°C 0.15 

 

The pipeline is modeled as a steel pipe in a polyurethane foam shell construction with a diameter of 
1020 mm. The wall thickness of the oil pipeline was determined by the methodology which was described 
in the normative document. 

The formula for determining the thickness of the shell construction is presented below: 

( )
,

2 1

n p Dn
R n p

⋅ ⋅
δ =

⋅ + ⋅
 

where n  is load reliability factor; p  is operating (standard) pressure, MPa; Dn  is outside diameter of the 

pipeline, cm; 1R  is calculated compression resistance, MPa. 

As a result, the thickness of the oil pipeline was accepted at 12 mm, and the thickness of the 
polyurethane shell construction was accepted at 100 mm. 

Imported sandy soil with the characteristics given in Table 2 was considered as a backfilling soil. 

Table 2. The main characteristics of the backfilling soil. 
Name title Value 

Density, kg/m3 2000 
Elasticity modulus, MPa 40 

Angle of internal friction, deg 40 
Specific cohesion, kPa 1 
Specific heat, J/kg·°C 835 

Heat conductivity factor, W/m·°C 2.22 
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Sandy loam, loam, and clay, which are most often found in permafrost conditions, were considered 
as the studied soil. The characteristics of these soils are presented in Table 3. 

Table 3. Main characteristics of permafrost soils. 

 

To maximize the approximation of the computational model in the PLAXIS 2D PC with real conditions, 
the monthly values of atmospheric temperature in Ust-Moma of the Sakha Republic were taken by authors. 
These values ranged from 14.8 °C (July) to –44.9 °C (January) [16]. 

The research task has been to determine the modification the thermal parameters of the pipeline-
soil system. 

3. Results and Discussion 
During the modeling process, the distribution of these indicators was obtained for the oil pipeline of 

the pipe-ground system. The oil pipeline was installed underground in permafrost soils: sandy loam, loam, 
and clay. 

Despite the numerous available factors affecting the thermal condition of the oil pipeline-soil system, 
the authors have accepted the depth of thawing and the width of the thawing halo effect as the studied 
factor, which determines the feasibility of restoring the moss layer during underground laying of the oil 
pipeline. 

According to the authors, these indicators can cause negative natural hazards (frost heaving, soil 
slaking, etc.) and lead to loss bearing capacity of frozen soils and, as a result, to loss stability of the oil 
pipeline itself [10, 14]. 

During the study the theoretical model of the underground oil pipeline, which was installed in various 
soils with an existing moss layer, the authors obtained temperature fields where the depth of thawing and 
the width of the thawing halo were determined (Figs. 2–4). (The white contour line corresponds to a 
temperature equal to 0 °С.) 

Name title 

Type of soil 

Soft sandy 
loam 

Soft 
plastic 
loam 

Plastic frozen 
sandy light 

clay 

Density, g/cm3 1.82 1.82 1.67 
Solid particles density, g/cm3 2.7 2.71 2.73 

Poisson number 0.3 0.34 0.35 
Relative density, kg/m3 1820 1820 1670 

Angle of internal friction, deg 18 15 14 
Total water content, % 23 26 30.6 

Airspace ratio 0.82 0.88 1.128 
Index of plasticity 0.06 0.09 0.208 

Modulus of deformation, MPa 8 7 3.19 
Specific cohesion, kPa 9 15 36 

Total ice content, % 34 39 2.7 
Ground freezing point, °С –0.67 –0.68 –0.25 

Yearly average temperature at a depth of 10 m, °С –7 –7 –7 
Specific heat, J/kg·°C 850 950 950 

Volumetric heat capacity of frozen soil, kcal/ m3·°С 487 535 667 
Heat conduction coefficient of thawed soil/ frozen soil, kcal/ m·hr·°С 1.69/1.92 1.45/1.65 1.14/1.36 
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Figure 2. Thermal parameters of the oil pipeline in the conditions of frozen sandy loam  

(the thawing depth is 2.907 m, the halo width is 1.55 m). 

 
Figure 3. Thermal parameters of the oil pipeline in the conditions of frozen loam  

(the thawing depth is 2.914 m, the halo width is 1.67 m). 

 
Figure 4. Thermal parameters of the oil pipeline in the conditions of frozen clay  

(the thawing depth is 2.859 m, the halo width is 1.73 m). 
Then, the authors conducted a study and analysis the thermal parameters of the oil pipeline 

temperature fields with a restored moss layer in different soils. This research allowed us to have question 
answered about the expediency of restoring the moss layer of the underground oil pipeline (Figs. 5–7). 

 
Figure 5. Thermal parameters of the oil pipeline with the restored moss layer in the conditions  

of frozen sandy loam (the thawing depth is 2.933 m, the thawing halo width is 1.91 m). 
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Figure 6. Thermal parameters of the oil pipeline with a restored moss layer in the conditions  

of frozen loam (the thawing depth is 2.952 m, the thawing halo width is 2.01 m). 

 
Figure 7. Thermal parameters of the oil pipeline with a restored moss layer in the frozen clay 

conditions (the thawing depth is 2.904 m, the thawing halo width is 2.08 m). 
The authors obtained the following results when comparing the temperature fields of an underground 

oil pipeline with an undisturbed moss layer and an oil pipeline with a restored moss layer (secondary use): 

− the depth of thawing during the secondary use of moss for all soils increased slightly (for frozen 
sandy loam by 0.9 %, for frozen loam by 1.3 %, for frozen clay by 1.6 %); 

− the width of the thawing halo during the secondary use of moss for all soils increased significantly 
(for frozen sandy loam by 23.2 %, for frozen loam by 20.4 %, for frozen clay by 20.2 %); 

− during the secondary use of moss, the horizontal propagation of the heat front around the oil 
pipeline is clearly traced. 

The same research was conducted by the authors regarding the laying of the underground gas 
pipeline. And, here the results of the study were similar, with the only difference that the depth of thawing 
here is maximized up 4.2 %, and the width of the thawing halo is maximized up 41.2 %. 

4. Conclusions 
Thus, analyzing the obtained results, it is obvious that the secondary use of the moss layer in 

underground construction of the pipelines is impractical: 

− the presence and growth of the horizontal component of the temperature fluctuation can cause 
substantial damage with longitudinal and transverse deformations, pipeline floating-up and 
negative effect of frost heaving; 

− it is necessary to take into account the practical significance of the obtained result. Such as the 
additional economic costs of restoring the moss layer and the cost of associated works and 
equipment. 

Thus, the cost of restoring one square meter of moss layer after underground laying of the pipeline 
is on the average 18870 rubles (the cost of loading moss, transporting it from the storage site to the 
installation site, renting equipment, and value added tax do not include this value). 

In the future, the authors plan to continue the research work of the pipeline-permafrost system both 
in terms of temperature effects and in terms of the economic component of laying pipeline in permafrost 
conditions. 
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Abstract. The study investigates the use of various binders for soil stabilization to enhance road batter 
protection under extreme hydraulic conditions. Flash floods and high-velocity water flows in rural areas 
often lead to significant erosion, posing challenges for infrastructure sustainability. This research aimed to 
identify cost-effective and efficient binder combinations suitable for protecting soil surfaces against severe 
erosion. Disturbed soil samples were mixed with agricultural lime, gypsum, and triple blends at varying 
proportions and subjected to controlled weathering and flume tests at velocities of up to 2 m/s. The results 
revealed that triple blends, at proportions of 2 % and 3 %, demonstrated the most effective erosion 
resistance, with unconfined compressive strengths exceeding 1 MPa. In contrast, gypsum showed limited 
efficacy due to uneven binding distribution. The study concludes that optimal binder selection and 
application can significantly reduce erosion susceptibility, offering a sustainable solution for rural 
infrastructure protection. 
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1. Introduction 
Soil erosion is a common problem for transportation infrastructure projects, mainly road embankment 

slopes, causing significant damage due to flash floods. Strong water flow can lead to erosion, damaging 
the embankment and underlying soil layers and resulting in road surface cracks and subsidence [1]. While 
using concrete for slope protection is effective, it is costly, especially for traffic projects in rural areas with 
low traffic density and limited budgets. Therefore, finding cost-effective alternative solutions is essential. 
This study uses binders to stabilize the soil and protect the road embankment, contributing to enhanced 
sustainability and safety for the transportation system. 

The traditional binders used in soil stabilization include Portland cement, lime, and fly ash, which 
have been extensively studied for their effectiveness in enhancing soil strength and stiffness. For instance, 
Tsai et al. highlighted that adding fiber-mixed binders can significantly improve the compaction and 
California Bearing Ratio (CBR) characteristics of sandy clay, demonstrating the potential of composite 
binders in soil stabilization [2]. Similarly, Lindh and Lemenkova emphasized that different soil types require 
specific stabilizers; coarse-grained soils benefit from Portland cement and fly ash, while fine-grained soils 
are more effectively stabilized with lime or a combination of lime and cement [3]. This distinction is crucial 
for engineers when selecting appropriate binders for specific soil types. In addition to traditional binders, 
alternative materials have gained attention due to their environmental benefits and effectiveness. For 
example, Du et al. explored using a phosphate-based binder for stabilizing soils contaminated with heavy 
metals, demonstrating that such binders can reduce leaching and enhance soil strength [4]. This approach 
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aligns with the growing trend of using waste materials and by-products in soil stabilization, improving soil 
properties, and addressing environmental concerns related to waste disposal [5]. Integrating alternative 
binders, such as ground granulated blast furnace slag (GGBS) and fly ash, has enhanced the mechanical 
properties of stabilized soils while reducing the carbon footprint associated with traditional cement 
production [6]. Their dosage and the water-binder ratio also influence the effectiveness of binders in soil 
stabilization. Lindh's research indicated that the water-binder ratio significantly affects stabilized soils' 
strength and seismic behavior, suggesting that careful control of this parameter is essential for achieving 
desired stabilization outcomes [7]. Moreover, Pham et al. found that increasing the binder leads to higher 
unconfined compressive strength (UCS) and reduced permeability in stabilized clayey soils, underscoring 
the importance of optimizing binder content for effective stabilization [8]. This optimization process is critical, 
as excessive binder use can lead to economic inefficiencies and environmental impacts. The application 
methods for binders also vary, with techniques such as deep soil mixing (DSM) and dry soil mixing 
commonly employed. Timoney et al. described the dry soil mixing method, where binders are injected in 
powder form into the soil, effectively enhancing the geotechnical properties of organic soils [9]. This method 
is particularly advantageous in areas with high moisture content, as it minimizes water-related issues during 
stabilization. Additionally, biopolymer binders, such as xanthan gum, have emerged as a promising 
alternative, offering unique properties such as high viscosity and hydrophilicity, which can improve soil 
stability and reduce erosion [10, 11]. The interaction between binders and soil also plays a significant role 
in determining the effectiveness of stabilization. The chemical reactions that occur during the hydration of 
binders, particularly with calcium silicate and alumina, contribute to the increased strength and durability of 
the stabilized soil [12]. Furthermore, using admixtures, such as sodium chloride as a cement accelerator, 
has enhanced the early strength gain of stabilized peat, indicating that the choice of binder and its additives 
can significantly influence stabilization outcomes [13]. Environmental considerations are increasingly 
influencing the selection of binders for soil stabilization. Alkali-activated binders and geopolymers have 
been explored as a sustainable alternative to traditional cement, offering similar or improved performance 
while reducing environmental impacts [14, 15]. The decision-making model proposed by Rocha et al. 
emphasizes the importance of minimizing costs and environmental impacts when selecting binders for soil 
stabilization, reflecting a broader trend toward sustainable engineering practices [16–18]. 

Although extensive research has been done on using binders for soil stabilization, studies focusing 
on protecting road embankment slopes, particularly in rural areas, are still lacking. Moreover, selecting the 
appropriate binder must be based on the specific factors of each project, including soil type, climatic 
conditions, technical requirements, and budget [19, 20]. This study is conducted within a confidential project 
in Queensland, where cost-effective and efficient solutions are sought to protect embankment slopes from 
erosion. The results of the survey will provide valuable information for selecting and applying binders in 
slope protection, contributing to the effectiveness and sustainability of the project. 

2. Materials and Methods 
2.1. Soil Preparation 

So as to investigate the effect of binders, soil must be tested under controllable conditions in the 
laboratory. The Department of Transport and Main Road (DTMR) sampled the soil. Then, it was mixed with 
various binders at the DTMR laboratory. Four binders were selected based on commercial availability: 
agricultural lime, gypsum, triple blend, and emulsion (residual bitumen). However, the emulsion was 
eliminated due to environmental concerns. The triple blend comprises 30 % general-purpose cement, 30 % 
fly ash, and 40 % hydrated lime. 

The main effect of binder is to build a C-S-H binding force, which comes from Calcium, Silicon, and 
Hydrogen. The binders contribute Calcium (Table 1), while the soil has over 50 % mass of SiO2. Hydrogen 
is available in the soil's moisture content. 

Table 1. Calcium component in binders. 
Binder Calcium (% mass) 

Agricultural lime 37–40 % 
Gypsum 27–31 % 

Triple blend 35–46 % 
 

A previous study on lime showed that 3.25 % of lime could significantly prevent erosion at a ratio of 
3.75 %, and erosion is negligible at a ratio of 5.25 % of lime [20]. Due to economic constraints, the binders 
were mixed at lower different ratios. Agricultural lime and gypsum were mixed at 0.5 %, 1.5 %, and 2.5 % 
of mass. Meanwhile, the triple blend was mixed at 1 %, 2 %, and 3 %, thanks to its availability. 
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After that, the mixtures were molded in acrylic boxes with a plastic tamper and 3D printed to the 
appropriate size (Fig. 1). A compaction by layer may be required to reach the desired relative density of 
97 %. The box's width was selected after the maximum power of the pump so that it could supply water at 
the velocity of 2 m/s over the sample in the flume test. The length and the depth were deterred from a 
previous erosion study so that the soil sample was thick enough for the developed erosion [20]. 

 
Figure 1. Sample mold: (a) acrylic box and (b) plastic tamper. 

Before testing, samples were exposed to the weather for 5 weeks (Fig. 2). This sun bath simulates 
the weather effect on the ground surface. As a result, the top surface was dried and more susceptible to 
erosion. Ambient temperature varied from 22 °C to 38 °C, and humidity varied widely from 20 % to 80 %. 
However, no significant surface crack was observed. 

 
Figure 2. Samples in sun exposure. 

2.2. Laboratory Testing 
Flume test. After the preparation, samples were tested with strong overflow of 0.5, 1.0, and 2.0 m/s. 

DTMR required the velocity for various probabilities of flood [21, 22]. These velocities already accounted 
for a heavy safety factor since actual flow may have a higher thickness, which results in a lower velocity at 
the flow bed. TUFLOW and ANSYS simulation can derive a detailed estimation [23 - 25]. 

The surface erosion apparatus was 3D printed in 5 pieces and assembled with a seal (Fig. 3). To 
reduce turbulence, the apparatus employed a laminator at the upstream side. The downstream side is 
empty to minimize backflow due to clogging. 

 
Figure 1. Flume test setup. 
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However, a trial showed that monitored water pressures still changed very quickly. Sometimes, the 
value at the upstream side is lower than at the downstream. Although there was a recommendation to use 
more sensitive sensors [9]. The sensing rate of the employed Wika A-10 and the recording rate of the DT85 
data logger were already milliseconds. Hence, a decision was made to go in the opposite direction. 3 m 
piezometers were attached to reduce the fluctuation. The water heads still fluctuated but at a very slow 
rate, and the pressure at the upstream side was consistently more significant than the pressure at the 
downstream. 

Four high-resolution webcams controlled by authorial software monitored the flume test. These 
cameras monitored a flow meter, a timer, samples, and the piezometers. The test on each sample was run 
continuously for 24 hours. 

Data processing. After testing, samples were dried with a heat gun until no water was visible at the 
surface (Fig. 4a). Then, the surface was obtained with an EinScan Surface Light scanner. This portable 
scanner could help scan tricky corners. However, there were still several mesh failures, which must be 
patched (Fig. 4b). The surface data was transformed into a com-putable mesh with Shining 3D and Fusion 
360 (Fig. 4c). After that, the eroded volume and erosion depth were computed. The average eroded depth, 
D, is calculated as D = Volume loss/Sample Area. 

However, the actual depth may vary by location. Hence, erosion depth at various distances from the 
edge of the sample was also measured. 

 
a 

 
b 

 
c 

Figure 4. Surface scan: (a) sample drying after the test, (b) scanned topography,  
and (c) remaining volume. 

3. Results and Discussion 
A summary of test results is presented in Table 2. Gypsum has no effect on erosion protection with 

the given mass proportions. In contrast, it increased the eroded volume to the maximum. This may be 
caused by the fact that gypsum provided some binding force, but it was not distributed well due to the low 
mass proportions. Hence, some agglomerates were formed. However, there was not enough binding force 
globally. These agglomerates suffered more drag force and were more susceptible to erosion. This 
explanation may also be proper for the sample with a low proportion of agricultural lime and triple blend. 
Binders had a negative effect when a low proportion of binder could form ag-glomerates but could not bind 
the whole soil mass. 

Table 2. Eroded volume (cm3). 
V 

(m/s) 
No binder 

Agricultural lime Gypsum Triple blend 
0.5 % 1.5 % 2.5 % 0.5 % 1.5 % 2.5 % 1 % 2 % 3 % 

0.5 89.70 122.6 131.3 136.7 180.3 210.1 197.0 232.2 17.9 18.6 
1.0 230.64 254.7 221.1 230.4 406.2 420.0 398.8 502.5 37.6 51.6 
2.0 620.40 676.8 924.0 357.6 924.0 924.0 924.0 671.6 53.8 39.3 
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Agricultural lime showed some effect of treatment. However, the efficacy of the tested proportions 
was not yet satisfactory. The test of the sample with 1.5 % lime and 2.0 m/s flow was an interesting case 
when some gravels enhanced the erosion. Meanwhile, the triple blend showed good efficacy at proportions 
of 2 % and 3 % by mass. 

Notably, the eroded volume may differ from the computed value due to the erosion (Fig. 5). After a 
significant erosion, the sample surface might not be exposed to strong flow anymore. Hence, it would have 
less shear stress. However, the turbulence might increase the direct impact on the surface. As a sequence, 
the everyday stress would increase. A previous study proposed to extrude the sample 1 mm into the flow 
to keep the flat surface [25]. This might not entirely reflect the surface erosion because the top layer might 
be peeled off by everyday stress from the intense flow rather than the shear stress. In addition, it may also 
cause some destruction at the boundary due to the sample extrusion. To illustrate the impact, the profile of 
eroded surfaces was built from 4 key points, the midpoints of sample quadrants (Fig. 6). 

 
a     b 

Figure 5. Flow pattern on tested specimen: (a) before the erosion and (b) after the erosion. 

 
Figure 6. Surface profiles after tests with the 2 m/s flow. 

The graph shows that samples with 0.5 % agricultural lime and 1 % triple blend suffered damage 
from everyday stress rather than shear stress. Hence, the surface was not straight but leveled off after a 
distance. 

In contrast, samples with 2 % and 3 % of triple blends showed adequate protection. Indeed, the 
strong over-flow peeled off only the weathered top layer. These samples were damaged by shear stress 
rather than everyday stress. UCS tests were undertaken to see how strong the samples were bound. The 
direct link between erosion protection and UCS seemed obvious (Fig. 7). Although the strength requirement 
depends on the flow velocity of the flood, samples with a 3 % triple blend had UCS over 1 MPa, which 
stepped into the zone of very weak rock. 
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Figure 7. Unconfined compressive strength of samples with binders. 

4. Conclusion 
The paper presents a study on the impact of various binders on soil erosion susceptibility. Some 

striking discoveries have been concluded: 

• If the proportion of the binder is not high enough, the binder may negatively impact erosion 
protection due to the formation of agglomeration. 

• Samples with 2 % and 3 % of triple blends seem to have adequate protection as only the 
weathered top layer was eroded. Note that this layer was dried during the curing process. 

• UCS of roughly 1 MPa can be a good sign for an effective binder. 
Future studies may focus on the impact of everyday stress during the erosion. 
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Abstract. The study presents an experimental and analytical investigation of foamed polyurethane 
viscoelastic materials with varying density and pore structures, focusing on their dynamic mechanical 
behavior relevant for vibration damping applications. Samples with distinct pore configurations (open, 
closed, and combined) and varying densities (165–380 kg/m3) were subjected to resonance-based dynamic 
tests under static loads of 2, 5, and 10 kPa. The dynamic modulus of elasticity and damping characteristics, 
including loss factor, fractional damping parameters, and relaxation times, were determined. Results 
indicated that damping properties are strongly influenced by material density and internal pore structure, 
with closed-pore materials exhibiting lower damping capacities compared to materials with open or 
combined pores. A Fractional Standard Linear Solid (FSLS) model was effectively utilized to characterize 
the observed nonlinear viscoelastic behaviors, successfully correlating experimental data through 
parameter identification methods. The findings confirm that increased density generally enhances the 
dynamic modulus while reducing damping capacity, whereas pore structure significantly affects the 
material's dynamic response. These insights validate fractional derivative models as efficient predictive 
tools, facilitating the optimized design of viscoelastic isolation systems for engineering structures. 
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1. Introduction 
Viscoelastic materials have been widely employed in numerous branches of science and engineering 

to address critical issues such as reducing dynamic impacts on supporting structures, vibration and seismic 
isolation of buildings and technical systems, and modifying the dynamic stiffness of structural elements. In 
these applications, understanding the dynamic behavior of the viscoelastic elements is indispensable for 
ensuring the reliability and efficiency of isolation and damping systems. Such behavior is inherently rate-
dependent, as the stiffness and damping characteristics of elastomers and polymeric foams generally 
exhibit considerable sensitivity to strain rate, frequency, and amplitude of excitation. Consequently, 
formulating accurate constitutive models becomes pivotal in designing vibration and seismic isolation 
systems with predictable performance over their entire service life. 

A broad spectrum of rheological models has been proposed to capture the complex time- and 
frequency-dependent behavior of viscoelastic materials, ranging from simple two-parameter models, such 
as the Kelvin–Voigt or Maxwell models, to sophisticated multi-element generalized models containing 
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multiple chains of springs and dashpots [1]. However, classical integer-order models can fail to capture 
certain real-world behaviors, especially when damping mechanisms arise from multiple or overlapping 
relaxation processes. Furthermore, simplified models sometimes yield unphysical predictions. For instance, 
Kelvin–Voigt-type models may exhibit artificially high or even unbounded loss factors under specific 
parametric conditions. On the other hand, highly parameterized multi-element frameworks, such as the 
Mooney–Rivlin model with eleven or more parameters, demand extensive experimental campaigns, making 
them impractical for many engineering contexts. 

Recent studies emphasize that these challenges can often be addressed by leveraging fractional 
calculus, which introduces fractional-order derivatives into standard viscoelastic models. Fractional 
operators enable more flexible representation of material memory effects than their integer-order 
counterparts [2, 3]. Such models, including the Fractional Kelvin–Voigt, Fractional Maxwell, and Fractional 
Standard Linear Solid (FSLS) models, can reconcile high modeling accuracy with comparatively fewer 
model parameters [4]. Moreover, numerical advancements in solving fractional differential equations [5] 
further encourage the use of fractional derivatives in practical applications. 

Early applications of fractional viscoelastic models in structural mechanics have demonstrated 
promising results. Studies on beams, plates, and shells resting on fractional viscoelastic foundations [6–9] 
have shown that incorporating fractional damping provides excellent agreement between experimental data 
and theoretical predictions for a wide range of frequencies. Furthermore, fractional operator models have 
found utility in seismology, where they can represent constant- Q  (quality factor) seismic waves more 
effectively than classical integer-order approaches [10, 11]. These successes align with other experimental 
validations in the literature: for instance, fractional models have demonstrated high fidelity in capturing the 
creep and recovery behavior of asphalt mixtures [12], the rheological response of fiber-reinforced rubber 
concrete [13], large-amplitude vibrations in metallic and polymeric systems [14], and viscoelasticity in 
polyethylene [15, 16], silicone [17, 18], and various rubber compounds [19]. 

Notably, fractional derivative-based methodologies have facilitated accurate and efficient 
identification of viscoelastic parameters. Beda and Chevalier [20] proposed a parametric identification 
technique to determine fractional exponents and relaxation moduli from limited experimental datasets. 
Similarly, Espíndola et al. [21] and Guo et al. [22] extended these approaches to thermoplastics and 
polymeric acoustic foams, revealing that fractional damping parameters often remain within a relatively 
narrow range under typical operational conditions, thus enabling simpler yet robust models. In these 
studies, the deviation between model predictions and experimental data was reported to be significantly 
lower compared to classical models – often below 5 % across a wide frequency range. 

Despite the recognized advantages, an ongoing challenge in fractional derivative modeling pertains 
to the identification of fractional parameters from experimental data, which can be especially sensitive to 
measurement noise, excitation frequencies, and other test conditions [5]. Recent investigations [13] 
demonstrated that the fractional exponent for fiber-reinforced rubber concrete could be identified by 
comparing analytical solutions of the FSLS model with experimental resonance data, obtaining an excellent 
agreement (errors consistently under 4 % in the measured stiffness loss). Similar conclusions were made 
for other polymeric and hyperelastic materials, highlighting how fractional damping exponents effectively 
characterize time-dependent material behavior in both the low- and high-frequency regimes [17, 18,  
20–22]. 

Driven by these findings, the present study focuses on foamed polyurethane vibration-damping 
materials with combined pore structures and varying densities, aiming to elucidate the role of fractional 
parameters in their dynamic response. By performing a series of resonance tests, the mechanical properties 
– dynamic modulus of elasticity and loss factor – are obtained under a range of static preloads and dynamic 
excitations. These datasets serve as inputs to a FSLS model, whose parameters are systematically 
identified via nonlinear least squares optimization. Emphasis is placed on capturing both stiffness and 
damping variations across different densities and pore structures, thereby highlighting the nuanced 
influence of foam microstructure on global vibrational performance. 

This paper presents a comprehensive experimental and analytical framework – encompassing test 
setup, data acquisition, and model parameter identification – to ensure reliable quantification of viscoelastic 
behavior. The insights gained herein extend the applicability of fractional operator modeling to a broader 
class of vibration-damping materials, contributing to advanced design strategies for high-efficiency passive 
isolation and noise control systems. The following sections detail the experimental methodology, describe 
the fractional-derivative-based approach to parameter identification, and discuss the implications of the 
results for future research and practical applications in vibration and seismic isolation. 
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2. Method 
2.1. Materials with Different Stiffness 

Let us first consider the behavior of vibration-damping materials, widely used in various fields of 
engineering and construction, made on the basis of foamed polyurethanes with different combination of 
closed and open pores, as well as with different densities. 

For a comparative evaluation of the behavior of materials under dynamic impact a series of samples 
(type s.1.1–s.1.4 in Fig. 1 a–d) with combined pore structure and increasing density, as well as materials 
with approximately the same density but different structure: type s.2.1 with closed pores (Fig. 1 e) and type 
s.1.4 (Fig. 1 d) are considered. 

These materials, due to their foam structure, have pronounced nonlinear characteristics. When the 
applied compression load increases, the stiffness of the material in the range of its operation decreases, 
which is due to the structural features of "collapse" of open pores and "pumping" of sealed air, and, having 
reached the limit value, begins to increase. 

The internal structure of the samples (slice fixation) of the materials is shown in Fig. 1. The images 
were obtained using an optical microscope with 50x – 100x magnification. For materials of types s.1.1–
s.1.4 it could be noted that the increase in density occurs with a simultaneous increase in the number of 
internal pores and a decrease in their size – the spread between large and small pores decreases and their 
total diameter becomes more and more constant. 

a) 

 

b) 

 
c) 

 

d) 

 
e) 

 
Figure 1. Internal porous structure f material samples: a) type s.1.1; b) type s.1.2;  

c) type s.1.3; d) type s.1.4; e) type s.2.1. 

2.2. Materials with Different Damping 
We also consider the behavior of vibration-damping materials based on polyurethane foam, used as 

a vibration-damping layer of vibration isolation systems for buildings and structures, machine foundations 
and high-precision equipment. 
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Two series of materials of approximately the same stiffness but with different structural features are 
considered for comparative evaluation of materials behavior under dynamic influence: 

• type d.1 – material with closed pores, which has the most elastic properties; 
• type d.2 – material with communicating pores, it has high damping, its properties are close 

to those of viscous liquids; 
• type d.3 – material with combined pore structure, it combines the properties of materials of 

types d.1 and d.2. 
These materials, due to their foamed structure, have pronounced nonlinear characteristics. When 

the applied compression load increases, the stiffness of the material in the range of its operation decreases, 
which is due to the structural features of "collapse" of open pores and "pumping" of sealed air, and, having 
reached the limit value, begins to increase. 

2.3. Experimental Method 
To determine the mechanical characteristics of the materials under study, a series of dynamic tests 

were carried out using the resonance method on a stand developed in accordance with GOST 16297-80, 
the general scheme of which is shown in Fig. 2. Experimental studies were carried out for samples in the 
form of square plates with dimensions of 100 × 100 × 25 mm. The sample of vibration-damping material 3 
was installed on the stage 2 of electrodynamic vibro-exciter 1 and loaded with steel cylinders (masses) 4, 
providing constant loads on the sample of 2, 5 and 10 kPa. 

Tests were conducted when the sample was subjected to broadband (white) noise. The perturbation 
signal was set by the oscillation generator RFT 03004 7, which through the amplifier RFT LV-102 8 was 
connected to the vibration exciter ESE-201 type 1. During the tests, the accelerations of the moving part of 
the electrodynamic vibration exciter (base) 5' – function ( ) ,z t  as well as the response of the system 5 – 

function ( )x t  were recorded by single-axis accelerometers PCB and multichannel measuring system 
LCARD LTR-24-2. 

a) 

 

b) 

 
Figure 2. Test bench for dynamic tests by resonance method:  

a) schematic diagram of the test bench; b) photo of the shaker. 
According to the results of dynamic tests by the resonance method, the measured accelerograms of 

base vibration ( )z t  and mass ( )x t  were processed to obtain the spectral characteristics of ( )z ω  and 

( ).x ω  The transfer function ( )Tr ω  is defined as the ratio of the spectral characteristics of the vibration 
accelerations obtained at the mass to the spectral characteristics of the vibration accelerations recorded at 
the base: 

( ) ( )
( )

Tr ,
x
z
ω

ω =
ω





                                                                      (1) 

where ω  is the frequency of external kinematic influence, Hz. 

Fig. 3 shows experimentally obtained curves of the transfer function modulus ( )Tr ω  for the object 
of study in the frequency range of 1–500 Hz at a constant load on the sample of 5 kPa. 

Note that for materials with combined pores of types s.1.1–s.1.4, shown by the dashed line, with 
increasing density, an increase in the resonance frequency of oscillations from 26 Hz (for type s.1.1) to 
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53 Hz (for type s.1.4) is observed. At the same time, the amplitude of the transfer function modulus at the 
resonance frequency remains approximately constant and varies in the range of 3–4. The materials of types 
s.1.4 and s.2.1, having comparable density but different structure, show differences in the region of the 
resonance frequency of the system: the material with closed pores (type s.2.1) has a lower resonance 
frequency (44 Hz vs. 53 Hz) and a much larger (3 times) amplitude of the resonance peak. 

The dynamic modulus of elasticity of the material could be determined in accordance with GOST 
16297-80 using the formula: 

2 2
04 ,dyn
MlE

S
π ω

=                                                                      (2) 

where 0ω  is the resonant frequency of the system, Hz; M  is the mass of the load, kg; l  is the height 
(thickness) of the sample under load, m; and S  is the area of the tested sample, m2. 

a) 

 
b) 

 
Figure 3. Modulus curves of the transfer function for the considered materials at a constant load  

of 5 kPa: a) for materials with different stiffness, and b) for materials with different damping. 
The resonant frequency has been determined as the frequency corresponding to the maximum peak 

on the transfer function graph. 

The loss factor has been evaluated by the width of the resonance peak [23], as shown in Fig. 4. In 
this case, points A and B on the graph correspond to the frequencies at which the amplitude of accelerations 
is 2  times smaller than the maximum amplitude achieved at the resonant frequency. 

Considering the introduced notations, the formula for the loss factor will be as follows: 

2 1

0
.ω −ω

η =
ω

                                                                          (3) 

Table 1 shows the obtained mechanical characteristics of the investigated materials. 
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Figure 4. Schematic of resonance peak width determination. 

Table 1. Dynamic parameters of the object of study. 

Material identification Density, kg/m3 Load, kPa dynE , MPa η   
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Type s.1.1 165 
2 0.428 0.440 
5 0.333 0.420 

10 0.179 0.670 

Type s.1.2 190 
2 0.657 0.299 
5 0.659 0.324 

10 0.572 0.600 

Type s.1.3 210 
2 0.637 0.423 
5 0.846 0.281 

10 0.782 0.343 

Type s.1.4 380 
2 1.129 0.250 
5 1.275 0.237 

10 1.176 0.399 

Type s.2.1 350 
2 0.909 0.172 
5 0.969 0.155 

10 0.952 0.192 

M
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Type d.1.1 343 
2 0.788 0.221 
5 1.000 0.130 

10 1.050 0.079 

Type d.1.2 467 
2 0.827 0.402 
5 1.190 0.187 

10 1.450 0.164 

Type d.2.1 353 
2 3.070 0.664 
5 5.560 0.600 

10 6.690 0.620 

Type d.2.2 572 
2 7.280 0.581 
5 13.640 0.483 

10 16.150 0.491 

Type d.3.1 280 
2 0.724 0.288 
5 1.070 0.194 

10 1.260 0.177 

Type d.3.2 381 
2 1.060 0.319 
5 1.459 0.198 

10 1.650 0.148 
 

Materials belonging to type s.1 & d.1 have a combination of open and closed pores and have 
pronounced viscoelastic properties with a relatively small loss factor value. It can be noted that with 
increasing density, the dynamic modulus of elasticity increases, and the loss factor decreases. Materials 
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with a structure with closed pores (type s.2.1) have more pronounced elastic properties, as evidenced by 
rather low values of the loss factor compared to other samples. 

2.4. Rheological Material Models 
For mathematical description of viscoelastic characteristics of the considered materials, we would 

adopt the standard linear solid model with fractional derivative, the rheological model of which is presented 
in Fig. 5 in two modifications: Zener–Rzhanitsyn (Fig. 5 a) and Poyting–Thomson–Ishlinsky (Fig. 5 b). Both 
variants are described by the following equation [3]: 

( )0 ,D E Dγ γ γ γ
ε σσ + τ σ = ε + τ σ                                                             (4) 

where σ  is the stress in the element, N/mm2; ε  is the strain of the viscoelastic element; στ  and ετ  are 

the creep and relaxation times, respectively, s; 0E  and E∞  are the relaxed and instantaneous elastic 
moduli, respectively, N/mm2. 

The fractional derivative in the Riemann–Liouville representation is defined as 

( ) ( )
( )0

,
1

t x t u dudD x t
dt u

γ
γ

−
=

Γ − γ
∫                                                                (5) 

where ( )1Γ − γ  is the Gamma-function. 

a) 

 

b) 

 
Figure 5. Standard linear solid model: a) Zener–Rzhanitsyn representation,  

and b) Poyting–Thomson–Ishlinsky representation. 
Further we will use the standard linear solid model in the Zener–Rzhanitsyn representation, 

consisting of an elastic element with modulus 2,E  N/mm2, connected in parallel with a fractional analog of 

a Maxwell element involving an elastic element with modulus 1,E  N/mm2, and a viscous element .η  

Parameters of this model entering in equation (4) are described by the following relationships [3]: 

1 2
0 2

1 2
, ,E EE E E

E E∞= =
+

 

01 2

1 1 2
, , .EE E

E E E E

γ
γ γ ε
ε σ

σ ∞

 τ+η
τ = τ = η = τ 

                                       (6) 

Let us consider the mechanical model corresponding to the experimental studies performed in 
Section 2. 

The relationship between the stiffness parameters 1,k  2k  and viscosity coefficient c  of the 

mechanical model (Fig. 6) and the rheological model parameters 1,E  2E  and η  (Fig. 5 a) is the following: 

1 1 2 2, , ,S S Sk E k E c
l l l

= = = η                                                      (7) 
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where S  and l  are the area and height (thickness) of the rectangular material specimen under load. 

In this case, the damper will be described by the relation 1,c kγε= τ  where γ  is the fractional 

parameter ( )0 1 .≤ γ ≤  When 0,γ →  the material has purely elastic behavior, and when 1,γ →  it has 
purely viscous behavior. In fact, every material has some combination of elastic and viscous properties. 

The transfer function (1) for a single-mass system with a viscoelastic element described by equation 
(4), in the case of a kinematic perturbation of the base ( ) 0

i tz t Z e ω=   will take the following form: 

( ) ( )

( ) ( ) ( )( )
2

0

1
Tr ,

1 1
sls

N ix
z

N i i

γ γ
ε

γ γ γγ
ε ε

+ τ ω
= =

 ω
+ τ ω − + τ ω ω 





                                    (8) 

where 0 ,k
m

ω =  1,i = −  .N σ

ε

τ
=
τ

 

 
Figure 6. Single-mass oscillating system with a viscoelastic foundation. 

3. Results and Discussion 
To describe the material behavior by the standard linear solid model with fractional derivative, it is 

necessary to know 5 parameters: 0,E  ,E∞  ,ετ  ,στ  ,γ  in so doing 4 of them to be determined, and the 
5th one could be obtained using relations (6). 

The experimentally obtained transfer functions ( )Tr ω  (1) was approximated by the curve described 
by the analytical solution (8) for the oscillating system shown in Fig. 6. The optimization problem was solved 
in the MATLAB program Optimization Toolbox by the nonlinear least squares method using the lsqcurvefit 
function. The natural frequency 0ω  obtained from the experimental results was set as an initial 
approximation. 

Fig. 7 shows a graphical representation of the result of approximation of the experimental data for 
material type 2.1 at a load of 2 kPa. Dots indicate experimental data, solid red line refers to the 
approximated curve, red dotted line are lower and upper 95 % confidence interval. 

The results of approximation of the rheological model parameters of the considered materials 
according to the performed tests are presented in Table 2. 
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Figure 7. Result of approximation of the transfer function modulus obtained from the results  

of tests of material type s.2.1 at a load of 2 kPa. 
Table 2. Approximation results. 

Material identification Density, kg/m3 Load, kPa 
Approximation results 

N γ τε, s ω0, Hz 
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Type s.1.1 165 
2 288.14 0.83 8.3791⸱10–9 42.64 
5 58.71 0.68 5.94618⸱10–8 24.73 

10 42.86 0.95 4.82423⸱10–6 14.80 

Type s.1.2 190 
2 343.73 0.91 1.09781⸱10–8 56.00 
5 19.47 0.73 1.01912⸱10–6 34.01 

10 320.43 0.82 6.89688⸱10–9 22.27 

Type s.1.3 210 
2 118.49 0.79 3.06985⸱10–8 54.14 
5 25.03 0.89 3.28268⸱10–6 41.29 

10 56.68 0.85 4.3767⸱10–7 27.43 

Type s.1.4 380 
2 38.73 1.00 1.77606⸱10–6 79.69 
5 156.45 1.00 1.78484⸱10–7 53.03 

10 43.95 0.86 5.2626⸱10–7 36.74 

Type s.2.1 350 
2 26.84 1.00 3.14728⸱10–6 68.40 
5 17.89 0.88 2.75135⸱10–6 44.99 

10 8.85 1.00 4.12621⸱10–5 31.64 

Material identification Density, kg/m3 Load, kPa 
Approximation results 

N γ τε, s ω0, Hz 

M
at

er
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ls
 w

ith
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iff
er

en
t d

am
pi

ng
 Type d.1.1 343 

2 793.082 0.624 1.659⸱10–6 83.21 
5 434.170 0.890 3.713⸱10–6 62.28 

10 101.443 0.920 1.597⸱10–5 45.86 

Type d.1.2 467 
2 9334.457 0.639 4.117⸱10–7 80.40 
5 14363.697 0.773 1.296⸱10–7 67.26 

10 15202.664 0.802 8.908⸱10–8 52.42 

Type d.2.1 353 
2 18633.192 0.757 1.865⸱10–7 165.39 
5 38750.896 0.678 1.211⸱10–7 130.24 

10 42758.908 0.682 1.445⸱10–7 100.41 

Type d.2.2 572 
2 5.861 0.806 7.042⸱10–4 233.32 
5 2849.600 0.544 1.060⸱10–6 193.56 

10 26344.363 0.671 1.036⸱10–-7 161.13 
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Material identification Density, kg/m3 Load, kPa 
Approximation results 

N γ τε, s ω0, Hz 

Type d.3.1 280 
2 266.839 0.588 1.256⸱10–5 77.50 
5 4178.858 0.721 4.445⸱10–7 63.81 

10 23061.408 0.770 7.956⸱10–8 48.46 

Type d.3.2 381 
2 7520.506 0.487 4.618⸱10–7 86.73 
5 6735.431 0.752 2.565⸱10–7 74.08 

10 1223.899 0.749 1.284⸱10–6 56.31 
 

The scheme for determining the parameters of the rheological material model proposed in this work 
is shown in the diagram below (Fig. 8). 

 
Figure 8. Diagram of identification of parameters of the rheological model  

of the materials under study. 
Let us note several peculiarities of the behavior of the considered vibration-damping materials. 

As can be seen from the test results presented in Table 2 and Fig. 9, with increasing load on each 
of the samples, there is a decrease in the natural frequency of vibrations of the system, which corresponds 
to the physical concept of the behavior of foamed materials. The increase in the resonance frequency is 
proportional to the increase in the density of the samples. 

 
Figure 9. Dependence between natural frequency ω0 and acting load on the specimen  

for materials with different stiffness. 
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The dependence of the fractional parameter on the magnitude of the acting load on the specimen for 
the tested materials is shown in Fig. 10. 

a) 

 
b) 

 
Figure 10. Dependence of the fractional parameter on the sample load:  

a) for materials with different stiffness, and b) for materials with different damping. 
According to the test results, it should be noted that the fractional parameter for all materials is higher 

than 0.65. This means that the selected materials have predominantly viscous properties. 

The nature of the change in the fractional parameter with increasing applied load on the specimen 
manifests itself in different ways. For example, for soft materials of types s.1.1 and s.1.2 (density 165–
190 kg/m3), the fractional parameter initially decreases from 0.85–0.9 to 0.7–0.75, exhibiting more elastic 
properties, after which it increases to 0.8–0.95, i.e. the specimen starts behaving more viscous. Samples 
with higher density – types s.1.3 and s.1.4 (density 210–380 kg/m3), on the contrary, demonstrate at these 
values of loads from 2 to 10 kPa a decrease in ductile properties and an increase in elastic ones: the 
fractional parameter decreases from 0.8–1 to 0.85. That can be related to the change in the structure of 
the material with combined pores – at compression there is a gradual "collapse" of open communicating 
pores, pore gas pressure increases, and gas redistribution between internal pores occurs. Gas pumping 
between the pores is like the work of an ideal viscous damper. Further increases in load and compression 
strain result in the operation of only closed pores, thus it is worth noting that for denser materials this state 
is not achieved within the experiment described in Section 2. 

The relaxation times determined from the approximation of the experimental data are shown in 
Fig. 11. 
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a) 

 
b) 

 
Figure 11. Dependence of relaxation time for samples on load:  

a) for materials with different stiffness, and b) for materials with different damping. 
It can be noted that the lower the loss coefficient of the material, the shorter will be its relaxation time. 

At the same time, the relaxation time depends on the acting load on the sample, which is associated with 
the features of internal damping, including the elasticity of gas in the pores and its pumping between the 
communicating pores. 

The variation of the parameter ,N  equal to the ratio of creep and relaxation times, depending on the 
load on the specimen is shown in Fig. 12. 

The character of behavior of the parameter N  coincides with the character of behavior of the 
fractional parameter .γ  In this case, the more the "viscous" part of the vibration-damping material works, 
the smaller the parameter N  is. 
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a) 

 
b) 

 
Figure 12. Dependence of the parameter N on the sample load:  

a) for materials with different stiffness, and b) for materials with different damping. 
Our findings align with previous research indicating that fractional derivative models effectively 

capture the viscoelastic behavior of materials with fewer parameters compared to classical models. For 
instance, a study on solid propellants demonstrated that a three-branch fractional Maxwell model provided 
a satisfactory agreement with experimental data, highlighting the efficiency of fractional models in 
describing viscoelastic behaviors [24]. 

Additionally, the dynamic mechanical analysis of polyurethane foams has been explored in prior 
studies. One investigation utilized harmonic vibration tests to analyze the dynamic stiffness function of 
polyurethane foams, revealing insights into their damping effects and frequency response characteristics 
[25]. Another study emphasized the importance of considering dynamic properties, noting that while static 
tests are commonly used, the behavior of polyurethane foams under dynamic conditions is crucial for 
applications such as automotive seating [26]. 

The simplicity and practicality of the resonance method employed in our study are noteworthy. This 
approach does not require extensive resources or sophisticated instrumentation, making it accessible for a 
wide range of applications. The approximation of the experimentally obtained transfer function, with careful 
selection of initial parameters, resulted in physically meaningful material characteristics. 
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4. Conclusion 
In this paper, we investigated the viscoelastic behavior of foamed polyurethane vibration-damping 

materials featuring combined porous structures, widely utilized in various engineering and construction 
applications. To quantify the mechanical characteristics of these materials, dynamic resonance tests were 
performed, enabling identification of parameters within a FSLS model. The fractional-derivative approach 
proved highly effective in modeling complex viscoelastic behavior with fewer parameters compared to 
classical integer-order models. 

Our experimental results explicitly demonstrated the significant influence of both material density and 
pore structure on damping properties: 

• For materials with densities ranging from 165 to 380 kg/m3, an increase in density resulted 
in higher dynamic moduli of elasticity – from 0.428 MPa to 1.275 MPa (under a load of 5 kPa) 
– and reduced loss factors from 0.420 to 0.237, indicating a clear inverse relationship 
between density and damping capacity. 

• The pore structure notably influenced damping performance: closed-pore materials exhibited 
lower loss factors (0.155 at 5 kPa for type s.2.1) compared to open or combined structures, 
confirming their predominantly elastic behavior. 

• The fractional parameter γ, characterizing material viscoelasticity, was found consistently 
greater than 0.65, confirming predominantly viscous behavior across tested materials. 
However, γ varied nonlinearly with applied load and density, capturing the transition between 
elastic-dominated and viscous-dominated behaviors clearly. 

• Relaxation times and the parameter N  (ratio of creep to relaxation time) also correlated 
significantly with applied load and material structure, highlighting the complexity of internal 
damping mechanisms related to gas redistribution among communicating pores. 

Overall, our findings emphasize the necessity of fractional-derivative modeling to accurately predict 
the dynamic behavior of foamed polyurethane materials. The resonance-based testing approach provided 
reliable data for fractional parameter identification, underscoring its practical applicability without requiring 
extensive instrumentation. Future research directions should consider broader ranges of material densities 
and structural variations to further refine fractional models and enhance their predictive capabilities for 
advanced vibration and seismic isolation applications. 

This study contributes significantly to the expanding field of fractional calculus applications in 
mechanics of viscoelastic materials, bridging theoretical fractional-order models and practical experimental 
validation. Specifically, the investigation enhances the existing understanding of how fractional-derivative-
based rheological models effectively represent complex viscoelastic behavior of foamed polymeric 
materials used extensively in structural and vibration isolation contexts. Unlike classical integer-order 
models, fractional-derivative models capture both elastic and viscous responses with greater fidelity while 
reducing parameter complexity. The quantification and explicit identification of viscoelastic parameters, 
presented in this research, underscore the pronounced dependency of damping properties on density and 
pore structure, providing clear quantitative relationships valuable for material selection and system 
optimization. Furthermore, this study showcases the applicability and robustness of fractional derivative 
models for accurately predicting dynamic properties, contributing to the advancement of methods that 
effectively address real-world engineering challenges in vibration and seismic isolation. 
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Abstract. The paper presents the results of research on using radio frequency identification (RFID) 
technologies to prevent pollution by enabling early detection of industrial discharges. The goal of the study 
is to develop a method for detecting unauthorized connections to storm sewers using passive RFID 
technology. The authors justify the choice of passive RFID, based on the EPC Class 1 Gen2 standard 
(ISO/IEC 18000-63:2021(E)). The authors describe experiments to reliably detect RFID tags floating in 
protective casings on the water’s surface by reader with the antenna positioned 0.5–1.5 m above the water. 
A key challenge is the difficulty in reading tags directly on the water’s surface, as water shields and reflects 
the reader’s electromagnetic waves. Additional tests were conducted to evaluate the impact of tag collisions 
on the accuracy and completeness of readings, as these collisions may cause missed tags when passing 
by the reader’s antenna. The study confirms that passive RFID can address key challenges in detecting 
unauthorized storm sewer connections. RFID technology has the potential to improve the efficiency and 
accuracy of environmental monitoring, reduce control costs, and better protect water bodies from industrial 
pollution. The research is significant for advancing new methods and technologies in environmental 
protection and can be applied in state environmental control systems to identify and prevent unauthorized 
wastewater discharges from industrial facilities. 
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1. Introduction 
Radio frequency identification (RFID) is widely used for detecting various objects and processes 

across different fields. One promising application is the use of this technology to identify unauthorized 
wastewater discharges to storm drains. This is especially important for environmental protection, as 
pollution of water bodies by industrial wastewater is one of the most serious ecological issues of our time 
[1, 2]. Pollution caused by industrial wastewater can lead to severe health consequences for the population, 
such as poisoning, illness, and even death, as well as the death of aquatic flora and fauna, disrupting 
ecosystems and reducing biodiversity. The ecological damage can affect the economy, particularly sectors 
like agriculture, fisheries, and tourism [3–5]. Many water bodies also have cultural and social significance 
for local communities, and their pollution can destroy traditional ways of life and harm cultural heritage. 

https://creativecommons.org/licenses/by-nc/4.0/
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Therefore, continuous monitoring of water resources and measures to protect water bodies from pollution 
are essential for adhering to national and international environmental standards and agreements. An 
important task is the effective detection of unauthorized connections of wastewater to storm sewers, which 
requires the development of new methods and technologies. 

The primary distinction between stormwater drainage systems and industrial or domestic wastewater 
systems lies in their treatment infrastructure. Stormwater systems are typically not equipped with significant 
treatment facilities and discharge directly into water bodies. In contrast, domestic and industrial wastewater 
systems include treatment facilities that process the effluent before release, and the users are required to 
pay for the treatment of their discharges. As a result, the diversion of pollutants into storm water systems 
to reduce treatment costs constitutes a violation that must be identified and prevented, making methods to 
detect unauthorized connections to storm water drains essential. 

The following are well-known methods for detecting unauthorized connections, along with their 
respective advantages and disadvantages [2, 6]: 

• Visual inspection and diagnostics (tele-diagnosis method). This method allows for direct 
observation of the internal parts of the sewer system, helping to identify visible anomalies 
and unregistered connections. It provides real-time, accurate data about the condition of 
pipes and infrastructure. However, this method is labor-intensive and often requires the use 
of specialized equipment, such as remote-controlled cameras, which make it rather 
expensive. 

• Smoke tests. This method is effective in detecting unauthorized connections through visible 
smoke outlets. It is relatively easy to implement and provides immediate results. However, it 
can lead to false alarms if there are natural venting points or if the smoke disperses 
unpredictably. 

• Dye injection tests. Dye tests are highly effective in identifying illegal connections, especially 
when monitoring specific wastewater flows. They provide clear, easily traceable evidence of 
contamination and help identify the source of the illegal discharge. However, dyes can trigger 
complaints from the public, as their presence in the water is often perceived as pollution. 
Additionally, the complete washout of the dye may take a long period, delaying the process 
of locating the illegal connection. Furthermore, the method may lead to false positives if the 
dye interacts with other substances in the sewer system, and it can cause temporary 
environmental disruption while the dye remains in the water. 

• Water and wastewater analysis. This method allows for the precise identification of industrial 
pollutants, heavy metals, chemicals, and biological markers that are indicative of 
unauthorized wastewater discharges. It is highly reliable for detecting contamination even in 
small quantities. However, it requires sophisticated equipment and laboratory analysis, 
which can be costly and time-consuming. Moreover, it may not immediately identify the 
source of contamination unless extensive sampling is performed. 

The RFID-based method of identifying of unauthorized connections presents several advantages. 
RFID tags are cost-effective, compact, and do not contribute to wastewater contamination, making them 
an environmentally sustainable solution for detecting unauthorized connections. Furthermore, the 
electronic product code (EPC) stored in the memory of RFID tag can contain information about the time 
and location of its drop into the sewer system. This enables efficient, parallel detection of multiple illegal 
connections across different locations without the need for sequential examination of potential connections. 

The main goal of this work was to explore the potential of using RFID technologies to develop sensors 
capable of promptly identifying unauthorized discharges of untreated wastewater from industrial facilities 
into storm sewers in urban areas, with the aim of supporting state environmental monitoring and control 
efforts. 

RFID technology is widely employed for the automatic identification and tracking of objects using 
radio frequency (RF) tags. Its broad applicability is attributed to several key characteristics, such as the 
ability to read tags contactlessly at a distance, function in low-visibility conditions regardless of object 
orientation, and simultaneously read multiple tags. Additionally, RFID offers high data processing speeds, 
making it an efficient solution for various applications. Contemporary RFID systems not only allow for 
reading information from tags but also enable writing to them. Devices known as readers are capable of 
modifying or reprogramming the contents of tag memory, significantly enhancing the flexibility and 
functionality of this technology [7, 8]. 

RFID technology is classified into two main types: passive and active. Passive RFID tags operate 
without an internal power source, drawing energy from the electromagnetic field generated by the reader. 
They have a relatively short reading range (typically up to several meters) but offer advantages, such as 
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durability, low cost, and an extended operational lifespan. Active RFID tags, in contrast, are equipped with 
an internal battery, enabling a significantly greater reading range (up to hundreds of meters) and additional 
functionalities. However, they are more expensive and have a finite lifespan due to battery depletion. They 
also have a risk of environmental contamination from hazardous chemical components. A review of RFID 
applications for animal tracking [9], based on data collected from 1970 to 2023, identified 70 patents for 
related devices. Of these, 40 patents were based on the use of passive RFID tags, while only 5 were based 
on active RFID tags. Thus, passive RFID tags emerge as the most suitable solution for the task of detecting 
unauthorized connections. 

One of the significant challenges in RFID technology is the reduced efficiency of tag detection in 
dense environments, such as in water. Reading tags at long distances becomes significantly more difficult 
when the tags are submerged. The presence of water, especially in aquatic environments, introduces 
additional interference due to the absorption and scattering of radio waves, which diminishes the effective 
detection range. This is particularly true for ultra high frequency (UHF) RFID systems where the radio 
frequency waves are highly susceptible to attenuation by water. As a result, the range, at which tags can 
be read in aquatic environments, is substantially lower compared to air, limiting the ability to track or monitor 
objects over extended distances. 

Despite the significantly reduced detection range of RFID tags in water, especially for UHF RFID 
[10], they can be used in aquatic environments for applications like fish tracking and underwater navigation. 
A study [11] demonstrated the use of two types of passive integrated transponder (PIT) tags, with 
implantation in different anatomical locations of fish. The study confirmed that RFID technology is functional 
in such conditions, although implantation can affect fish growth and survival. The use of a handheld reader 
and portable X-ray systems was employed to verify tag implantation and functionality. In [12], two types of 
antenna systems were described for the detection and abundance estimation of PIT-tagged fish in rivers: 
a raft-based antenna system and a shore-based floating antenna system. The raft-based system includes 
a 4.0 × 1.2 m horizontal antenna for shallow river areas and a 2.7 × 1.2 m vertical antenna for deep pools, 
while the shore-based system spans the entire width of the river, measuring 14.6 × 0.6 m, providing more 
comprehensive coverage. Both systems faced challenges, such as detection efficiency, which varied 
depending on tag size, orientation, and the proximity of multiple antennas. Additional challenges in the 
aquatic environment included interference from metal objects affecting the magnetic field, tag collisions, 
and the detection of “ghost” tags – those lost due to predation or natural mortality. These limitations required 
careful system design to maximize detection probability and minimize interference. 

In [13], RFID technology was applied for marine sediment tracking using low-frequency tags, 
including ABS plastic disc tags (30 mm in diameter) and cylindrical glass tags (32 mm in length, 4 mm in 
diameter). Key challenges in underwater RFID application include the attenuation of electromagnetic 
waves, which limits signal penetration and reading distance, particularly in saltwater. To address these 
issues, a waterproof antenna was developed, enabling tag reading at distances of up to 50 cm and depths 
of up to 5 m, along with wireless data transmission to simplify tracking. 

In [14], the application of passive UHF RFID tags for detecting blockages and unauthorized 
connections in sewer systems was explored. A total of 12 types of UHF RFID tags and three antennas with 
different gains (8, 9, and 12 dBic) were evaluated. Based on factors, such as cost, size, and maximum 
reading range, three types of tags were selected. The experiments revealed that tag sensitivity was 
influenced by their position relative to the reader antenna, the material of the casing, and the volume of air 
inside the casing. As a result, PLA plastic was chosen for the casing, with the internal area optimized for 
the selected tag types. Field tests were conducted using a 9 dBiC antenna due to its size and ease of 
installation. The optimal detection range was found to be between 0.6 and 3.5 m. The sensors 
demonstrated good resilience to flow conditions and solid waste in domestic wastewater. The study shows 
that UHF RFID sensors can provide a high-performance, reliable, and non-invasive method for real-time 
monitoring of sewer systems. 

The primary objective of this study was to evaluate the feasibility of using EPC Class 1 Gen2 RFID 
technology with low-cost, commercially available RFID tags and to assess their performance in water-
proximate environments, such as storm sewer systems. A key focus was the development of a method to 
encapsulate RFID tags in a lightweight, sealed, and radio-transparent casing, allowing them to function as 
sensors capable of transmitting data from a safe distance while protecting the reader equipment from water 
exposure. Additionally, the study aimed to investigate how the received signal power, measured by the 
reader’s Received Signal Strength Indicator (RSSI), varies with the distance between the antenna and the 
water surface on which the sensor is placed. 
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2. Methods 
The general scheme of passive RFID technology application for storm sewer monitoring includes the 

following steps. The sensor undergoes initial initialization, during which: 

• The EPC of the embedded RFID tag is programmed, including information about the location 
and time of its drop into the sewer system. 

• If necessary, the tag information is additionally logged into the monitoring journal for further 
analysis of the percentage of lost tags. 

After completing the initial initialization, the tag is dropped into the discharge manhole, after which it 
begins to move through the sewer system pipeline with the water flow. Since RFID technology incorporates 
an anti-collision algorithm for tags, readers can simultaneously detect multiple tags, enabling parallel 
monitoring of several industrial facilities for unauthorized connections as shown in Fig. 1. 

 
Figure 1. General scheme of passive RFID technology application  

for inspecting the sewer pipeline. 
Multiple sensors can be dropped simultaneously into the control manholes of different facilities. After 

this, the reader antenna is lowered into the inspection manhole in such a way that the distance from the 
antenna to the water surface ranges from 0.5 to 1.5 m. Placing the antenna too close is undesirable for two 
reasons. First, the radiation pattern in close proximity to antenna body is still forming and may have areas 
with poor sensitivity, resulting in incomplete coverage of the water surface where a sensor might appear 
beneath it. Second, it has high risk of splashing, which could wet the antenna due to water flow and poor 
visibility inside the manhole. On the other hand, placing the antenna too far away will lead to significant 
signal attenuation, negatively affecting the detection quality of passing sensors. 

The reader and its controlling computer (laptop) of the metrology service are located in the vehicle. 
The antenna is connected to the reader via a coax cable, the length of which allows the antenna to be 
lowered into the manhole at a distance of approximately 1±0.5 m from the water surface. This approach 
reduces the requirements for the reader’s power and sensitivity and allows the use of less expensive tags 
for discharge into the manholes. 

The experimental setup employed the ThingMagic M6-EU (UHF EPC GEN2) reader [15], capable of 
emitting a maximum power output of 1.4 W, which facilitates a reading range of up to 10–15 m in free space 
conditions. The reader was paired with the MT-242014/NRH/K antenna (865–870 MHz, 8.5 dBic RHCP), 
specifically optimized for extended reading distances. To mitigate potential signal attenuation due to cable 
losses, the antenna was connected to the reader using a 10-meter RG58 coaxial cable. This configuration 
accommodated the operational requirement of lowering the antenna into a manhole while maintaining an 
adequate distance from the measurement system. 

The reader antenna is mounted beneath the ceiling of the room at an approximate height of 2.2 m 
above the floor. A support surface is positioned beneath the antenna at the maximum investigated distance 
of 150 cm. A plastic, radio-transparent container filled with water is then placed on this surface. The use of 
a radio-transparent container ensures that no interference is introduced to the reader’s electromagnetic 
field. With the sensor floating on the water surface, measurements of the received signal are conducted. 
The experiment is subsequently repeated for the next distance. The distance between the antenna and the 
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tag is adjusted using spacer boxes, each 25 cm thick, which are stacked beneath the water container as 
shown in Fig. 2. 

 
Figure 2. Experiment for evaluating RFID tag read range in water. 

For the experiments, three types of RFID tags compliant with the EPC Class 1 Gen2 standard were 
applied (Fig. 3). These tags differ in antenna size and shape. The primary objective of employing multiple 
tag types was to investigate the relationship between the tag's reading range and orientation relative to the 
antenna's size and topology. 

            

a) NXP ISBC UCODE8,  
87 × 27 mm 

b) Raftalac UPM 
Web, 54 × 34 mm 

c) Raflatac Frog 3D, 
53 × 53 mm 

Figure 3. RFID tags inlays of EPC Class 1 Gen2. 
The preliminary experiment with the provided RFID tags involved embedding them into a 3 mm thick 

plywood casing. The tags were successfully read in air; however, reading ceased after they were 
submerged in water. Two primary reasons account for this effect. Firstly, the distance between the tag and 
the main body of water was very small, around 1 mm. Secondly, plywood is highly susceptible to water 
absorption, as it readily wets and absorbs water into its porous wooden layers. Both factors lead to the 
blocking of the electromagnetic field, preventing the tag from receiving energy and interacting with the 
reader. Therefore, the casing had to be significantly improved for further work. Foamed polystyrene was 
chosen as the new casing material due to its substantially lower density compared to wood. Additionally, 
its low wettability prevents the formation of a continuous shielding water film on the casing surface. The 
thickness of the casing was increased to 40 mm to ensure the tag insert was sufficiently displaced from the 
water surface. An overall structure of the sensor, an encapsulated RFID tag, is shown in Fig. 4. 

         
a)                                                             b) 

Figure 4. Sensor construction: a) exploded view, b) placement on water. 
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The RFID tag inlays (2) were glued into the protective casing (1), made of polystyrene, by forming 
an adhesive seam (3) around the perimeter of the inlay. Foamed polystyrene is easy to cut and glue, which 
reduces the cost of manufacturing tags for use in sewer systems. The bright orange color makes them 
highly visible in natural conditions. 

The dimensions of the sensors exceeded the size of the inlays by approximately 10 mm on each 
side. For example, a tag with an NXP ISBC UCODE8 inlay measuring 87 × 27 mm, when placed in the 
casing, had overall dimensions of 110 × 50 × 40 mm. Initial experiments with sensors encased in 
polystyrene demonstrated excellent results on water. Some tags were consistently read from distances of 
up to 2 m at the reader’s maximum power. These sensors were subjected to a series of experiments to 
determine the conditions for stable tag reading at various reader power levels, as well as in scenarios 
involving potential collisions where multiple tags are simultaneously within the reader’s field of view. 

3. Results and Discussion 
Two series of measurements were conducted during the experimental work. In the first series, a 

single tag was placed in the reader’s field at a time (single-tag setup). In the second series, all three tags 
were placed simultaneously (multi-tag setup), but measurements were taken for a specific type of tag that 
was positioned optimally relative to the antenna, providing the highest received signal level. 

Each series of experiments involved varying two parameters: 

1. Reader transmission power was varied from +30 dBm to +10 dBm in increments of 5 dBm. Here, 
0 dBm corresponds to a power of 1 mW, thus +30 dBm = 1 W, +20 dBm = 0.1 W, etc. 

2. Distance from the antenna to the sensor was varied from 50 to 150 cm in increments of 25 cm. 

To assess the reliability of tag reading, two characteristics were measured in each series: 

1. RSSI. Measured in dBm, the RSSI values typically fall below –35 dBm due to the weak reflected 
signal from the tag. 

2. Tag Read Rate. This metric demonstrates the reliability of tag reading and the distance, at which 
signal degradation begins, leading to an increase in errors in the received signal. 

RSSI. RSSI measures the power level of the signal received by the reader from the tag. It depends 
on the distance between the tag and reader, as well as environment like nearby metal, water, or other 
reflective surfaces. Since the reflected signal is typically weak, RSSI values are negative. 

A high RSSI indicates a strong signal, high signal-to-noise ratio, and reliable communication, while 
a low RSSI suggests a weak signal and potential communication issues when the signal approaches noise 
levels. 

RSSI analysis helps to diagnose and optimize RFID system performance. By identifying the signal 
level, at which tag reading becomes unstable or fails, and testing under various antenna and tag 
configurations, optimal reader and antenna placement can be determined. For fixed antenna setups, RSSI 
assists in defining optimal signal levels, guiding technical requirements for commercial readers in future 
measurement systems. 

Tag Read Rate. The read rate parameter, measured in Hz, represents the number of tag detections 
per unit of time and is available through the reader’s serial software. It is assumed that as the tag moves 
farther from the reader, signal errors increase, leading to a decrease in read rate and missed detections. 
By monitoring this parameter, one can determine the stable reception zone where tags are detected reliably, 
as well as the distance at which error rates reach 50 %. 

In practice, readers typically accumulate tags over extended periods. The number of tag queries per 
inventory cycle in an EPC Class 1 Gen2 system depends on factors, such as channel access control and 
tag density. EPC Class Gen2 uses the ALOHA slotting algorithm to minimize collisions when multiple tags 
respond simultaneously. The reader initiates the inventory cycle by sending a Query command, which 
includes a Q parameter defining the number of time slots 2Q. Tags randomly choose a time slot, and if two 
tags select the same slot, a collision occurs, and the reader cannot receive valid responses. Tags not 
acknowledged in the current cycle are re-invited in the next cycle. This process repeats until all tags are 
identified. As cycles progress, tags choose different slots, reducing collision likelihood. 

A single ALOHA slot [16, 17] takes about 400–600 µs. While one-slot inventory is possible, it 
guarantees collisions of several tags. Therefore, Q values of 3 or 4 (8 or 16 slots) reduce the collision 
probability. Consequently, an elementary inventory cycle lasts approximately 9.6 ms (600 µs * 16). 
Typically, readers perform long inventory cycles (0.5–1.5 s), comprising 50 to 150 elementary cycles, and 
a tag is considered detected if it is identified at least once. This makes the read rate less informative, as 
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the likelihood of missing a tag after 50–150 attempts is almost zero, unless the tag moves out of range. As 
the tag moves further from the antenna, the RSSI decreases, but the read rate remains constant until it 
abruptly disappears. To improve the read rate’s accuracy, inventory cycles should be shortened to single 
Query requests, though this is only available through the reader’s API, not implemented in demonstration 
software we used. The results of reading tags in single-tag setup after processing are summarized in 
Table 1. 

Table 1. Measured RSSI from different tag types in a single-tag setup. 

Reader 
power 
(dBm) 

Distance 
(cm) 

RSSI (dBm) Read rate (Hz) 

Tag 01 Tag 02 Tag 03 Tag 01 Tag 02 Tag 03 

+30 

50 –54 –58 –45 19.70 19.97 19.91 
75 –57 –59 –44 20.09 19.90 19.90 

100 –59 –65 –47 20.10 19.95 19.90 
125 –63 –66 –54 19.99 19.96 19.99 
150 –67 –71 –57 19.96 19.92 19.87 

+25 

50 –54 –58 –45 20.15 20.06 19.90 
75 –58 –60 –48 20.11 20.05 20.04 

100 –60 –64 –52 20.11 20.05 19.99 
125 –64 –66 –57 20.10 20.10 20.08 
150 –69 –1 –60 20.10 – 19.97 

+20 

50 –52 –59 –44 19.72 19.32 19.45 
75 –60 –62 –51 19.44 19.55 19.36 

100 –62 – –55 19.60 – 19.49 
125 –66 – –60 19.54 – 19.34 
150 –70 – –63 19.53 – 19.40 

+15 

50 –53 – –47 16.19 – 16.22 
75 –62 – –54 16.22 – 16.23 

100 –64 – –57 16.24 – 16.23 
125 –70 – – 16.24 – – 
150 – – – – – – 

+10 

50 –55 – –50 19.94 – 20.25 
75 –62 – – 20.27 – – 

100 – – – – – – 
125 – – – – – – 
150 – – – – – – 

Notes: 1. A dash indicates that the tags could not be read under those conditions. 2. In the obtained data, for the reader 
power level of +15 dBm, a drop in the reading speed from about 20 to 16 times per second is observed. For the reader 
power level of +10 dBm, a speed recovery of about 20 times per second is observed. To assess the impact of tag 
collisions, all samples of three tags were simultaneously placed in a container with water. 

In addition to testing the reading of a single tag, the system’s performance with multiple tags is also 
of interest, as the tags can accumulate in the control zone of a sewer pipeline [18–21]. The reading process 
becomes more challenging due to the following two factors. First, tag collisions may occur during the 
inventory process, requiring the execution of an anti-collision algorithm. This introduces a delay, increasing 
the minimum required time a tag must remain in the field, thereby limiting the maximum read rate, 
particularly for a tag moving under an antenna with a narrow beamwidth. Second, tags draw energy from 
the reader’s RF field, which imposes a load on the reader. As a result, in a multi-tag setup, there is a 
tendency for the read performance of individual tags to degrade. In addition, there are other negative factors 
associated with the aquatic environment, information security, dense and dynamic distribution of sensors 
in a wireless sensor network, which significantly complicates the operation of RF technologies [22-25]. To 
assess the impact of these effects, an experiment was conducted, in which all three tags were placed in a 
water container simultaneously. 

The measurement results for multi-tag setup are presented in Table 2. 
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Table 2. Measured RSSI from different tag types in a multi-tag setup (collision test). 

Reader power 
(dBm) Distance (cm) 

RSSI (dBm) 

Tag 01 Tag 02 Tag 03 
together single1 together single1 together single1 

+30 

50 –55 –54 –59 –58 –47 –45 
75 –58 –57 –66 –59 –50 –44 

100 –63 –59 –68 –65 –49 –47 
125 –65 –63 –64 –66 –57 –54 
150 –68 –67 –66 –71 –65 –57 

+25 

50 –57 –54 –58 –58 –50 –45 
75 –63 –58 –64 –60 –56 –48 

100 –66 –60 –69 –64 –56 –52 
125 –66 –64 –67 –66 –61 –57 
150 –71 –69 –2 – –64 –60 

+20 

50 –58 –52 –60 –59 –52 –44 
75 –60 –60 – –62 –58 –51 

100 –63 –62 – – –57 –55 
125 –70 –66 – – –62 –60 
150 –74 –70 – – – –63 

+15 

50 –60 –53 – – –55 –47 
75 –62 –62 – – –56 –54 

100 –70 –64 – – –61 –57 
125 – –70 – – – – 
150 – – – – – – 

+10 

50 –63 –55 – – – –50 
75 – –62 – – – – 

100 – – – – – – 
125 – – – – – – 
150 – – – – – – 

Notes: 1. These columns are copied from table with single-tag setup for reference. 2. A dash means that there was no 
response from the RFID tags. 

The results of the experiment (see Tables 1 and 2) show that with sufficient reader radiation power, 
all types of tags are successfully read at the specified distances with sufficient speed. The water surface at 
frequencies in the 868 MHz range works as a thin metal screen. Tags whose antenna is located in the 
water column or directly on the water surface are shielded by water and are not read. Tags located above 
the water surface are read. Tags in a lightweight case, which provides a distance from the plane of the tag 
insert to the water surface of 15 mm, are read reliably. 

For reliable tag reading at distances of 50–150 cm, high reader power is not required. The 
experiments showed that tags with large antennas can be read from any distance within this range with a 
reading power of 20 dBm or higher, which corresponds to a power of 100 mW. Therefore, a reader power 
range of 150–250 mW is recommended, as this margin will allow for future simplifications in antenna design, 
reduced antenna size, and lower antenna cost. 

The measured data indicates that a power of 15 dBm is insufficient for reading tags at distances 
greater than 1 m, and this effect is not related to tag shielding by water. A similar behavior is observed for 
tag inlays without any enclosure. This is likely due to the fact that when the energy density of the field drops 
below a certain threshold, the energy received by the tag’s antenna becomes insufficient to power the 
embedded chip, preventing it from processing incoming queries from the reader. 

As can be seen from the data in Table 1, the last recorded RSSI value differs for different tags and 
reader power as the tag is moved away from the reader antenna. Thus, for tag type 01, the RSSI value 
drops to –70 dBm, and for tag type 02, the maximum RSSI changes from –71 to –62 dBm. It can be 
concluded that the reason for tag loss is not related to the sensitivity of the reader when receiving a signal, 
since in this case the maximum range would correspond to approximately the same RSSI level of –70 dBm, 
but to a decrease in the energy received by the tag chip from the incident electromagnetic wave. Starting 
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from a certain distance, the tag simply does not have enough energy, and it stops responding. From this 
point of view, the NXP UCODE8 tag is the most energy-efficient, it is capable of responding at the weakest 
signal. The Rafsec Frog 3D tag has a good antenna but a less energy-efficient chip compared to the NXP 
UCODE8. This is noticeable because its signal is about 10 dB higher, but the maximum range is shorter, 
apparently for the same reason, the lack of field energy to power up the tag embedded chip. However, a 
more powerful response signal is an advantage for less sensitive readers, and the Rafsec Frog 3D tag is 
more compact than the NXP UCODE8, 53 mm versus 87 mm. 

During the experiments, it was found that the read rate of all tags approximately corresponds to the 
processing speed of the reader during its accumulative read process. Reading of a single tag occurs reliably 
16–20 times per second and is practically independent of the distance. This can be explained by the 
characteristics of the reader’s software implementation as described above. 

Experimental data show that when several tags appear in the antenna field at the same time, the 
reader’s radiation energy is distributed between several tags, causing the signal from them to weaken, 
which can be seen when comparing the data in Table 2. As can be seen from the data, the presence of 
three tags in the field of one antenna simultaneously reduces the reading range of each by about 25 cm. 
At the same time, two tags with the largest antennas retained readability at all distances at a power of 
20 dBm and higher. 

4. Conclusions 
Based on an analysis of existing RFID technologies, passive RFID technology, specifically the EPC 

Class 1 Gen2 standard (ISO/IEC 18000-63:2021(E)), was selected to address the problem of detecting 
unauthorized wastewater connections to storm sewers. Experimental studies demonstrated the stable 
detection of encased RFID tags on water surfaces from a distance of  
0.5–1.5 m, using a directional antenna connected to a serial RFID reader with its demo software. As a result 
of the study, a list of key technical characteristics of RFID tags was compiled, along with specifications for 
the RFID reader equipment, to ensure optimal performance in storm sewer conditions: 

1. Passive RFID EPC Class 1 Gen2 technology can be used to track water flow at speeds of up to 
8 m/s from a distance of 50 to 150 cm. For the territory of Russia, it is necessary to select equipment 
that supports the European frequency range of 868 MHz. To implement this technology, readers 
with a power output of 150 mW and a sensitivity of –70 dBm can be applied. 

2. For use as sensors, tags that support an EPC length of 128 bits are optimal. A shorter length 
complicates the encoding of information about the place and time of tag reset, longer EPC lengths 
will slow down reading and will negatively affect the detection of tags in a fast flow of water in the 
event of possible collisions. 

3. For stable reading across the full range of distances, NXP UCODE8 (antenna size 87 × 27 mm) 
and Rafsec Frog 3D (antenna size 53 × 53 mm) tags are appropriate, as their antennas provide 
sufficient power to the embedded chip. These dimensions are compatible with the required 
specifications for storm sewer pipes with diameters of 200 mm and above. 

4. The technology works with tags from different manufacturers, which simplifies supply tasks. The 
cost of EPC Class 1 Gen2 RFID tags suitable for making sensors is about 20–25 rubles per piece, 
plus the cost of encapsulation in a lightweight non-wetting case made of foamed polystyrene or 
other lightweight radio-transparent material. 

5. The reader must have the following external interfaces for connection to the control computer: 
Ethernet, RS-485. These two interfaces allow the implementation of control software in any 
operating system. In contrast, the use of a USB interface may require specific device drivers and 
additional system software to facilitate communication with the reader, potentially limiting the choice 
of operating systems. 

6. The antenna can be connected to the reader via a long cable, extending to a distance of 10 m or 
more, thereby enabling the antenna to be positioned closer to the water surface within the storm 
drain inspection hatch. 

Thus, RFID methods for detecting unauthorized connections to storm sewers have advantages, such 
as mobility, autonomy, the ability to simultaneously monitor multiple drains, high speed and efficiency of 
data reading, protected by error correction codes. The use of RFID methods for the rapid detection of 
unauthorized connections is a promising and important direction to ensure effective environmental control 
(supervision) of this type of violation of environmental legislation and sustainable development of cities and 
towns. 
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Abstract. The technology of underground mining is one of the most promising areas of the mining industry. 
The use of technogenic waste, as well as unclaimed and substandard raw materials for the production of 
fill mortars in all over the world is an urgent problem in ecology and materials science. Research on 
obtaining the compositions of backfill mortars with different contents of blast furnace slag is presented. 
Mechanical activation of raw mixtures for granular aggregates was carried out in a vortex jet mill. A method 
for preparing raw material granules in a disc granulator has been developed. It has been established that 
when using a disc granulator, the following yield of aggregate fractions has been obtained: the number of 
fractions up to 8 mm is 30 %, fractions up to 6 mm – 27 %, fractions 2–4 mm – 43 %. It has been marked 
that granular aggregates using a slag fraction of 2.5 mm (composition 1) have the greatest strength of 
3.73 MPa. When the fraction size increases up to 5 mm (composition 1), the strength of the granules 
decreases by 12.01 % and amounts to 3.33 MPa. The structure formation of solutions with different types 
of granular aggregates has its own characteristics, which are determined by the slag fraction, composition 
and water-binding ratio, as well as the condition of strength gain. 
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1. Introduction 
The object of the study is backfill mixtures that meet the operational characteristics for the effective 

backfill of mined-out spaces of mining enterprises. 

The mining industry in the modern world is one of the main developing areas both in the Russian 
Federation and abroad. The extraction of iron ores and their processing leads to the formation of a fairly 
large number of by-products – slag, which must be disposed of, as they cause serious environmental 
problems, which is one of the important problems for the modern world [3]. 

Currently, many studies have been carried out on the possibility of using blast furnace slag in the 
production of building materials, including for use in the cement industry, this is due to the similarity of the 
chemical and mineralogical composition with Portland cement [1, 2, 4]. Blast furnace slag is crushed in 
efficient mills to achieve the required slag fraction, and then used as a mineral additive in the preparation 
of various types of cements and binder compositions [5, 6]. 
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In backfill mining, filling compounds based on Portland cement are widely used as a binder and fine 
aggregate. At the same time, cement in filling mixtures is used in huge quantities, which leads to its 
overconsumption and affects the economic costs of iron ore mining and the maintenance of the mining 
complex [6–8]. Analysis of statistical data indicates that a significant share of the cost of the filling mixture 
belongs to Portland cement. 

To prepare effective filling mixtures, it is necessary to have fine aggregates of a certain required 
granulometric composition, ensuring the rational use of the binder, guaranteeing the formation of high 
density and strength of filling mortars [12]. Unfortunately, in many regions of our country and abroad, where 
various mineral resources are mined, there are no effective fillers that ensure the formation of the necessary 
structure of backfill masses. When developing and using fill masses, you should take an individual approach 
to the geological features of the mined-out space, its condition, as well as the development and placement 
of fill mixtures, which requires additional technical, financial solutions and investments [9]. The main way 
to reduce the cost of production of backfill mortars is to obtain backfill mixtures with optimal technical and 
economic indicators, which requires the development of effective granular aggregates that ensure the 
rational use of Portland cement and the production of reliable and durable backfill mortars [10, 11, 13]. 

To date, there have been a number of scientific studies [14, 17, 18] related to the production of 
granular aggregates based on Portland cement and various technogenic raw materials. 

It is noteworthy that in order to create cost-effective compositions of granular aggregates, it is 
necessary to select appropriate binder compositions [4, 7, 15]. 

The production of effective filling mixtures that meet the technological and physical-mechanical 
characteristics for filling mined-out voids for a mining enterprise is a very important task. 

When developing various compositions of backfill masses to save material and technical resources, 
various mining enterprises use local and technogenic raw materials [16, 19, 20]. In many regions of our 
country and abroad, due to the peculiarities of the geological structure, there is a shortage of high-quality 
and fine aggregates. Therefore, in this regard, the development of granular aggregates with a certain 
composition that guarantees the production of high-quality and dense solutions and concretes for their 
intended purpose is relevant. 

The goal of the research is to create effective backfill mixtures that meet the technological and 
physical-mechanical characteristics for backfilling mined-out voids for a mining enterprise. 

The following tasks were solved within the framework of this study: 

− Development of a composition with different dosages of slag in a percentage ratio from 85–95 %; 
− Production of raw spherical granules by rolling in a plate granulator with a size of 2.5–10 mm; 
− Analysis of the results of sieving the obtained granules using a plate granulator of fractions from 

2–8 mm; 
− Evaluation of the effectiveness of the application of physico-chemical characteristics of granular 

aggregates in fractions of 2.5, 5, 10 mm and strength indicators of granular aggregates with an 
increase in the size of fractions in the developed voids for mining enterprises. 

2. Materials and Methods 
The production of granular aggregates involved the selection of compositions, the study of their 

properties, preparation of raw granules according to the proposed method, and the study of the properties 
of the resulting granular aggregates. 

At the first stage, compositions with different dosages of slag were obtained. 

When developing compositions for various granular aggregates, three compositions 1, 2, 3 were 
studied; for comparison, commercial Portland cement TsEM 0 Interstate Standard GOST 31108-2020 
manufactured by Belgorod Cement CJSC was used; blast furnace slag of a fraction ≤0.16 mm from 
Severstal PJSC was used as a mineral additive [21–23]. 

The preparation of compositions 1, 2, 3 was carried out in a VSM-01 vortex jet mill by grinding to a 
specific surface of about 600 m2/kg. 
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Table 1. Composition and specific surface. 

Code 
Composition of the 

composition, % 
Specific surface area before and after passing 

through VSM-01, m2/kg 
PC Slag before grinding after grinding 

PC 100                       – 
5                     95 

10                     90 
15                     85 

305 – 
1 325 604 
2 310 590 
3 290 576 

 

During mechanical activation of compositions in a vortex jet mill, the specific surface area of 
compositions with different slag contents: 85, 90, 95 % changed, respectively, to 1.98, 1.9, 1.85 times. 

Granulated aggregates from the given compositions were obtained in a disc granulator. 

3. Results and Discussion 
The laboratory installation is a cylindrical metal plate (bowl) with sides, to which a motor is attached, 

secured by a holder. The granulator is equipped with an inclination change device, a scraper device 
consisting of a combination of a non-powered scraper and a cleaning scraper, and is used to make balls 
(pellets) at the same time as bottom cleaning and edge cleaning to form balls. A general view of the 
laboratory granulator is shown in Figs. 1a, 1b. 

 
(a) laboratory granulator 

 
(b) laboratory granulator 

 
(c) granular preparing mix 

 
(d) granular obtaining 

process 

 
(e) granular obtaining  

process 

 
(f) granular obtaining  

process 
Figure 1. General view of a laboratory granulator  
and stage-by-stage granular obtaining process. 

The production of raw material granules was carried out by the pelletizing method. Rolling involves 
a group of processes that are characterized by the movement of granulating powder over the surface of 
the device. The dry mix, located in a disc granulator, is irrigated with distilled water using a sprayer (Fig. 1c). 
At the same time, the surface of the powder in the disc granulator is moistened and, due to the rotation of 
the bowl, small granules begin to form, which, when in contact with the dry powder, increase in diameter. 
As the bowl rotates, the granules are further rolled to the required diameter (Figs. 1d, 1e, 1f). 

In the granule pelletizing process, powder agglomeration is a crucial step essential for practical 
implementation. Continuous movement of the granular material facilitates both the formation and 
enlargement of granules, as well as their potential destruction due to fluctuations in humidity and variations 
in the adhesive properties of the material layers being rolled. The objective during agglomeration is to 
establish conditions conducive to the formation and preservation of granules with diverse diameters  
[24–27]. 

A typical pellet granulation setup involves a horizontally or slightly inclined rotating plate, onto which 
powder is fed, typically with a binding liquid. The wet particles undergo agglomeration and rolling to achieve 
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the desired density and size. However, deviations from optimal granule growth may occur due to individual 
granule connections or breakage, resulting in diminished granule quality. 

As the plate rotates, a portion of the powder adheres to its walls and base, ascending to a certain 
height before descending. The ascent height and powder capture rate depend on various factors such as 
internal and external friction ratios, rotation speed, and unit filling level. During ascent, the granules move 
in tandem with the base, maintaining relative immobility until reaching a point where compression occurs, 
initiating rolling and subsequent granule enlargement. The process of rolling granules in a laboratory 
granulator occurs within 10 minutes until the required maximum diameter of 10 mm is reached. 

When developing the technological basis for producing granular aggregates using mineral powders 
and binders, the hardening conditions of the resulting rounded particles are important, since binders harden 
differently under different conditions. The prepared granules hardened and gained strength under normal 
conditions (ambient temperature +20 °C and relative humidity 80–90 %). 

Ready-made granular aggregates are fairly tightly compressed solid spherical particles ranging in 
size from 2.5 to 10 mm (Fig. 2). 

Analysis of the results of sifting the resulting granules showed that when using a disc granulator, the 
highest content of the fraction up to 8 mm is obtained, which is 30 %, fractions up to 6 mm – 27 %, and the 
fraction from 2 to 4 mm is present in larger quantities in the amount of 43 % (Fig. 3). 

 F
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Figure 3. Granulometric size grading. 

The Michaelis apparatus was used to determine the compressive strength of the resulting granules. 
The resulting granule of a certain fraction was placed between special clamping plates of the device, and 
the handle was twisted to tightly press the granule to the plates. Next, a bucket was placed on the hook 
and the shot began to be poured evenly until the moment when the bucket with shot set the lever in motion. 
Then the bucket of shot was weighed and the compressive strength of one granule was obtained in gc/mm2. 

Testing of the resulting granules was carried out 28 days after complete hardening and drying. 
Granular aggregates obtained in a laboratory setup are shown in (Fig. 4). 

 
Figure 4. Granulated aggregate, obtained in a laboratory facility. 

 

 
Figure 2. Grained filling aggregates. 
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The results of physical and mechanical tests of the obtained granular aggregates are shown in 
(Fig. 5). 

 
Figure 5. Physico-mechanical characteristics of granular aggregates by fractions.2.5, 5, 10. 

Analysis of the results of physical and mechanical tests of granular aggregates showed that a certain 
technical effect was achieved. It has been established that granular aggregates using a slag fraction of 
2.5 mm (composition 1) have the greatest strength of 3.73 MPa. When the fraction size increases to 5 mm 
(composition 1), the strength of the granules decreases by 12.01 % and amounts to 3.33 MPa relative to 
2.5 mm granular aggregates. When the fraction size increases from 5 mm (composition 1) to 10 mm 
(composition 1), the strength increases by 8.11 % and amounts to 3.6 MPa. 

In accordance with the stated goal of creating granular aggregates for backfill mortars, it was of 
interest to determine the strength characteristics of their various fractions in cement mortar. In this regard, 
cube samples were molded as follows: 1) prepare a cement mortar with W/C = 0.5; 2) granular aggregates 
of different fractions with the same mass were weighed; 3) the mixture was mixed and placed in sample 
cubes, while granular aggregates in all forms occupied the maximum volume with their same mass. This 
type of molding was justified by the creation of such a macrostructure of cement stone with filler, in which 
the nature of the destruction of the samples will be realized with a gap in the places of grains of granular 
filler, that is, in the most weakened areas. Molded cubes 3×3×3 cm gained strength within 28 days under 
normal conditions. 

During the research, 18 sample cubes were molded from 3 types of recipes. Laboratory tests of cube 
samples were carried out on a hydraulic press PGM-50MG4. Figs. 6, 7, 8 show destroyed samples of the 
compositions. 

 
Figure 6. Mortar sample chipping with granular aggregate 2.5 mm fractions. 
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Figure 7. Mortar sample chipping with granular aggregate 5 mm fractions. 

 
Figure 8. Mortar sample chipping with granular aggregate 10 mm fractions. 

As a result of the study of chipped surfaces of the tested samples, a type of destruction was revealed, 
characterized by the predominant rupture of filler granules. It has been established that all granules in 
fracture zones have maximum diametrical dimensions; therefore, destruction occurs precisely at the radial 
distance from the contact zone of granules and cement stone. 

It is important to take into account the porosity of granular aggregates and their features in the 
composition of the solution. Having carried out a comparative analysis of Figs. 6, 7, 8, it should be noted 
that the contact zones of granular aggregates (slag) and cement stone of the destroyed sample have clearly 
visible interface lines, when, as the diameter of the slag granules in the aggregates increases, these lines 
are blurred. 

This suggests that the connection between granular aggregates and cement paste, due to an 
increase in the porosity of the former, increases, and therefore the optimal aggregate, from the point of 
view of the integrated operation of the entire composition of the mortar mixture, is an aggregate with a 
diameter of 2.5–10 mm. The size of the contact layer increases with decreasing binder content in the 
composition of the granular aggregate. 

Thus, the process of structure formation of solutions with various types of granular aggregates has 
its own characteristics, which are determined by the use of slag of one or another fraction, the type of binder 
component and its percentage, water-binder ratio, conditions for strength development and other 
parameters. 

In the study of granular slag aggregate in cement composites, when compared with carbon 
nanostructure in primary aluminum production, key parallels and differences in the relationship between 
structure and properties, interfacial interaction and optimization strategies are traced between them. 

Table 2. Similarities in Structural Behavior & Failure Mechanisms. 
Aspect Slag-Cement Composites Carbon Nanostructures in Aluminum 

Interfacial 
Bonding 

Weakest link is granule fracture (not 
ITZ); porosity improves adhesion. 

Carbon nanostructures influence anode/cathode 
interfaces; poor bonding leads to inefficiencies [24]. 

Optimal Particle 
Size 

2.5–10 mm slag granules maximize 
strength. 

Nanoscale carbon (e.g., nanotubes) enhances 
conductivity but requires dispersion control [5]. 

Porosity Effects Higher slag porosity improves 
mechanical anchoring. 

Porous carbon anodes affect electrolysis efficiency 
and durability [17]. 

Failure Analysis Radial cracks in granules dominate 
failure. 

Carbon anode degradation due to 
microcracking/spalling [8]. 
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Table 3. Contrasts in Material Systems & Applications. 
Parameter Slag-Cement Composites Carbon in Aluminum Production 

Primary Material Industrial slag (SiO₂, CaO, Al₂O₃). Carbon (graphite, nanotubes) [14]. 

Key Interaction Slag-cement chemical/physical 
bonding. Carbon-electrolyte/oxide reactions [23]. 

Performance Goal Mechanical strength, durability. Electrical conductivity, thermal stability 
[13]. 

Destruction Mechanism Granule fracture under 
tension/compression. 

Anode erosion/corrosion via electrolysis 
[22]. 

 

Both studies highlight: 

Interfacial Engineering: 

− Slag porosity boosts cement bonding; 
− Carbon nanostructures modify electrode interfaces. 
Size-Dependent Properties: 

− Slag granules (2.5–10 mm) optimize mortar strength; 
− Nanocarbon size/shape affects aluminum electrolysis efficiency. 
Process Optimization: 

− Binder content, curing conditions; 
− Carbon purity, electrolysis parameters. 

3.1. Industrial Implications 
Results using slag: 

− Waste slag reuse in construction (circular economy); 
− Guidelines for durable, low-cement composites. 

4. Conclusion 
In accordance with the set objective, the following results were obtained: 

1. Granular fillers for cement slurries with different slag content were developed, which were obtained 
in a laboratory granulator. 

2. A method for preparing raw material granules was developed. Studies have shown that the 
granulometric composition of the obtained granular fillers includes the highest content of fraction 
up to 8 mm, which is 30 % of the total volume of finished granules, fraction up to 6 mm is 27 %, 
and fraction from 2 to 4 mm is present in greater quantity in the amount of 43 %. 

The obtained physical and mechanical results indicate that granules of fraction 2.5 mm (composition 
1) have the highest strength of 3.73 MPa, which allows using them as granular fillers for cement slurries. 

A study of the chipped surfaces of destroyed granules revealed their strong adhesion to the cement 
stone. The obtained granulated filler is of considerable interest for use in the development of mortars and 
fine-grained concrete in regions where high-quality fine fillers are not available. 
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Abstract. Concrete filled steel tubular (CFST) column is one of the most effective building structures types 
that combine high bearing capacity and economy. Three-dimensional nonlinear finite element analysis is 
the most common and reliable method for determining the bearing capacity of CFST columns. This 
approach is usually applied to individual elements and is not suitable for calculating buildings and structures 
with CFST elements as a single whole, due to high computational complexity. The purpose of the article is 
to develop a simplified model that allows reducing a three-dimensional problem of calculating a CFST 
column to a two-dimensional one. Rectangular CFST columns subjected to eccentric compression with 
eccentricity in two planes are considered. The problem dimension is reduced based on the hypothesis of 
plane sections. Rectangular elements are used for the concrete core and one-dimensional bar elements 
are used for the steel pipe. The developed model was verified by comparing calculation results with the 
results of three-dimensional finite element modeling in ANSYS. The maximum discrepancy between the 
results for stresses was 2.3 %. The model was also validated on experimental data for 38 samples 
presented in 3 different papers. The proposed model allows to significantly reduce the machine time costs 
when calculating CFST columns in a physically nonlinear formulation. 

Citation: Chepurnenko, A., Yazyev, B., Al-Zgul, S., Tyurina, V. Simplified finite element model for 
rectangular CFST columns strength calculation under eccentric compression. Magazine of Civil 
Engineering. 2025. 18(2). Article no. 13406. DOI: 10.34910/MCE.134.6 

1. Introduction 
Concrete filled steel tubular (CFST) columns have attracted considerable attention in the construction 

industry due to their excellent mechanical properties, including high load-bearing capacity [1], ductility [2], 
and fire resistance [3]. The combined action of the steel tube and concrete core in the circumferential 
direction improves the compressive strength of concrete [4], making CFST columns a popular choice for 
high-rise buildings [5], bridges [6], and other unique structures. Accurate calculation of the CFST columns 
load-bearing capacity is essential to ensure the reliability of buildings and structures and optimize the 
design. 

When calculating the bearing capacity of CFST structures, it is necessary to take into account the 
confinement effect of the concrete core by the steel pipe. Mander et al. [7] developed the model for confined 
concrete, which was adapted for CFST columns. This model was improved in the studies of Yu et al. [8] to 
take into account the nonlinear behavior of the confined concrete. 

Numerical modeling, in particular finite element analysis (FEA), has become a powerful tool for 
predicting the load-bearing capacity of CFST columns [9]. This modeling can provide the detailed analysis 
of the structural behavior and the interaction between the steel tube and the concrete core [10]. The finite 
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element (FE) method allows for the consideration of complex stress-strain relationships for both steel and 
concrete [11], as well as the separation of the steel tube from the concrete core [12] and local buckling 
effects [13]. 

FEA of the CFST columns is usually performed in a three-dimensional setting. Ahmed et al. 
developed in paper [14] the 3D FE model to simulate the behavior of CFST columns of square cross-section 
strengthened with additional spiral reinforcement. The developed model accurately predicted the load-strain 
curves and failure modes. The article of authors Almasabha et al. [15] is devoted to three-dimensional 
modeling of CFST columns with circular cross-section under quasi-static axial compression. The emphasis 
in this work is on the scale effect, which has a great influence on the strength of large-diameter columns. 
In the article [16], three-dimensional FEA is used as a tool for studying the shear behavior of CFST columns. 
The developed FE models showed an average error of 12 % compared to the experimental results. 

Parametric studies using nonlinear FEA allow to analyze the influence of various factors on the load-
bearing capacity of CFST columns. Yadav and Chen [17] conducted a comprehensive parametric study for 
centrally compressed circular columns using the Abaqus software. Factors such as the diameter-to-
thickness ratio of the steel pipe, the yield strength of the steel, the compressive strength of the concrete, 
and the slenderness coefficient of the column were considered. A similar problem was also considered in 
[18], but the friction coefficient between the concrete core and the steel shell was added to the factors listed 
above. 

The authors of paper [19] studied self-stressing CFST columns using FE modeling in Abaqus. The 
initial self-stress value varied from 0 to 10 MPa. As a result of the parametric study, the calculation formula 
was proposed that allows taking into account the self-stress effect. In the paper [20], a comparative bearing 
capacity analysis of the round and square CFST columns with traditional reinforced concrete elements was 
performed. The comparison was carried out by means of laboratory experiments, as well as numerical 
experiments in Abaqus. The comparison results showed that the bearing capacity under axial compression 
for CFST columns is, on average, 1.5 times higher than that of reinforced concrete columns with the same 
consumption of concrete and steel. 

The authors of work [21] compared the results of FE modeling with the provisions of various countries 
design codes for CFST columns. It was established that FEA provides more accurate results compared to 
empirical formulas. 

Currently, machine learning methods are gaining increasing popularity in the task of predicting the 
bearing capacity of building structures, including CFST columns [22–24]. Unlike the theoretical and 
experimental approach with the selection of empirical formulas, machine learning methods allow taking into 
account complex nonlinear dependencies between parameters [25, 26]. However, to build reliable machine 
learning models, a large amount of data is required, which can only be obtained through laboratory and 
numerical experiments. 

The conducted review shows that the FE method is the most common and effective method for 
determining the bearing capacity of CFST columns. At the same time, most publications are devoted to 
modeling the stress-strain state of individual CFST elements using three-dimensional FEA. Calculating 
CFST structures in a three-dimensional formulation taking into account physical nonlinearity requires large 
computational resources. This approach is not applicable for calculation of buildings and structures that 
include reinforced concrete elements as a single whole. 

In [27], a simplified FE model was proposed that allows the three-dimensional problem of calculating 
a CFST column to be reduced to a two-dimensional problem based on the hypothesis of plane sections. 
This model was developed for columns of circular cross-section. The purpose of this work is to develop the 
proposed model for calculating rectangular CFST columns in the presence of the axial force eccentricity in 
two planes. Within the framework of the stated goal, the following tasks were formulated: 

1. Obtaining resolving equations for determining the stress-strain state of a CFST element in a 
simplified two-dimensional formulation and developing a calculation algorithm. 

2. Verification of the developed model by comparison with the results of three-dimensional FEA. 

3. Validation of the developed model by comparison with the experimental results of other authors. 

2. Methods 
The calculation scheme of an eccentrically compressed CFST column with rectangular cross-section 

is shown in Fig. 1. 
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Figure 1. Calculation scheme. 

Short CFST columns are considered, for which deflection does not lead to a noticeable increase in 
the bending moment. According to Russian design codes SR 266.1325800.2016, columns are considered 
short if their slenderness (the ratio of the calculated length to the radius of gyration of the reduced cross 
section) does not exceed 14. 

When constructing the resolving equations for determining the stress-strain state of a CFST element, 
we will take into account the stresses zσ  in the direction of the column axis, as well as the stresses ,xσ  

yσ  and xyτ  in the plane of the cross section. Stresses xzτ  and yzτ  will be neglected. A simplified 

calculation method is based on the hypothesis of plane sections. In accordance with this method, the 
deformation along the z  axis under the combined action of bending moments in two planes and axial 
forces can be represented as: 

0
1 2.z z y xε = ε + χ + χ                                                              (1) 

The first term in formula (1) represents the axial deformation, the second and third terms include 
changes in element curvature 1χ  and 2.χ  

When using the plane sections hypothesis, local effects at the ends of the CFST element are 
neglected, assuming that the load is transmitted through a rigid stamp. 

Let us obtain the relationship between the internal forces (axial force ,N  bending moments xM  

and yM ) and generalized deformations 0,zε  1χ  and 2.χ  The physical equations for concrete, establishing 

the relationship between stresses and deformations, have the form: 

( )( )1 ;x x y z xE
∗ε = σ −ν σ +σ + ε                                                      (2) 

( )( )1 ;y y x z yE
∗ε = σ −ν σ +σ + ε                                                      (3) 

( )( )1 ;z z y x zE
∗ε = σ −ν σ +σ + ε                                                       (4) 

( )
,

2 1
xy xy xyE

∗+ ν
γ = τ + γ                                                             (5) 

where E  is the concrete modulus of elasticity, ν  is the Poisson's ratio of concrete, ,x
∗ε  ,y

∗ε  z
∗ε  and xy

∗γ  

are the additional terms that may include creep deformations, shrinkage, dilatation deformations, 
temperature deformations, etc. 



Magazine of Civil Engineering, 18(2), 2025 

Quantities ,x
∗ε  ,y

∗ε  z
∗ε  and xy

∗γ  will be referred hereinafter to forced deformations. To be able to 

take into account physical nonlinearity, the modulus of elasticity E  in formulas (2)–(5) is taken as a function 
of coordinates x  and .y  

The stress zσ  can be expressed from (4) as: 

( ) ( ) ( ) ( )0
1 2 .z z z y x z z y xE E y x∗ ∗σ = ε − ε + ν σ +σ = ε + χ + χ − ε + ν σ +σ                 (6) 

The physical equations for a steel shell are written as: 

( )1 ;s s s sz
sEθ θε = σ −ν σ                                                                (7) 

( )1 ,sz sz s s
sE θε = σ −ν σ                                                                (8) 

where sE  and sν  are respectively, the modulus of elasticity and Poisson's ratio of steel. 

Let us express from (7), (8) the stresses in the steel pipe through deformations: 

( )2 ;
1

s
sz sz s s

s

E
θσ = ε + ν ε

−ν
                                                           (9) 

( )2 .
1

s
s s s sz

s

E
θ θσ = ε + ν ε

−ν
                                                        (10) 

It is assumed in the calculation that there is no slippage between the steel pipe and the concrete 
core. This hypothesis is usually fulfilled, since when designing CFST concrete columns, engineers strive to 
ensure a reliable connection between the steel pipe and the concrete core by welding on short periodic 
profile steel bars from the inside, or by using concrete on prestressing cement, which creates initial lateral 
compression stresses. Also, the support nodes are usually designed in such a way that the forces are 
transmitted simultaneously to the concrete core and the steel pipe. 

From the condition of the concrete core and the steel shell joint work in z  axis direction, deformation 

szε  at the point in the pipe with coordinates ( );s sx y  can be written as: 

0
1 2.sz z s sy xε = ε + χ + χ                                                               (11) 

Substitution of szε  from (11), as well as sθε  from (7) into the equation (10) leads to the equation: 

( )0
1 2 .sz s z s s s sE y x θσ = ε + χ + χ + ν σ                                                 (12) 

Internal forces in a column represent the sum of the forces perceived by concrete and steel: 

;
s b

s b sz z
A A

N N N dA dA= + = σ + σ∫ ∫                                                (13) 

;
s b

x sx bx sz z
A A

M M M ydA ydA= + = σ + σ∫ ∫                                           (14) 

,
b

y sy by sz z

sA A
M M M xdA xdA= + = σ + σ∫ ∫                                         (15) 

where bA  and sA  are respectively the cross-sectional areas of the concrete core and the steel shell. 

The relationships between generalized deformations 0,zε  1,χ  2χ  and internal forces ,xM  ,yM  N  

can be obtained by substitution of (6) and (12) into (13)–(15): 



Magazine of Civil Engineering, 18(2), 2025 

0

1

2

,
x y z

x y x x xy x

y x y xy y y

NEA ES ESN N
M N e ES EI EI M
M N e ES EI EI M

∗

∗

∗

       ε         = ⋅ = χ −        
        χ⋅           

                            (16) 

where 

( ) ( ), , ;
s b

s
A A

EA E x y dA E x y dA= +∫ ∫                                                (17) 

( ) ( ), , ;
s b

x s
A A

ES E x y ydA E x y ydA= +∫ ∫                                               (18) 

( ) ( ), , ;
s b

y s
A A

ES E x y xdA E x y xdA= +∫ ∫                                               (19) 

( ) ( )2 2, , ;
s b

x s
A A

EI E x y y dA E x y y dA= +∫ ∫                                             (20) 

( ) ( )2 2, , ;
s b

y s
A A

EI E x y x dA E x y x dA= +∫ ∫                                             (21) 

( ) ( ), , ;
s b

xy s
A A

EI E x y xydA E x y xydA= +∫ ∫                                             (22) 

( ) ( )( ), ;
b s

z x y s s
A A

N E x y dA dA∗ ∗
θ= ε + ν σ +σ + ν σ∫ ∫                                     (23) 

( ) ( )( ), ;
b s

x z x y s s s
A A

M E x y ydA y dA∗ ∗
θ= ε + ν σ +σ + ν σ∫ ∫                                  (24) 

( ) ( )( ), .
b s

y z x y s s s
A A

M E x y xdA x dA∗ ∗
θ= ε + ν σ +σ + ν σ∫ ∫                                  (25) 

To determine the stresses acting in the plane of the cross section, the concrete core is divided into 
rectangular FEs, and the steel shell is modeled by one-dimensional bar elements (Fig. 2). Rounding of 
corners in rectangular bent-welded sections will be neglected. 

 
Figure 2. Finite elements for determining the stress-strain state in the plane  

of the cross-section: a) finite element of the concrete core, b) finite element of the steel shell. 
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The FE of the concrete core has 2 degrees of freedom at the node: displacements u  and v  in the 
plane of the cross section. 

Approximation of displacements u  and v  is taken in the form: 

1 2 3 4 ;u x y xy= α +α +α +α                                                          (26) 

1 2 3 4 .v x y xy= β +β +β +β                                                           (27) 

Expressions (26), (27) in matrix form have the form: 

{ }
1 0 0 0 0

,
0 0 0 0 1

u x y xy
v x y xy
   

= α   
   

                                         (28) 

where { } { }1 2 3 4 1 2 3 4 .Tα = α α α α β β β β  

The vector { }α  can be found by substituting the coordinates of the nodes into (28): 

{ } [ ]{ } { }

1 0 0 0 0
2 2 4

0 0 0 0 1
2 2 4

1 0 0 0 0
2 2 4

0 0 0 0 1
2 2 4 ,

1 0 0 0 0
2 2 4

0 0 0 0 1
2 2 4

1 0 0 0 0
2 2 4

0 0 0 0 1
2 2 4

a b ab

a b ab

a b ab

a b ab

U
a b ab

a b ab

a b ab

a b ab

 − − 
 
 − − 
 
 − −
 
 

− − 
  α = Φ α =
 
 
 
 
 
 
 − −
 
 
 − −
 

            (29) 

where { } { }1 1 2 2 3 3 4 4
TU u v u v u v u v=  is the vector of nodal displacements in the plane of the cross 

section. 

The vector { }α  is expressed from (29) as: { } [ ] { }1 .U−α = Φ  The matrix [ ] 1−Φ  has the form: 
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[ ] 1

1 1 1 10 0 0 0
4 4 4 4
1 1 1 10 0 0 0

2 2 2 2
1 1 1 10 0 0 0
2 2 2 2
1 1 1 10 0 0 0

.
1 1 1 10 0 0 0
4 4 4 4
1 1 1 10 0 0 0

2 2 2 2
1 1 1 10 0 0 0
2 2 2 2
1 1 1 10 0 0 0

a a a a

b b b b

ab ab ab ab

a a a a

b b b b

ab ab ab ab

−

 
 
 
 − − 
 
 − −
 
 

− − 
 Φ =
 
 
 
 − − − − 
 
 − − 
 
 − −
  

                           (30) 

The deformation vector in the cross-sectional plane is determined as follows: 

{ } { }

[ ] { } [ ]{ }1

0 1 0 0 0 0 0
0 0 0 0 0 0 1
0 0 1 0 1 0

0 1 0 0 0 0 0
0 0 0 0 0 0 1 ,
0 0 1 0 1 0

u
x y
v x
y

x y
u v
y x

y
x U B U

x y

−

 ∂
 

∂   
 ∂  ε = = α =   ∂     ∂ ∂

+ 
∂ ∂ 

 
 = Φ = 
  

                              (31) 

where 

[ ]

0 0 0 0
2 2 2 2

1 0 0 0 0 .
2 2 2 2

2 2 2 2 2 2 2 2

b b b by y y y

a a a aB x x x x
ab

a b a b a b a bx y x y x y x y

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

         (32) 

Next, the relationships will be obtained that allow determining the stress-strain state in the plane of 
the column cross-section. To do this, the quantity zσ  should be excluded from equations (2)–(4). 
Substitution of the equation (6) into the equations in (2)–(3) leads to the following expressions: 

( ) ( )0
1 1 2

1

1 ;x x y x z zy x
E

∗ ∗ε = σ −ν σ + ε −ν ε + χ + χ − ε                                (33) 

( ) ( )0
1 1 2

1

1 ,y y x y z zy x
E

∗ ∗ε = σ −ν σ + ε −ν ε + χ + χ − ε                                (34) 

where ( ) ( )1 11 , 1 .E E= −ν ν = ν −ν  



Magazine of Civil Engineering, 18(2), 2025 

The equality in (5) can be represented as: 

( )1

1

2 1
.xy xy xyE

∗+ ν
γ = τ + γ                                                      (35) 

The stresses in the concrete core are expressed from (33)–(35) through the deformations in the form: 

( ) ( )( )01
1 1 1 1 22

1
;

1x x y x y x z
E y x∗ ∗ ∗σ = ε + ν ε − ε + ν ε + ν ε + χ + χ − ε
−ν

                    (36) 

( ) ( )( )01
1 1 1 1 22

1
;

1y y x y x z z
E y x∗ ∗ ∗σ = ε + ν ε − ε + ν ε + ν ε + χ + χ − ε
−ν

                  (37) 

( ) ( )1

1
.

2 1xy xy xy
E ∗τ = γ − γ
+ ν

                                                (38) 

Equalities (36)–(38) can be represented in matrix form: 

{ } [ ] { } { }( ) { }1 ,D ∗σ = ε − ε + σ                                                 (39) 

where [ ] { } { } { } { }
1

1
12

1
1

1 0
1 0 , , , , ,

1 10 0
2

xx x x

y y y y

xy xy xy xy

ED ∗ ∗

∗

  ∗       ε ν σ σ ε                = ν σ = σ σ = σ ε = ε ε = ε        − ν         − ν τ τ γ γ                

{ } ( )01 1
1 1 22

1

1
1 .

1 0
z z

E y x ∗
 

ν  σ = ε + χ + χ − ε  
−ν  

 

 

Formula (6) can be written as: 

( ) { }0
1 2

1
1 .
0

T
z z zE y x ∗

 
 σ = ε + χ + χ − ε + ν σ  
 
 

                                           (40) 

The resolving equations of the FE method for determining the stress-strain state in the plane of the 
cross section can be obtained based on the Lagrange variational principle. The potential strain energy of a 
CFST structure consists of the concrete core potential energy bΠ  and the steel shell potential energy .sΠ  

The value bΠ  is determined by the formula: 

( )1 .
2

b

el el el el
x x y y xy xy z zb

A
dA= σ ε + σ ε + τ γ + σ ε∏ ∫                                     (41) 

The indices " el " in formula (41) correspond to elastic deformations. They are calculated as the 
difference between the total and forced deformations. The potential strain energy of the concrete core (41) 
can be represented as: 

( ) { } { } { }( )0
1 2

1 1 .
2 2

b b

T
z z zb

A A
y x dA dA∗ ∗= σ ε + χ + χ − ε + σ ε − ε∏ ∫ ∫                 (42) 

The first integral in (42) can be represented in the following form: 
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( ) ( )

{ } ( )

20 0
1 2 1 2

0
1 2

1 1
2 2

1
1 .

2
0

b b

b

z z z z z

T
z z

A A

A

y x dA E y x dA

y x dA

∗ ∗

∗

σ ε + χ + χ − ε = ε + χ + χ − ε +

 
ν  + σ ε + χ + χ − ε 

 
 

∫ ∫

∫

              (43) 

After differentiation with respect to the vector of nodal displacements { }U  to find the minimum of 
the total energy, the first term in (43) vanishes. The second term in (43) can be written as: 

{ } ( )

{ } { } { } [ ] ( )

{ } { } [ ] ( )

{ } [ ] [ ] ( )

0
1 2

0
1 1 2

0
1 1 2

0
1 2

1
1

2
0

1
1

2
0

1
1

2
0

1
1 .
0

b

b

b

b

T
z z

TT T
z z

TT
z z

TT
z z

A

A

A

A

y x dA

D y x dA

D y x dA

U B D y x dA

∗

∗ ∗

∗ ∗

∗

 
ν  σ ε + χ + χ − ε = 

 
 

 
ν    = σ + ε − ε ε + χ + χ − ε =       

 
  

ν    = σ − ε ε + χ + χ − ε +       
 
 + ε + χ + χ − ε  

    

∫

∫

∫

∫

                 (44) 

The first integral in (44) also vanishes when differentiated with respect to { }.U  When calculating 

the second integral, the simplifying assumption is introduced that the forced deformation z
∗ε  does not 

change within the FE. This hypothesis is justified if the FE mesh is dense enough. Taking into account the 
adopted simplification, the second integral in (43) is represented as: 

{ } [ ] [ ] ( )

{ } [ ] [ ] ( )

{ } [ ] [ ] ( )

{ } [ ] ( ) { } [ ]

0
1 2

0
1 2

0
1 2

01 1
1 22

1

1
1

2
0

1
1

2
0

1
1 1
2

0

1
1 11
2 21 0

b

b b

TT
z z

TT
z z

TT
b z c c z

T TT T
b z c c z b

A

A A

U B D y x dA

U B D A ydA xdA

U B A D y x

EU B A y x U B A

∗

∗

∗

∗

 
ν   ε + χ + χ − ε = 

 
 

  
ν   = ε − ε + χ + χ =      

 
 = ⋅ν ε + χ + χ − ε = 
 
 

 
ν  = ε + χ + χ − ε = σ 

−ν  
 

∫

∫ ∫

{ }1 .

           (45) 

Quantities cx  and cy  in formula (45) represent the coordinates of the FE center of gravity. 

Let us further expand the second integral in (42): 
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{ } { } { } { } [ ] { } { } { }( )

{ } [ ]{ } { } [ ]{ } { } [ ]{ } { } { } { } { }

1

1 1

1 1
2 2

1 2 .
2

bb

b

TT T Tel

TT T T T

AA

A

dA D dA

D D D dA

∗ ∗

∗ ∗ ∗ ∗

  σ ε = ε − ε + σ ε − ε =∫     

= ε ε − ε ε + ε ε + σ ε − σ ε

∫

∫
       (46) 

The terms { } [ ]{ }* *T
Dε ε  and { } { }*

1
Tσ ε  vanish when differentiated with respect to the vector 

{ }.U  Let us separately expand the remaining terms: 

{ } [ ]{ } { } [ ] [ ][ ] { } { } [ ]{ }1 1 1 ,
2 2 2

b

TT T T
b b

A
D dA U B D B A U U K Uε ε = =∫             (47) 

where [ ] [ ] [ ][ ]T
b bK B D B A=  is the stiffness matrix of the concrete core FE. 

{ } { } { } { } { } [ ] { }1 1 1
1 1 1 ;
2 2 2

b b

TT T T
b

A
dA dA U B A

A
σ ε = ε σ = σ∫ ∫                       (48) 

{ } [ ]{ } { } [ ] [ ]{ } { } { }.
b

TT T T
b

A
D dA U B D A U F∗ ∗ ∗ε ε = ε =∫                          (49) 

Steel shell is assumed to operate under momentless stress conditions, i.e. the FEs of the steel shell 
have only translational degrees of freedom, and rotational degrees of freedom are neglected. This 
hypothesis is valid for all points except corner zones in the absence of corner rounding. Real rectangular 
pipes have corner rounding, so this hypothesis can be considered for all points of the pipe. A linear 
approximation is adopted for axial displacements u  of the shell FE: 

( ) 2 1
1 .u uu s u s

l
−

= +                                                                  (50) 

The circumferential deformation of the steel pipe is determined as the derivative of the displacement: 

[ ]{ }1

2

11 .s s s
udu B U
uds l lθ
  ε = = − =     

                                                (51) 

The stresses in the steel shell can be written based on (9)–(11) as: 

( )( )0
1 22 ;

1
s

s s s z s s
s

E y xθ θσ = ε + ν ε + χ + χ
−ν

                                         (52) 

( )0
1 22 .

1
s

sz z s s s s
s

E y x θσ = ε + χ + χ + ν ε
−ν

                                          (53) 

Coordinates sx  and sy  change within the FE, but for simplicity it is proposed to calculate them at 
the FE center of gravity. The potential strain energy of the steel shell FE is determined as follows: 

0 0

1 .
2 s s sz szs

l l
ds dsθ θ

 
= δ σ ε + δ σ ε  

 
∏ ∫ ∫                                             (54) 

Let us expand the first integral in (54): 
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{ } [ ] ( )( )[ ]{ }

{ } [ ] [ ]{ } ( )[ ]{ }

{ } [ ]{ } { } [ ] ( )

0
1 22

0
1 22 2

0
1 22

0 01

1 1

1 ,
1

T Ts
s s s s s z s s s s

s

T Ts s s
s s s s z s s s s

s s

T T T s s
s s s s s z s s

s

l lEds U B y x B U ds

E l E lU B B U y x B U

E lU K U U B y x

θ θσ ε = + ν ε + χ + χ =
−ν

ν
= + ε + χ + χ =

−ν −ν

 ν
= + ε + χ + χ  δ − ν 

∫ ∫

          (55) 

where [ ] [ ] [ ] ( )2 2

1 1
1 11 1

Ts s
s s s

s s

E l EK B B
l

− δ δ
= =  −−ν −ν  

 is the stiffness matrix of the steel shell FE. 

Next, we expand the second integral in (54): 

{ } [ ]( )( )

( ) ( )[ ]{ }

0 0
1 2 1 22

20
1 2 0 1 22

0 0

0 0

1

.
1

T Ts
sz sz z s s s s s z s s

s

s
z s s s s s s s

s

l l

l l

Eds y x U B y x ds

E y x ds y x B U ds

σ ε = ε + χ + χ + ν ε + χ + χ =
−ν

 
= ε + χ + χ + ν ε + χ + χ  − ν  

∫ ∫

∫ ∫

    (56) 

The first integral in (56) vanishes after differentiation with respect to the vector of nodal displacements 
{ }.U  The second integral in (56) can be written in the following form: 

( )[ ]{ } { } [ ] ( )0
0 1 2 1 22 2

0
.

1 1
T Ts s s s

s s s s s s z s s
s s

lE E ly x B U ds U B y xν ν
ε + χ + χ = ε + χ + χ

−ν −ν
∫    (57) 

The work of external loads on the column displacements in the xy  plane is equal to zero. 
Consequently, the Lagrange functional for the problem under consideration is equivalent to the potential 
strain energy. Differentiation of the expression for the potential strain energy by the vector of nodal 
displacements { }U  leads to the following system of equations: 

[ ]{ } { } { } { } 0,b sK U F F F∗+ + − =                                                 (58) 

where [ ] [ ] [ ],b sK K K= +  

{ } [ ] { } [ ] ( )01 1
1 1 22

1

1
1 ;

1 0

T T
b b b z s s z

EF B A B A y x ∗
 

ν  = σ = ε + χ + χ − ε  
−ν  

 

                     (59) 

{ } [ ] ( )0
1 22 .

1
T s s

s s z s s
s

E lF B y xδν
= ε + χ + χ

−ν
                                       (60) 

The vector { }sF  in (60), as well as the matrix [ ]sK  in (55) are written in the local coordinate system 
of the steel shell FE. When forming the system of equations of the FE method for the entire section, it is 
necessary to transform matrices and vectors from local coordinate systems to the global one using the 
formulas: 

{ } [ ]{ };U L U=                                                                       (61) 

[ ] [ ] [ ];TK L K L =                                                                    (62) 
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{ } [ ] { };TF L F=                                                                     (63) 

[ ] cos sin 0 0
.

0 0 cos sin
L

α α 
=  α α 

                                                   (64) 

The bar above the vectors and matrices in formulas (61)–(63) corresponds to the local coordinate 
system. 

To take into account the thickness of the pipe wall when calculating the stiffness in formulas  
(17)–(25), matrices [ ]sK  and vectors { },sF  nodal coordinates of the steel shell are reduced to the middle 
of the wall thickness according to the formulas: 

;p b
b

Bx x
B
−δ

= ⋅                                                                       (65) 

,p b
b

Hy y
H
−δ

= ⋅                                                                      (66) 

where bx  and by  are the coordinates of the node on the contour of the concrete core, px  and py  are the 

coordinates of the node on the center line of the pipe wall, bB  and bH  are the dimensions of the concrete 
core. 

The system of equations (58) allows to calculate the stresses ,xσ  ,yσ  xyτ , as well as sθσ  in the 

plane of the cross section using the values of generalized deformations 0,zε  1χ  and 2.χ  

The equations of the concrete deformation theory of plasticity by G.A. Geniyev [28] are used as a 
model of the material for concrete. In these equations, the dilation effect is taken into account by introducing 
the value of dilation deformation .dε  The value dε  is determined by the formula: 

2
0 ,
3d

g Γ
ε = −                                                                       (67) 

where 0g  is the dilation modulus, ( ) ( ) ( )2 22
1 2 2 3 1 3

2
3

Γ = ε − ε + ε − ε + ε − ε  is the intensity of shear 

deformations. 

Dilatational deformation can be considered a special case of forced deformation 

( ), 0 .x y z d xy
∗ ∗ ∗ ∗ε = ε = ε = ε γ =  The adopted stress-strain diagram for steel is a diagram of ideal elastic-

plastic material with the Huber–Mises–Hencky yield criterion. 

The calculation taking into account physical nonlinearity is performed according to a scheme with a 
stepwise increase in load in the following sequence: 

1. At the first step of loading, the modulus of elasticity of concrete and steel are taken equal to the 
initial values corresponding to the elastic work of the material. Dilatational deformations are absent 
at the first step. 

2. Cross-section stiffness matrix [ ]1

x y

x x xy

y xy y

EA ES ES

D ES EI EI

ES EI EI

 
 

=  
 
  

 and vector x

y

N

M

M

∗

∗

∗

 ∆
  ∆ 
 
∆  

 are calculated 

using formulas (12). 

3. The increments of generalized deformations are determined by the formula: 
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{ } [ ] { }

0

1
1 1

2

,
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D F−
 ∆ε
 

∆ε = ∆χ = ⋅ ∆ 
 ∆χ 

                                            (68) 

where { } .x x

y y

NN
F M M

M M

∗

∗

∗

  ∆ ∆      ∆ = ∆ + ∆   
    ∆ ∆     

 

1. The stress-strain state in the plane of the cross section is determined based on the values of 
generalized deformations using the system of equations (58). 

2. The tangential elastic moduli of concrete and steel are corrected based on the calculated stresses 
and deformations. 

3. The corrected matrix [ ]1D′  and the residual vector of forces { } { } [ ]{ }1F F D′δ = ∆ − ∆ε  are 
calculated. 

4. Vector of additional deformations { } [ ] { }1
1D F−′δε = ∆  caused by the discrepancy of forces is 

determined. 

5. The vector { }∆ε  is corrected according to the formula { } { } { }: .∆ε = ∆ε + δε  

6. Steps 3–6 are repeated in approximations from the second to max ,j  where maxj  is the maximum 
number of iterations. Starting from the second iteration, convergence is controlled using the 
formula: 

{ } { }
{ }

1
100% 0.1%,

j j

j

−δε − δε
⋅ <

δε
                                        (69) 

where { } { } { }Ta a a=  is the vector norm. 

Each loading step ends with the calculation of total deformations and stresses, as well as 
recalculation of stiffness matrices. 

The described calculation algorithm was implemented by the authors in the MATLAB environment. 

3. Results and Discussion 
At the first stage, the developed method was compared in an elastic setting with the results of a 

three-dimensional analysis in the ANSYS 2021R1 software package. The eccentrically compressed CFST 
column with the cross-sectional size of 300×200 mm, length of 2000 mm, and wall thickness of 5.73 mm 
was considered. A concentrated force F  = 1 kN was applied at the corner of the cross-section (Fig. 3). 
The column had a fixed support at the bottom. To eliminate local effects at the upper end caused by the 
action of the concentrated force, the 10 mm thick metal rigid plate was installed on top, which in ANSYS 
Workbench was set as “Surface Coating”. Surface Coating objects are the shell FEs whose nodes coincide 
with the nodes of volumetric FEs located on the surface of the concrete core. Stiffness behavior for the 
plate on the upper end was taken as “Membrane and Bending”. The steel pipe was also modeled with 
“Surface Coating” objects with stiffness behavior “Membrane Only”. This stiffness behaviour was adopted 
to eliminate local effects caused by bending moments at the corners of the rectangular tube. The concrete 
core was modeled using FEs in the form of parallelepipeds. The FE mesh size was taken to be 10 mm. 

Since the steel pipe was defined by “Surface Coating” objects, then when modeling using the author's 
method, it was simply assumed that ,bB B=  ,bH H=  and formulas (42) were not used. 
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Figure 3. Calculation scheme in ANSYS. 

Figs. 4, 5 show the stresses zσ  isofields for concrete in the middle section ( )2 ,z L=  obtained as 
a result of three-dimensional modeling in ANSYS and using a simplified method proposed by the authors. 
The highest tensile stresses were 32.16 kPa when calculated in ANSYS and 32.58 kPa when calculated 
using the author's method. The highest compressive stresses were 52.08 kPa when calculated in ANSYS 
and 52.04 kPa when calculated using the author's method. 

 
Figure 4. Stress isofields σz (Pa) in ANSYS. 

 
Figure 5. Isofields of stresses σz (kPa), obtained using the author's method. 
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Figs. 6, 7 show the stresses xσ  isofields in concrete obtained as a result of calculation in ANSYS 

and according to the author's method. Figs. 8, 9 are the same for stresses .yσ  The maximum stress xσ  

value was 5.68 kPa in ANSYS and 5.81 kPa according to the author's method. The minimum stress xσ  
value was –3.55 kPa in ANSYS and –3.54 kPa according to the author's method. The maximum and 
minimum stresses yσ  in the calculation with ANSYS coincided with the maximum and minimum stresses 

.xσ  When calculating according to the author's method, the maximum stress yσ  was 5.75 kPa, and the 

minimum was –3.49 kPa. 

Thus, the greatest deviation of the calculation results using the author's method from the results in 
ANSYS is 2.3 %, and the average deviation is 0.5 %. 

 
Figure 6. Isofields of stresses σx (Pa) in concrete core obtained in ANSYS. 

 
Figure 7. Isofields of stresses σx (kPa) in the concrete core, obtained using the author's method. 
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Figure 8. Isofields of stresses σy (Pa) in concrete core obtained in ANSYS. 

 
Figure 9. Isofields stresses σy (kPa) in the concrete core, obtained using the author's method. 

The developed method was also tested on experimental data for 38 samples given in [29–31]. The 
experimental data included results for centrally compressed CFST columns, as well as for eccentrically 
compressed columns with eccentricity in one and two planes. Table 1 compares the calculation results 
according to the author's method in a physically nonlinear formulation with the experimental results. In this 
table, cR  is the compressive strength of concrete determined from tests of concrete cubes, expN  and 

calcN  are respectively experimental and calculated values of the ultimate load. 

Table 1. Comparison of calculation results with experimental data. 
Sample B, mm H, mm t, mm Rc, MPa Ry, MPa ex, mm ey, mm Nexp, kN Ncalc, kN 

B. Uy, 2001 [29] 
HSS1 110 110 5 28 750 0 0 1836 1834 
HSS2 110 110 5 28 750 0 0 1832 1834 
HSS3 110 110 5 30 750 15 0 1555 1431 
HSS4 110 110 5 30 750 30 0 1281 1153 
HSS8 160 160 5 30 750 0 0 2868 2 806 
HSS9 160 160 5 30 750 0 0 2922 2806 

HSS10 160 160 5 30 750 25 0 2024 2105 
HSS11 160 160 5 30 750 50 0 1979 1662 
HSS14 210 210 5 32 750 0 0 3710 42 05 
HSS15 210 210 5 32 750 0 0 3483 4205 
HSS16 210 210 5 32 750 25 0 3106 3292 
HSS17 210 210 5 32 750 50 0 2617 2669 
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Sample B, mm H, mm t, mm Rc, MPa Ry, MPa ex, mm ey, mm Nexp, kN Ncalc, kN 
Y. Yang et al., 2011 [30] 

Scfst-1 150 150 3 59.3 324 0 0 1618 1559 
Scfst-2 150 150 3 59.3 324 15 0 1260 1260 
Scfst-3 150 150 3 59.3 324 30 0 1244 1057 
Scfst-4 150 150 3 59.3 324 15 15 1280 1195 
Scfst-5 150 150 3 59.3 324 30 30 1193 925 
Rcfst-1 180 120 3 59.3 324 0 0 1476 1517 
Rcfst-2 180 120 3 59.3 324 36 0 1140 1020 
Rcfst-3 180 120 3 59.3 324 18 12 1147 1160 
Rcfst-4 180 120 3 59.3 324 36 24 939 900 

X. Qu et al., 2013 [31] 
PYA-1 150 100 4.065 48.75 235 10 0 750 822 
PYA-2 150 100 4.065 82.5 235 15 0 1040 1035 
PYA-3 150 100 4.065 65 235 20 0 810 850 
PYA-4 200 150 4.433 65 235 20 0 1750 1670 
PYA-5 200 150 4.433 48.75 235 30 0 1250 1260 
PYA-6 200 150 4.433 82.5 235 40 0 1400 1630 
PYA-7 300 200 5.73 82.5 345 50 0 3450 3850 
PYA-8 300 200 5.73 65 345 60 0 2650 3150 
PYA-9 300 200 5.73 48.75 345 70 0 2445 2610 
PYB-1 150 100 4.065 48.75 235 8.32 5.55 980 822 
PYB-2 150 100 4.065 82.5 235 12.48 8.32 950 1039 
PYB-3 150 100 4.065 65 235 16.64 11.09 980 838 
PYB-4 200 150 4.433 65 235 16 12 1300 1683 
PYB-5 200 150 4.433 48.75 235 24 18 1300 1275 
PYB-6 200 150 4.433 82.5 235 32 24 1600 1588 
PYB-7 300 200 5.73 82.5 345 38.41 32.01 3600 3740 
PYB-8 300 200 5.73 65 345 46.09 38.41 2550 3020 

 

The average value of the expcalcN N  ratio was 1.01, the maximum was 1.29, and the minimum 

was 0.78. The standard deviation was 0.11, and the coefficient of variation was 11 %. 

4. Conclusions 
A simplified method for determining the bearing capacity of eccentrically compressed rectangular 

CFST columns in the presence of axial force eccentricities in two planes has been developed. The proposed 
method allows reducing the three-dimensional problem of determining the stress-strain state to a two-
dimensional one, which ensures significant savings in machine time. This allows calculation in a physically 
nonlinear formulation not only for individual elements, but also for buildings that include CFST elements as 
a whole. 

The verification of the developed method was performed by comparison with the results of FEA of 
the three-dimensional model in an elastic formulation in the ANSYS software package using volumetric FEs 
for concrete and shell FEs for a steel pipe. The maximum deviation of the results for stresses was 2.3 %. 
Validation of the developed method was performed using experimental data for 38 samples presented in 
three different works. 

It should be noted that the proposed method does not allow for the slippage of concrete in the steel 
pipe, local stability loss of the pipe wall and the separation of the concrete core from the steel shell. The 
first two factors can be taken into account only when analyzing the column in a three-dimensional 
formulation, which is a very labor-intensive process and is not suitable for analyzing entire buildings. The 
third factor can be taken into account in the approach we propose. To implement this, the FEs of the steel 
pipe must be given a third bending degree of freedom, and one-way connections must be established 
between the nodes of the concrete and the steel shell that work only in compression. The development of 
the proposed model in this direction is a prospect for our further research. 
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Abstract. The object of the study is a transversely bent triangular plate made of an orthotropic material, 
fixed along the edges of the plate, under the action of a uniformly distributed load. The fourth-order 
differential equilibrium equations with variable orthotropy parameters were used. The equations were 
approximated by finite differences for a grid of scalene triangles. Such a grid describes well the boundary 
contour of triangular plates. The boundary conditions for the grid were written taking into account the 
orthotropy of the plate material. Seven typical finite difference equations were developed taking into account 
the boundary conditions along three edges of the plate and the presence of three angles of an irregular 
triangle. A finite difference matrix was obtained. The matrix structure allows calculating a triangular plate at 
different angles at the base. It is possible to vary the boundary conditions in the form of rigid or hinged 
support of the triangular plates. The calculation method takes into account the parameters of the orthotropy 
of the material in two mutually perpendicular planes. The adaptation of the numerical method to the 
calculation of orthotropic plates of arbitrary shape was described. The relationships for determining the 
rigidity characteristics of orthotropic materials were given. An algorithm for simple engineering calculation 
of triangular orthotropic plates was proposed that allowed performing accurate calculations in variant 
design. The scientific and applied results of the proposed article will find wide application in mechanics of 
deformable solids in the field of studying two-dimensional thin-walled structures, as well as in calculating 
plates of complex geometry with non-uniform mechanical characteristics of their materials. 

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian 
Federation within the framework of the state assignment No 075-03-2025-256 dated 16 January 2025, 
Additional agreement No 075-03-2025-256/1 dated 25 Marсh 2025, FSEG-2025-0008  

Citation: Beketova, M.S., Nuguzhinov, Zh., Travush, V.I., Vatin, N.I., Akhmediyev, S.K., Kurokhtina, I.A., 
Shagiyeva, R.A., Mikhailov, V.F., Khabidolda, O. Bending of orthotropic scalene triangle plates: finite 
difference modeling. Magazine of Civil Engineering. 2025. 18(2). Article no. 13407. DOI: 
10.34910/MCE.134.7 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0003-2248-312X
https://orcid.org/0000-0002-0252-2115
https://orcid.org/0000-0003-1991-7233
https://orcid.org/0000-0002-1196-8004
https://orcid.org/0000-0001-6723-4571
https://orcid.org/0000-0002-8367-7636
https://orcid.org/0009-0003-1867-7300
https://orcid.org/0000-0002-2588-9438
https://orcid.org/0000-0001-7909-7201


Magazine of Civil Engineering, 18(2), 2025 

1. Introduction 
In various branches of technology (construction, mechanical engineering, aircraft building, and 

shipbuilding), orthotropic plates are widely used, in which the physical and mechanical characteristics of 
materials are symmetrical about three mutually perpendicular planes (wood, plywood, reinforced concrete). 
Many designs also have orthotropic properties, for example, corrugated and ribbed plates. A lot of works 
are dealing with studying orthotropic plates. Recent works include [1–3]. 

A study [4] showed that the general anisotropic property and the variable in-plane stiffness property 
inherent in composites create significant challenges in the static and dynamic analysis of these new types 
of variable stiffness composite structures. Therefore, it is important to develop mechanical models and 
calculation methods for composite lamellar-shell structures of variable stiffness to understand their complex 
mechanical mechanisms and promote their further application in aerospace engineering. 

Publications devoted to triangular orthotropic plates appear much less frequently. In one of the first 
such publications [5], large amplitude oscillations of right triangular anisotropic plates were analyzed based 
on von Kármán governing equations. Utilizing the Bubnov–Galerkin procedure, a nonlinear second-order 
differential equation for the unknown time function was drawn. The equation was solved in terms of 
Jacobian elliptic functions. 

Vibration analysis and multi-objective optimization of stiffened triangular plate was done in [6]. The 
triangular plate included stiffeners (ribs), which were parallel to each other and parallel to one edge of the 
triangle. The governing equation of transversal deflection of the plate was obtained by considering the 
effects of orthotropic characteristics and external excitation. The ordinary differential equation for the 
system's time response was obtained using the Bubnov–Galerkin method. In the next step, a multi-objective 
optimization was carried out considering two conflicting objective functions, i.e., maximizing the system's 
nonlinearity and minimizing the amplitude of vibration. Four decision variables were considered, including 
the plate's thickness, geometry, and the distance of the stiffeners. Finally, the effects of different parameters 
on the optimal solutions and the distribution of decision variables were investigated. 

The buckling analysis of general triangular anisotropic plates with different boundary conditions 
subjected to combined in-plane loads was considered in [7, 8]. Solutions for plate buckling were obtained 
using the Rayleigh–Ritz method combined with a variational formulation. The numerical results were 
obtained for various triangular geometries with isotropic and anisotropic material properties. The effect of 
transverse-shear deformation was studied for different triangular geometries. The results confirm the 
importance of including the effect of transverse-shear deformation in the buckling analysis of composite 
plates. These results were later used in [9, 10] for optimal design of composite grid-stiffened aircraft panels 
subjected to global and local buckling constraints. The local buckling of aircraft skin segments is assessed 
with material anisotropy and transverse shear flexibility. The local buckling of stiffener segments was also 
assessed. 

An accurate and simplified solution was provided in [11] for the free vibration problem of simply 
supported thin general triangular plates. The proposed method applies to thin plates with linear boundaries 
regardless of their geometrical shapes. The results were compared with previously published data for the 
isosceles and general triangles. Good agreements were reported. Although the paper deals only with 
simple support conditions, the article claims that any combination of classical boundary conditions, with or 
without complicating factors, can be handled. 

The p-Ritz method operates with mathematically complete two-dimensional polynomial functions, 
and boundary polynomial equations raised to appropriate powers are used to approximate the 
displacements. In the [12], the p-Ritz method was used to derive the governing eigenvalue equation for the 
buckling behavior of triangular plates with both translational and rotational elastic edge constraints. The 
effect of elastic edge supports on the buckling factors for triangular plates of various vertex angles (aspect 
ratios) and boundary conditions was examined. The buckling solutions for isosceles and right-angled 
triangular plates with elastic edge constraints were presented. 

The unilateral buckling behavior of point-restrained triangular plates was studied in [13]. The 
Rayleigh–Ritz method with polynomial-based shape functions was used to study the unilateral buckling 
behavior of triangular plates with various loading combinations, aspect ratios, boundary conditions, and 
point restraint configurations. Polynomials and tensionless foundation modeled the displacement functions 
and restraining medium, respectively. The results were obtained for different boundary conditions, aspect 
ratios, and various in-plane compressive and shear loadings. Convergence and comparison studies were 
undertaken to confirm the validity and precision of the solution method. 

Free and forced multi-frequency vibrations of stiffened triangular plate with the stiffeners were studied 
in [14]. The governing motion equation for a triangular plate was developed based on the von Kármán 
theory. The nonlinear ordinary differential equation of the system using the Bubnov–Galerkin approach was 
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obtained. Closed-form expressions for the free undamped and large-amplitude vibration of an orthotropic 
triangular elastic plate were presented using two analytical methods, namely, the energy balance method 
[15] and the variation approach. It was demonstrated that those two methods were straightforward and 
reliable techniques for solving those nonlinear differential equations. 

A nonlinear vibration of a triangular shape plate with several stiffeners was studied in [16]. The 
Bubnov–Galerkin method was used to obtain the ordinary differential equation for the system time 
response. A genetic-based multi-objective optimization was performed to find the geometry and locations 
of the plate stiffeners. 

Three-dimensional structures in the form of triangular plates of thin and medium thickness with 
homogeneous and inhomogeneous characteristics of materials (isotropic and orthotropic) were considered 
in [17]. The finite difference method was applied using a grid of scalene triangles as a resolving method. 
Based on a numerical algorithm and the author's Fortran programs, the leading parameters were obtained 
from transverse and in-plane loads under various boundary conditions (in bending, buckling, and free 
oscillations). 

In [18], free vibration characteristics of moderately thick composite materials triangular plates under 
multi-points support boundary conditions were analyzed. An improved Fourier series method was used. 
Energy equations were established based on the first-order shear deformation theory. The Rayleigh–Ritz 
technique was adopted to solve unknown coefficients of energy equations with the multi-point support 
boundary conditions. This study was aimed to simulate real engineering structures with multi-point support. 
It was shown that the method has a higher accuracy than the finite element method. 

In-plane vibration of arbitrary laminated triangular plates with elastic boundary conditions was studied 
in [19] by the Chebyshev–Ritz method. The coordinate transformation mapped the arbitrarily shaped 
triangular laminated plate into a square plate to facilitate energy calculation. The displacement functions of 
the square plate after transformation were expressed as two-dimensional Chebyshev polynomials 
multiplied by coefficients. The arbitrary elastic boundary conditions of the plate were obtained by changing 
the stiffness values of each spring with artificial virtual spring technology. The in-plane free vibration 
characteristics of the triangular laminated plate under different boundary conditions were calculated. The 
accuracy of this method was verified by comparing with finite element results and experimental results. The 
comparison shows that the present method has good convergence and satisfactory actuarial accuracy. 

The bending of cantilever triangular plates at the same inclination angles of the side edges to the 
base was investigated in [20]. The finite difference method was applied. Combining the results was applied 
to solve the problem of an acute angle at the top of the plate. The results of calculating a cantilever bar of 
variable bending stiffness were combined with similar results of calculating a triangular plate supported 
along the contour using a reduction factor. This study theoretical provisions and applied results could be 
partially used to investigate the bending of orthotropic scalene triangle plates supported along the edges. 

The frequency and mode of free vibrations of thin isotropic triangular plates with a central hole for 
different boundary conditions were investigated in [21]. The finite element method was used. Some plates 
topology of vibration modes was compared to square plates with hinged and clamped edges. The numerical 
values of the natural frequencies and modes of triangular plates are in good agreement with the 
experimental results. 

The simplistic superposition method was used for analytic free vibration solutions of right triangular 
plates [22]. The problem was solved by dividing it into three subproblems that were solved by the symplectic 
techniques via imposing the variable separation on the Hamiltonian-system-based governing equation and 
symplectic eigen expansion. Then, the analytic frequency and mode shape solutions were obtained by 
requiring the equivalence between the original problem and the superposition. The comparison with the 
numerical results for the right triangular plates confirmed the approach's convergence and accuracy. 

In this case, the aim of this work is to develop and apply a rarely used and complex type of triangular 
grid of the finite difference method to plates of complex geometry, in particular for calculating the stress-
strain state of triangular orthotropic plates with unequal values of angles at their vertices that has previously 
been insufficiently studied. 

The objective of the study is to evaluate the stress-strain state of triangular orthotropic plates with 
different boundary conditions under different types of loads, to determine the dependence of the effect of 
the orthotropy coefficients of boundary conditions, the values of angles at the base on the strength 
parameters of the bearing capacity of triangular plates. 
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2. Methods 
The object of the study is a transversely bent triangular plate made of orthotropic material, fixed along 

the edges of the plate, under the action of a uniformly distributed load. Fig. 1 shows the computational 
scheme of the triangular plate. 

 
Figure 1. Computational scheme of the triangular plate. 

The plate configuration is determined by three parameters: a is the base of the triangle (plate); ,α  
β  are the angles of inclination of the side edges to the base (in the general case, α  is not equal to β ). 
The study used the well-known initial differential equation for the bending of orthotropic plates [23–25], 
which has the form: 

4 4 4

1 3 24 2 2 42 2 ,w w wD D D q
x x y y

∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
                                                 (1) 

where ( ),w w x y=  is the sought deflection function; q  is the intensity of the stationary transverse 

distributed load in the plane of the plate; 1,D  2,D  3,D  kD  is the bending and torsional rigidity of the 
orthotropic material; ,x  y  are the Cartesian coordinates. 

The bending and torsional rigidity of the orthotropic material is determined as follows: 

( ) ( )
3 3

1 2
1 2

1 2 1 2
3

3 1 2

; ;
12 1 12 1

2 ; .
12k k

E t E tD D

GtD D D D

= =
−ν ν −ν ν

= ⋅ν + =

                                             (2) 

Here, 1,E  2E  is the modulus of elasticity of the material in two mutually perpendicular planes; 1,ν  

2ν  are Poisson ratios in two mutually perpendicular planes; G  is the shear modulus; kD  is the torsional 
bending rigidity; t  is the thickness of the plate. 

Then, the orthotropy coefficients were introduced: 

3 2
0 0

1 1

2 , .D D
D D
⋅

α = β =                                                           (3) 

Equation (1), taking into account the accepted designations of (2) and (3), has the form: 

4 4 4

0 04 2 2 4
1

2 .w w w q
Dx x y y

∂ ∂ ∂
+ α +β =

∂ ∂ ∂ ∂
                                              (4) 

Bending moments ,xM  yM  and torsional moment ,xyM  taking into account the structure material 

orthotropy, have the form: 
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2 2 2 2

1 2 0 1 1 02 2 2 2

2
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.

x y

xy k

w w w wM D M D
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x y

   ∂ ∂ ∂ ∂
= − ν +α = − ν +β      ∂ ∂ ∂ ∂   

∂
= −

∂ ∂

                      (5) 

The boundary conditions of plates supported at the edges are written in the same way as for bending 
isotropic plates (with hinged or rigidly fixed plate edges): 

0; 0; 0,i n i jj
w M w n= = ∂ ∂ =                                                     (6) 

where j  in the edge number, jn  is the normal direction to the corresponding plate edges, n j
M  is the 

bending moment in the normal direction. 

3. Results and Discussion 
It is known that the finite difference method can be a preferred choice for problems on a uniform grid. 

To apply equation (4) to the bending analysis of a triangular orthotropic plate (Fig. 1), the finite difference 
method with a grid of scalene triangles is used. The grid of scalene triangles fits well into the oblique contour 
of the triangular plates. Fig. 2 shows a fragment of the grid of scalene triangles. 

 
Figure 2. A grid fragment of scalene triangles. 

To the i -th node of the grid of scalene triangles, equation (4) will have the form (without taking into 
account the boundary conditions) that is presented in work [17]: 

( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( )

1 2 3 1 4

5 6 7 8

4

9 10
1

.

i o r P S q t

n f b h d k m e

a g c j

w w w w w w w

w w w w w w w w

qhyw w w w
D

ψ +ψ + +ψ + +ψ + +

+ψ + +ψ + +ψ + +ψ + +

+ψ + +ψ + =

                         (7) 

Here, the grid parameters 1,ψ  2,ψ  3,ψ  4,ψ  5,ψ  6,ψ  7 ,ψ  8,ψ  9,ψ  10ψ  are determined in 
such a way: 

( ) ( ) ( )

( ) ( )

( ) ( )

( )

2 24 2 2 2
1 0 0

4 2
2 0 0

2 2 2 2
3 0 0 5 0 0

22 2 4 2
6 0 7 0 0 8 0 0

2 2
9 0 10 0

6 6 4 4 1 2 2 2 ;

4 4 2 4 1 2 ;

2 4 1 2 ; 2 ;

2 ; 2 ; ;

; .

C C AB AB AB A B

C C AB AB AB AB

C B A A AB A B C A B

AB C B AB C C AB AB

A B

 ψ = +α − + +β − + + +
 

ψ = − +α − +β − − +  
 ψ = α − +β − − ψ = α + β 

ψ = β ψ = α − β ψ = −α +β

ψ = β ψ = β

              (8) 



Magazine of Civil Engineering, 18(2), 2025 

The angles α  and β  define the parameters ,A  ,B  C  and :U  

( ) ( ) ( )
2

sin cos sin cos sin sin; ; ;
sin sin sin

.

A B C

U C AB

β α α β α β
= = =

α +β α +β α +β

= −

                                       (9) 

The equation in the particular case for an isotropic plate for the i -th grid node is also written 
according to [17] in the following form: 

( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( )

1 1 2 3 4

5 6 7 8

4

9 10
1

,

o r p s q t

n f b h d k m e

a g c j

w w w w w w w

w w w w w w w w

qhyw w w w
D

ϕ +ϕ + +ϕ + +ϕ + +

+ϕ + +ϕ + +ϕ + +ϕ + +

+ϕ + +ϕ + =

                         (10) 

where 

( ) ( )

( ) ( )

2 2 2 2
1 2

3 4
2 2 2

5 6 7 8 9 10

2 2 1 ; 2 2 1 ;

2 2 1 ; 2 2 1 ;

2 ; 2 ; 2 ; ; ; .

U A B U U U AB

A U BU B U AU

AU AB BU U A B

 ϕ = + + + + ϕ = − + −   
ϕ = − + − ϕ = − + −      

ϕ = ϕ = ϕ = ϕ = ϕ = ϕ =

                   (11) 

Thus, equations (7), (10) differ only in expressions (8), (11), respectively. 

The original equation (1) must be accompanied by the corresponding boundary conditions at the 
edges of the plate. For continuously supported sides of the plate along the perimeter (Fig. 1), the boundary 
conditions are as follows: 

2 20; 0; 0,i i j i jw w n w n= ∂ ∂ = ∂ ∂ =                                             (12) 

where wi  is the deflection at the i -th node of the plate contour; jn  are the normals to the edges of the 

plate (Fig. 1); j  =1, 2 are the numbers of the plate edges. 

Boundary conditions (11) for the i -th grid node are written in the finite differences in the group form 
as follows: 

• For the left edge of the plate (Fig. 3, a): 

( ) ( )8 0 7 1 8 70; 0.5 0.5 ;q i t p r Sw w w w w w w= = = ψ + ψ = γ ψ + ψ                     (13) 

• For the right edge of the plate (Fig. 3, b): 

( ) ( )8 5 1 8 50; 0.5 0.5 ;q i S r q o tw w w w w w w= = = ψ + ψ = δ ψ + ψ                      (14) 

• For the plate base (Fig. 3, c): 

( ) ( )7 5 1 7 50; 0.5 0.5 0.5 0.5 .o i r s t p tw w w w w w w= = = ψ + ψ = θ ψ + ψ                (15) 
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a) 

 

b) 

 

c) 

 
Figure 3. Definition of boundary conditions: a) the left edge of the plate "1-2";  

b) the right edge of the plate "1-3"; c) the base of the plate "2-3". 

The coefficients in expressions (13)–(15) took the following values: ( )1 1 1 0.1γ = δ = θ = −  for hinge-

support edges of the plate; ( )1 1 1 1.0γ = δ = θ = +  for rigid edges of the plate. 

Boundary conditions (13)–(15) modify the basic finite difference equation for orthotropic triangular 
plates (7) taking into account and takes the form of seven typical finite difference equations for seven 
characteristic grid nodes. Fig. 4 illustrates the numbering of typical grid equations. 

 
Figure 4. Numbering of typical grid equations. 

With the triangular plate discretized into N grid divisions and continuous edge support along the 
perimeter, 21 calculation (intra-contour) nodes were obtained. Fig. 5 shows the numbering of some 
calculation nodes.  

 
Figure 5. Numbering of the analysis nodes of the triangular grid. 
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The finite difference equations for all 21 computational nodes of the triangular grid (Fig. 5) constitute 
a system of linear algebraic equations of the 21st order, which in matrix form has the form: 

.u ⋅ =D w P
 

                                                                        (16) 

Here, uD  is a square matrix of the 21st order; { }1 2 21, , ,w w w=w



 is the vector of the sought 

deflections; { }1 2 21, , ,P P P=P



 is the vector of free terms, taking into account the transverse load 

acting on the surface. 

With uniform distribution of the intensity of the transverse distributed load q  over the plate, there is: 

4
1 ,i yP qh D=                                                                   (17) 

where 1D  is accepted based on expression (3); 8yh AC=  is a grid step along the y  axis (Fig. 5). 

Thus, the algorithm for calculating orthotropic plates proposed by the authors consists of applying 
expressions (2), (3), (7)–(9), (13)–(15) to implement equation (16). 

Using the SMath Studio program [26, 27], a number of research problems were solved based on 
expression (16). There was studied the effect of the following: 

− the type of boundary conditions (using the 1,γ  1,δ  1θ  coefficients); 

− the plate geometry (setting the values of angles α  and β  at the base of the plate); 

− the orthotropy coefficients 0α  and 0β  determined by formula (3), on the value of nodal 

deflections ( )1, 2, , 21 .iw =   

Figs. 6 and 7 show the graphical dependencies of the deflections at the grid nodes δ  = 1, 6, 8, 10, 

17, 21 (Fig. 5) for equilateral ( )60α = β =   triangular orthotropic plates (with 0α  = 0.66; 1; 1.5; 2.0 and  

0β  = 0.5; 1; 1.5; 2.0) with rigid and hinged edges with the number of grid divisions 8.N =  
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____ – hinged support of the plate edges, _ _ _ – rigid support of the plate edges 

Figure 6. Dependence of deflections at the nodes (i = 1, 8, 10, 17) of triangular orthotropic plates 
with changing the orthotropy coefficients α0. 

 
_____ – hinged support of the plate edges, _ _ _ – rigid support of the plate edges. 

Figure 7. Dependence of deflections at nodes (i = 1, 8, 10, 17) of triangular orthotropic plates on 
the orthotropy coefficient β0 with a constant orthotropy coefficient α0 = 1. 
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Tables 1 and 2 present the results of numerical calculations of equilateral triangular plates with 
different edge fastening methods. 

Table 1. Deflections of nodes under different boundary conditions and orthotropy coefficients. 

Support type β0 α0 
Deflections 4 1

410i
Dw

qa
 

⋅ 
 

 of nodes 

1 6 21 8 10 17 

Hinged support 
around the 
perimeter,  
α = β = 600, 

N = 8 

2 
0.66 1.537 0.97 0.97 4.97 4.29 4.29 

1 1.44 0.92 0.92 4.68 4.07 4.07 
2 1.21 0.8 0.8 4.0 3.55 3.55 

1 
0.66 1.45 1.58 1.58 6.36 6.21 6.21 

1 1.38 1.46 1.46 5.87 5.78 5.78 
1.5 1.288 1.317 1.317 5.28 5.25 5.25 

Isotropic 
material 2 1.202 1.202 1.202 4.807 4.807 4.807 

Rigid support 
around the 
perimeter, 

α = β = 600, 

N = 8 

2 
0.66 0.38 0.22 0.22 1.698 1.33 1.33 

1 0.36 0.21 0.21 1.62 1.29 1.29 
2 0.31 0.18 0.18 1.42 1.17 1.17 

1 
0.66 0.35 0.36 0.36 2.1 1.99 1.99 

1 0.33 0.34 0.34 1.98 1.9 1.9 
1.5 0.308 0.309 0.309 1.82 1.78 1.78 

Isotropic 
material 2 0.29 0.29 0.29 1.68 1.68 1.68 

 

 

 

 

Table 2. Deflections of nodes under different boundary conditions and orthotropy coefficient 
β0 and constant orthotropy coefficient α0. 

 β0 α0 
Deflections 4 1

410i
Dw

qa
 

⋅ 
 

 of nodes 

1 6 21 8 10 17 
Hinged support 

around the 
perimeter,  

α = β = 600, 
N = 8 

0.5 

1 

1.28 2.14 2.14 6.83 7.7 7.79 
1 1.38 1.46 1.46 5.87 5.78 5.78 

1.5 1.43 1.125 1.125 5.19 4.74 4.74 
2 1.44 0.92 0.92 4.68 4.07 4.07 

Rigid support 
around the 
perimeter, 

α = β = 600, 
N = 8 

0.5 

1 

0.3 0.5 0.5 2.21 2.63 2.63 
1 0.33 0.34 0.34 1.98 1.9 1.94 

1.5 0.35 0.257 0.257 1.777 1.526 4.526 

2 0.361 0.21 0.21 1.617 1.289 1.289 
 

Based on the data of Tables 1 and 2, there can be concluded the following: 

• with increasing the orthotropy coefficient 0α  (Fig. 6) for different 0β  and different boundary 
conditions, the deflections in the calculated nodes decrease monotonically; 

• with increasing the orthotropy coefficient 0β  (Fig. 7) for constant values ( )0 1 const ,α = ≈  
the deflections in the plate nodes change according to a complex relationship; 

• for an equilateral isotropic triangular plate ( )0 02, 1 ,α = β =  there are three axes of 
symmetry along its three medians. In this case, there is equality of deflections in nodes 1, 6, 
and 21; 
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• for equilateral orthotropic triangular plates, there is only one axis of elastic symmetry. This 
axis of symmetry is the y -axis. In this case, the deflections are equal only in nodes 6 and 
21 (Figs. 6 and 7, Tables 1 and 2). To evaluate the grid convergence, this problem was 
solved for two numbers of partitions of the plate sides – 4, 8. The results were as follows: 

• for the number of partitions 4,N =  the deflection in the middle of the median of the triangle 
is 5.96; 

• for the number of partitions 8,N =  the deflection in the middle of the median of the triangle 
is 4.97; 

• the resulting convergence graph (Fig. 8) was obtained using the Richardson extrapolation 
formula [28]. 

 
Figure 8. The grid convergence graph. 

To assess reliability of the presented results, a finite element calculation was performed for an 
equilateral triangular plate with a hinged support along the perimeter in order to determine the deflection at 
node 8 (Fig. 5), if 1E  = 1.5·1011 Pa, 2E  = 1.0·1011 Pa, 1ν  = 0.1, 2ν  = 0.2, t  = 2.5·10–3 m, q  = 1.0 kPa. 
The following value of u  = 2.584·10–3 m was obtained. When switching to dimensionless coefficients, the 
deflection at node at 0α  = 0.66, 0β  = 2, is as follows: 

41
8 4 10 5.15.D uw

q a
⋅

= ⋅ =
⋅

 

The error with the tabular value (Table 1) is ( )5.15 4.97 4.97 100% 3.6%,δ = − ⋅ =  which 
indicates the acceptable accuracy of the described calculation algorithm based on the finite difference 
method. 

It was found that when the values of the orthotropy coefficients approach the values of 0α  = 2 and 

0β  = 1, the orthotropy factor of materials can be neglected in the calculations. 

To assess the reliability of the presented results, an alternative calculation by the finite element 
method in the ANSYS program was performed for an orthotropic equilateral triangular plate with hinged 
support along the perimeter in order to determine the deflection in the vicinity of the node ( i  = 8) (Fig. 11)  

1E  = 1.5·1011 Pa, 2E  = 1.0·1011 Pa, 1ν  = 0.1, 2ν  = 0.2, t  = 2.5·10–3 m, q  = 1.0 kPa. In this case, the 
following value of u  = 2.403·10–3 m was obtained.  

To verify the reliability of the presented results, an alternative finite element analysis was performed 
in ANSYS to determine the deflection of an orthotropic equilateral triangular plate with hinged supports 
along its perimeter. The hinged support was in the vicinity of the node ( i  = 8) with 1E  = 1.5·1011 Pa, 2E  = 

1.0·1011 Pa, 1ν  = 0.1, 2ν  = 0.2, t  = 2.5·10–3 m, q  = 1.0 kPa (Fig. 11). In this case, the following value of 
u  = 2.403·10–3 m was obtained. 
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When switching to dimensionless coefficients, the deflection in the 0 0.66α =  node with 0 2,β =  is 
as follows: 

41
8 4 10 4.789.D uw

q a
⋅

= ⋅ =
⋅

 

The error with the tabular value (Table 1) is ( )4.97 4.789 4.789 100% 3.8%,δ = − ⋅ =  which 
indicates the acceptable accuracy of the calculation algorithm based on the finite difference method 
proposed by the authors of the article. 

 
Figure 8. Isolines of deflections of a triangular orthotropic plate  

under a uniformly distributed load with hinged support of the edges. 

 
Figure 9. Diagram of deflections in the directions of the median AB. 

 

 
Figure 10. Computational scheme of an orthotropic equilateral plate. 
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4. Conclusion 
The object of the study is a transversely bent triangular plate made of orthotropic material, fixed along 

the edges of the plate, under the action of a uniformly distributed load. An algorithm for a simple engineering 
calculation of triangular orthotropic plates based on the finite difference method is given, which allows 
performing manual or machine calculations with sufficient accuracy in variant (or sketch) design. At the 
same time, the technical problem of boundary conditions for the edges of triangular plates is solved in the 
form of the idea of paired exclusion of deflections of contour nodes, which occurs when using a grid of 
scalene triangles; when using a known rectangular grid, such a problem does not arise. 

In the proposed research method, the original differential equations of the 4th order with variable 
orthotropy coefficients based on finite difference approximation are replaced by grid equations using a grid 
of scalene triangles. As a result, a mathematical transition occurs to a system of linear algebraic equations, 
the solution of which results in deflections at the nodes of the applied grid, and then the corresponding 
internal forces are calculated. 

The results obtained allow drawing the following conclusions. 

1. The main and typical finite difference equations for a grid of scalene triangles (Fig. 2) are obtained, 
taking into account changes in the parameters of the plate geometry (angles α  and β ), boundary 

conditions (coefficients 1,γ  1,δ  1θ ), material orthotropy (coefficients 0,α  0β ), and the number of 
grid partitions .N  

2. The boundary conditions for a grid of scalene triangles are written in an original group (pair) form, 
which allows us to take into account the presence of oblique edges of irregular (not equilateral) 
triangular plates; 

3. Calculation of the deflection of equilateral ( )60α = β =   orthotropic triangular plates (equation 

(16)). The deflection of equilateral ( )60α = β =   orthotropic triangular plates was investigated 

with the number of grid divisions 8,N =  which ensures sufficient engineering accuracy. 

4. An alternative calculation of an orthotropic equilateral triangular plate using the finite element 
method confirmed the reliability of the numerical calculation algorithm proposed by the authors of 
this article. 

5. The results of this study expand the range of problems to be solved for triangular orthotropic plates 
with their geometric asymmetry (oblique, scalene plates), which is the basis for further theoretical 
and practical developments in the field of mechanics of thin-walled structures. 
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Abstract. The current research uses a physical model to investigate the role of micropiles as vertical 
reinforcement of footing when embedded in sandy silty soil from Mosul city – Iraq. The experimental 
program focused on carrying out several load-settlement tests for the footing with two different 
reinforcement conditions: by a single micropile and group micropiles. The study is extended to investigate 
the role of soil homogeneity, weak soil underneath by strong soil layer, in the behavior of load-settlement 
curves for the reinforced footing. Next, the load settlement tests were, again, conducted using the same 
model but for the non-reinforced footing (flat footing). The first results indicated that the physical model has 
succeeded in representing all the studied cases. Also, the results showed a significant improvement in the 
behavior of the load-settlement curves when the footing was reinforced with micropile, especially using the 
micropile group, compared with the non-reinforced footing. Also, the degree of improvements in the load-
bearing capacity and load-settlement behavior, for the footing reinforced with micropiles embedded in 
different conditions of soil homogeneity, was examined through two different non-dimensional factors: 
bearing capacity ratio (BCR) and percent of settlement reduction (PSR). The results indicated that the BCR 
was increased and the PSR was decreased for the reinforced footing compared to the non-reinforced 
footing. Moreover, from the test results, we noticed that the homogeneity of the soil has a significant effect 
on the load-settlement curves behavior of the footing. 
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1. Introduction 
Since ancient times, humans have tried establishing strong buildings that could last for hundreds of 

years. Many buildings, consisting of stone and light materials, were erected. In nature, soil exists with a 
wide range of variety in its bearing capacity. Therefore, it was necessary to use different foundation types 
commensurate with the nature of the soil in the field and with the number of loads transferred to it. Micropiles 
are considered a modern foundation type that proves successful in the practical field. They were called 
"Micropiles" due to their small diameter, which ranges from ten to thirty centimeters, and their light weight. 
Micropiles are usually executed by injection of the cement mixture with or without using steel reinforcement. 
Recently, technological advances in machinery made it possible to implement micropiles with different small 
diameters. Whether in the static or dynamic state, the micropiles are a type of foundation that can work, 
mainly using friction, as an integrated system to transfer the loads from the structures to the layers of the 
soil. The purpose of micropiles work is to improve the bearing capacity of the soil by increasing the density, 
increasing the confinement of the soil surrounding the micropile, and consequently creating friction [1]. 

Micropiles are characterized by the possibility of improving the weak soil layers (i.e. by reinforcing 
the foundations of existing buildings, especially ancient archaeological buildings). The micropiles also 
contribute to the consolidation of the foundations of buildings in cramped places that are difficult to reach 

https://creativecommons.org/licenses/by-nc/4.0/
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by massive machines [2]. Likewise, Micropiles play an decisive role in stabilizing deep excavations for new 
strategic projects to be implemented in places with limited spaces in crowded cities, and in the case of 
projects that are difficult to reach using machines for traditional piles, here micropiles must be used [3]. The 
micropiles are also characterized by their rapid implementation compared to the implementation of 
traditional piles with large diameters [4]. In addition, because the execution of micropiles does not require 
the use of large equipment, as is the case in the execution of other traditional foundations, thus the selection 
of micropiles does not result in destructive and harmful vibrations to neighboring buildings [5]. Due to the 
distinctive features of micropiles, many projects have adopted using micropiles in unlimited scope and have 
proven to be functionally successful. 

The first use of micropiles was in the mid of the twentieth century when they were invented for the 
first time in Italy to support the foundations of the Anguilli School in Naples by engineer 
Fernando Lizzi [6]. In North America, specifically on the East Coast of the United States, micropiles 
witnessed wide interest in the seventies [7]. In Japan, again, micropiles were used in eighties to support 
the foundations of a lookout tower [8]. Moreover, the researchers [9] indicated that China used micropiles 
in the eighties as a new experiment through the study of representing a laboratory model to simulate the 
reality of the Uu-Qui tower. Furthermore, Hong Kong also paid attention to the first studies on micropiles 
through the published research of [5], where it was recommended to use micropiles in construction 
conditions that need as little disturbance as possible for neighboring buildings. Locally, micropiles were 
used in consolidating the Al-Hadbaa minaret foundation in Mosul city - Iraq, as part of the maintenance 
work carried out by the Italian company in the early eighties [10, 11], Fig. 1. 

Through the efforts made by many researchers, scientific research institutions, and universities, 
including the Federal Highway Administration of the US Department of Transportation [12] in the field of 
carrying out, and studying the behavior and design methodologies of the micropiles, therefore the 
micropiles have been used all over the world with their proven track record of success [13]. Finally, it must 
be noted that the use of micropiles has taken place in development projects and urban and industrial 
redevelopment, and here the selection of the characteristics of micropiles (length and diameter of micropile, 
and the angle of inclination while fixing micropile to the soil) depends on the type of soil, the depth of the 
foundation, groundwater, and the type of loads (tension or compression). 

 
Figure 1. The use of micropiles in consolidating the Al-Hadbaa minaret foundation, (Lizzi, 1982; 

1997). 
Many previous studies focused on studying the behavior of micropiles (bearing capacity and 

settlement of foundation) and the extent to which they are used, whether in reinforcement and treatments 
of pre-existing foundations or in the field of using them as a foundation when constructing vital engineering 
projects. 

 Root piles 
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In [14] the researchers were interested in using a laboratory-physical model to study the possibility 
of reinforcing fly-ash soil using micropiles. The laboratory model was represented numerically using 
SIGMA/W of GeoStudio 2016 software. The numerical study was adopted to investigate the bearing 
capacity and settlement of the foundation with different conditions of micropile length, the distance between 
micropiles, and the distance of the micropiles extending beyond the foundation edge. The researchers 
concluded from this study that the bearing capacity increases with the increase of the micropile length. 
Another conclusion is that, when the distance between the micropiles reduced and the piles extends beyond 
the edge of the foundation increased, there are increases in the bearing capacity and decreases in the 
settlement of the foundation. 

Away from fly-ash soils, the research work of [1] focused on studying the behavior of the micropiles 
in the case of sandy soils. Once again, the studied variables are the micropile diameter, length, the distance 
between the micropiles, and the distance of the micropiles from the edge of the foundation. The laboratory 
results showed that the foundation increased in its bearing capacity and decreased in its settlement in case 
of increasing the diameter and the length of the micropile and decreasing both the distance between the 
micropiles and the micropiles distance to the foundation edge. 

The behavior of micropiles in sandy soils was studied extensively by previous research works [15–
19]. The laboratory model proposed by [15] revealed the effect of five different parameters (degree of 
inclination, diameter, length-to-width ratio, spacing between micropile, and the closeness of the micropiles 
to the footing) on the behavior of micropiles footing. The inclination of micropile was more effective in the 
case of horizontal loading than vertical loading. The micropile diameter and the length-to-width ratio 
enhance the bearing capacity of micropile footing. The degree of micropile closeness to the footing and the 
decrease in the spacing between the micropile increase the bearing capacity of the micropile footing. 

In [16] the researchers carried out a series of model tests on group micropiles to reinforce the footing 
resting on sandy soils with different densities. The study showed that the sandy soil with different degrees 
of confinement (dense, medium, and loose) led to induce different mechanisms in the behavior of group 
micropile: the positive dilatant behavior of dense sand led to a significant improvement of the micropile 
footing. 

On the other hand, the mode of failure of the group micropiles implemented in the sand and subjected 
to vertical or oblique pull-out loads was examined [18]. The most important finding of this study is that 
micropiles with a high length-to-diameter ratio can fail in two different modes: soil failure and structural 
failure. The former failure mode belongs to the group of vertically pulled micropile, while the latter mode of 
failure belongs to the group of micropiles subjected to a load pulling with a high degree of obliquity. 

In another aspect, in a study conducted by [19], a laboratory model was used to apply inclined 
compressive loads on a group of micropiles implemented in sandy soil with different spacing between the 
micropiles and different length-to-diameter ratios of the micropiles. The study concluded that the lateral 
capacity of the group micropiles increases with increasing the length of micropiles and the spacing between 
the micropiles. 

After demonstrating the literature review above, it can be said that most of the previous studies 
attempt to investigate the behavior of micropiles in homogeneous sandy soil. In contrast, the studies of the 
micropiles in layered soils are rather limited, especially for the silty soil type. Therefore, the current research 
work adopts the use of a physical model to study the behavior of micropiles in heterogeneous silty soils in 
two different cases: when the silty soil surrounding the micropiles has a homogeneous layer (the soil density 
is constant for the entire single soil layer), and the silty soil is two-layered (the soil in the lower layers has 
a density greater than the soil in the upper layer). Again, the previous studies have not fully addressed the 
behavior of micropiles that are implemented in layered soils. Moreover, such type of study has not 
previously covered in the case of micropiles implemented in local soils from Mosul city - Iraq. Therefore, it 
can be said that the distinctive objectives of this study are: 

− Characterization of the local soils from Mosul city near the Tigris River basin, with a particular 
focus in recent years in the exploitation and investment of lands near the site of the current study 
area. 

− Investigating the possibility of using a physical model to simulate the behavior of micropiles in 
the field. 

− Representation of the soil in the physical model with different states of soil stratification. 
− Characterization, in details, the bearing capacity and settlement of the micropiles when 

implemented in the local soil in two different states: layered and non-layered. 
− Determining the ultimate bearing capacity of the foundations by four different graphical methods 

with comparing the obtained ultimate values. 
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2. Methods 
2.1. Selection and Properties of Soil 

The natural soil samples of this study are brought from Khawaja Khalil village. Khawaja Khalil is 
located in the alignment of the Tigris River on the left coast of Mosul city – Nineveh Governorate, Iraq, 
Fig. 2. The excavations were carried out to a depth of approximately 2.5 m. During the field campaign, two 
types of soil samples were excavated: disturbed and non-disturbed soil samples. These soil samples were 
wrapped to avoid changes in the moisture content. Later, the soil samples were transferred to the 
Geotechnical Laboratory at the University of Mosul to conduct some of the physical and mechanical 
laboratory tests that help us in soil characterization. 

Physical tests were conducted on soil samples based on the method adopted by the American 
Society for Testing and Materials (ASTM). These tests included: natural moisture content, natural dry 
density, specific gravity, Atterberg limits, and soil grain gradation by both dry and wet analysis. 

In light of the Atterberg limits test and the sieve analysis test, one can identify the liquid limits, the 
plasticity index, and the percent of gravel, sand, silt, and clay materials of the tested soil. Thus, a soil sample 
can be classified according to the Unified Classification System (USCS). The details of these tests are 
listed in Table 1. Again, a set of mechanical tests: the standard Proctor compaction test, modified Proctor 
compaction test, and direct shear test, were performed on soil samples, and the results of these tests are 
listed in Table 1. 

According to the USCS, the data analysis of the physical and mechanical tests proved that the soil 
in the current study is silty soil with low plasticity (ML) of group name (sandy silt). Also, the soil samples 
can show good shear strength resistance: the shear strength parameters ranged between 27–34 degrees 
and 8–13 kPa as the angle of internal friction and the cohesive force, respectively. 

 
Figure 2. Location of the studied area. 

Table 1. Physical and mechanical properties of the studied soil. 

Parameter Values Test procedure 

Natural water content, (%) 9.80 ASTM D 2216, 2010** 

Natural moist unit weight, (kN/m3) 16.30 
ASTM D7263, 2018** 

Natural dry unit weight, (kN/m3) 14.84 

Specific gravity 2.67 ASTM D854 – 14** 

Atterberg 
limits 

Liquid limit, (%) NP 

ASTM D 4318, 2017** Plastic limit, (%) NP 

Plasticity index, (%) NP 

Percentage 
of soil grains 

Gravel, (%) 10 

ASTM D 6913M – 17** 
ASTM D7928 – 17** 

Sand, (%) 30 

Silt, (%) 48 

Clay, (%) 12 

Soil classification, (USCS) 
ML: silt with 
low plasticity 
(sandy silt) 

ASTM D2487 – 17** 
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Parameter Values Test procedure 

Compaction 
test 

SPE* 
Max. dry density, (kN/m3) 17.0 

ASTM D1557 – 12** 
Optimum water content, (%) 16.0 

MPE* 
Max. dry density, (kN/m3) 18.75 

Optimum water content, (%) 12.0 

Direct shear 
test 

SPE* 
c = 8 kN/m2  

φ = 27o 
ASTM D3080M – 11** 

MPE* 
c = 13 kN/m2  

φ = 34o 
*SPE: Standard Proctor energy, and MPE: Modified Proctor energy 

** [20] 

2.2. Physical Model 
Mainly, physical modeling is used to reduce the dimensions of the represented prototype. This 

reduction saves time, resources, and effort consumption. Also, the physical modeling facilitates the conduct 
of various tests in the laboratory and the interpretation of their results. Testing the performance of micropile 
by physical models requires using several tools and devices (soil containment tank, loading plate, micropile 
foundation, compaction machine, load cell for measuring the applied load, sensors for measuring the 
induced settlement, and a data logger). In this study, the physical model of the formative parts is described 
briefly in the following paragraphs. 

2.2.1. The model tank and loading plate 
In this experimental work, a tank made of rigid steel was used. The volume of the tank is suitable to 

contain a sufficient amount of soil pressed with axial static pressure loads, stress control, or strain control 
using a hydraulic piston. The used tank is a square cube with internal dimensions of fifty centimeters a side 
and a height of 60 cm, Fig. 3. The choice of the dimensions of the tank should be taken into account so 
that the depth of the tank model is more than ten times the diameter of the used micropile. This measure 
is to avoid the effect of the extension of the micropile stresses and the interaction with the bottom of the 
tank body while applying the axial loading [21]. 

The loading plate (square plate) is made of rigid steel with dimensions of ten centimeters a side and 
a depth of 0.6 cm, Fig. 3. Previous research indicates that choosing the dimensions of the loading plate 
and the dimensions of the model tank must be compatible so that the experiment is conducted without the 
tank walls affecting the distributed loads coming from the loading plate, i.e. the boundary effects [14]. This 
compatibility between the dimensions of the loading plate and the dimensions of the tank requires that the 
width of the tank be at least five times greater than the width of the loading plate [1, 22]. Moreover, the 
loading plate was designed with a rough surface enough to represent the actual roughness of the footing 
[23]. 

It is worth mentioning that the used tank should be well attached to an iron frame. The purpose of 
using this framework is to facilitate the implementation of the test at a constant loading rate on the one hand 
and to collect data correctly without disarrangement on the other hand. Thus, the obtained data can be 
analyzed accurately and with complete control over the test conditions. 

 
Figure 3. The model tank (left), loading plate used in the physical model (middle),  

and the process of micropile model installation (right). 
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2.2.2. The micropile foundation 
Previous studies indicate that the micropile model was represented experimentally by using 

micropiles made of different materials; a rod of steel [1, 14, 16, 24–26], a rod of Aluminum [15, 27], a rod 
of Polyvinyl Chloride (PVC) [16, 28–31], and even rod of Bamboo sticks [32–34]. The foundations used in 
this study are composed of a loading plate and reinforced with piles (single or group micropiles). The 
micropile model used in this study with a diameter of 6 mm and a length of 300 mm and is made of stainless 
steel. 

Following the procedure outlined in the work of [24], the micropiles were fastened to the loading 
plate: the loading plate has been reinforced with micropiles, where the micropiles were welded in the center 
and perpendicular to the surface of the loading plate to avoid the eccentricity of the loading. Concerning 
the micropiles group, the mode of reinforcing the loading plate with micropile was done using the 
honeycomb shape with seven micropiles, Fig. 4. In this case, the distance between the micropiles is even 
and equal to four times the diameter of the micropile [32]. Choosing the distance between the micropiles of 
the group four times the diameter of the micropile (greater than three times the diameter) is to ensure 
avoiding interaction between the micropiles [13]. The smooth surface of the steel rods (micropile model) 
was coated with a thin layer of sand to make the surface rough (to impose the skin friction) and to represent 
the condition of the micropiles in the field [15, 16, 28, 31]. Fig. 4 shows the conditions of the micropile model 
used in the study. Here it is worth noting that the reason for using a honeycomb shape (hexagonal) pattern 
of micropiles distribution is to make the distance between all micropiles equal (even the diagonal distance 
between the central micropile and the micropiles located at the ends), and this cannot be achieved in the 
case of using a pattern of regular micropile distribution such as the square shape or the rectangular shape. 

 
Figure (4) The stainless steel micropiles model, a) before gluing with sand,  

b) after gluing with sand, c) group micropiles, d) single micropile,  
and e) top view of the micropiles model with honeycomb shape. 

2.2.3. Soil beds and micropile installation 
Before conducting the soil deformation test, the soil layers inside the physical model were prepared 

with a maximum dry density of standard or modified Proctor compaction test. To this end, a certain amount 
of water, at optimum water content, was added to the dry soil. Later, a certain weight of pre-mixed moist 
soil was compacted statically into the tank at a constant rate using an electro-hydraulic press machine. To 
achieve the requisite soil dry density of 17.0 and 18.75 kN/m3, which correspond to the maximum dry 
densities for the standard and modified Proctor compaction tests, respectively, the soil mixture was 
compacted in five stages, each lasting 100 mm. After completing the compaction process for each stage, 
the density of the compacted soil was checked by inserting a small mold inside the compacted soil layers 
to measure the soil density. At the end of the fourth stage of soil compaction (at a height of 400 mm of soil 
inside the tank), the micropiles were pushed inside the soil layers during the soil compaction process in the 
fifth stage [1], as shown in Fig. 3. By following this method, we ensure that the micropiles are well installed 
inside the soil beds while reducing the disturbance of the soils surrounding the micropile to as little as 
possible. It is pertinent to note that the electro-hydraulic press machine was utilized to set the micropiles 
into the soil inside the model tank. The penetration of the micropiles is controlled with a constant penetration 
rate of 1.0 mm /min. 
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2.3. Loading the Micropile 
In this experimental work, the process of applying the loads was done with the help of a rigid loading 

frame by using a hydraulic jack. Multiplicative increments of loads (0.25, 0.5, 1.0, 2.0, 4.0, … kN), were 
applied during the test. The previous studies indicated that the laboratory tests for the physical model are 
usually done by loading the micropiles and recording the settlement until reaching different values of the 
settlement ratio (Sr = s / b), where (s) is the settlement, and (b) is the width of the footing. For instance, the 
recorded settlement ratio is: Sr = 13 % [15], Sr = 16 % [24], Sr = 25 % [25], and even Sr reaches a high 
value of about 70 % [28]. In this study, the load increments were applied during the test until the reaching 
the failure: excessive settlement at a certain load or the maximum settlement of 50 mm (i.e. Sr = 50 %). 
The loads were applied at a constant rate of 1.0 mm/min. 

2.4. Load and Settlement Recording 
Concerning the load and settlement data recording, a set of tools was used for this purpose: the load 

cell, the displacement gauges, and the data logger. The Z beam load cell with 50 kN capacity was used to 
measure the applied loads. The range of temperature was from negative thirty to positive seventy 
centigrade is accepted by using such a type of load cell. The vertical displacement was measured by the 
linear variable differential transformer-LVDT, with a displacement range of 50 mm. Again, this displacement 
transducer LVDT is workable at a temperature range from negative ten to positive sixty centigrade. Three 
LVDTs were utilized to measure the settlement of the loading plate during the test. These three 
displacement transducer LVDTs are set at an angle of 120° to cover the entire loading plate. The average 
value is taken from the three LVTDs. Also, the data logger of type TDS-530 was selected to read the data: 
load and settlement, Fig. 5. This device is capable of reading data from 20 channels simultaneously. By 
using these tools, the accuracy of measuring the settlement and the applied loads during the experiment 
was 0.001 mm and 1 kN, respectively. These data were recorded every second to monitor any change that 
could occur during the progress of the test. The collected data in Excel file format was uploaded to the 
computer once each test was finished. The recorded data resulted in the analysis of an average of 8,000 
rows in the Excel file for each test. Again, Fig. 5 shows a set of tools used in this study and the test setup. 

 
Figure 5. Set of tools used in the physical model and test setup during the test. 

2.5. Test Series 
The current experimental work included carrying out the loading tests with two different soil 

stratification cases: the first case is for the non-stratified soil condition (the whole soil inside the tank 
prepared with the density of standard Proctor compaction energy). The second one represents the stratified 
soil condition (the upper soil layers with a thickness of 20 cm inside the tank were prepared with the density 
of standard Proctor compaction energy, while the lower layers with a thickness of 30 cm were prepared 
with the density of modified Proctor compaction energy). 

Three footing reinforcement scenarios were tested for both types of soil conditions: the first scenario 
involved reinforcing the footing with a single micropile, while the second scenario involved reinforcing the 
footing with a group of micropiles. To compare the findings and acquire reference data for the loading-
settlement tests, the third scenario was interested in the footing but without reinforcement (flat loading 
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plate). Six experimental tests were completed as part of this study project using these various soil layer 
conditions and footing reinforcement scenarios. 

3. Results and Discussion 
The load-settlement test results for the footing with three different reinforcing cases (flat footing, 

footing reinforced with single micropile, and footing reinforced with group micropiles) are presented and 
discussed in this section. These tests involved embedding the micropiles in soils that were either 
homogeneous non-layered or heterogeneous layered. 

3.1. Load-settlement Curves for Different Cases of Footing Reinforcement 
Fig. 6 shows the load-settlement curves for three cases of footing reinforcement; the non-reinforced 

footing or flat footing (F), the reinforced footing with a single micropile (S), and the reinforced footing with a 
group of micropiles (G). For all the cases studied, the footing's load-settlement curves under an axial 
compressive load are non-linear. Fig. 6-a is interesting for the case of the soil layers inside the tank having 
a density of standard compaction Proctor energy (non-layered soil, "N L"). Also, Fig. 6-b shows the load-
settlement curves for the same different cases of footing reinforcement shown in Fig. 6-a, but when the soil 
is layered "L", the tank contains soil in the upper layers having a density of standard compaction Proctor 
energy and the lower soil layers having a density of modified compaction Proctor energy). The difference 
in the type of footing reinforcement has a significant effect on the behavior of the load-settlement curves. 
In general, at a certain settlement, it is noted that there is a clear increase in bearing capacity when the 
footing is reinforced compared to the non-reinforced footing. The same observation can be seen when the 
footing is reinforced with a single micropile compared to a footing reinforced with a group of micropiles. 

 
Figure 6. Load-settlement curves for different cases of footing reinforcement. 

3.2. Load-settlement Curves for Different Cases of Soil Homogeneity 
The curves in Fig. 6 show the load-settlement curves in the case of non-reinforced footing (flat 

footing) in two different cases of soil homogeneity inside the tank: heterogeneous layered soil (LF) and 
homogeneous layered soil (NLF). Furthermore, Fig. 6 show the effect of soil homogeneity on the behavior 
of the load-settlement curves in the case of a footing reinforced with a single micropile (LS and NLS) and 
a group of micropiles (LG and NLG), respectively. Once again, it is noted that there is a clear difference in 
the behavior of load-settlement curves depending on the case of soil homogeneity. 

Regardless of the type of footing (flat footing, footing reinforced with a single micropile, or a group of 
micropiles), the curves presented in Fig. 6 denote that there is a clear increase in the bearing capacity of 
the footing or a clear decrease in the settlement at a certainly applied loading in the case of layered soil 
compared to non-layered soil. This occurs due to the improvement of the soil properties in the lower layers 
inside the tank since these soil layers have been compacted with the modified compaction energy. This, in 
turn, leads to an increase in the soil shear strength parameters (C and Phi). 

On the other hand, in the current research work, the layered soil was made denser than the non-
layered soil. This results in a commitment to change the failure mode from the local share failure state of 
the non-layered soil to the general shear failure mode of the layered soil. In this case, increasing the density 
in the lower layers of the soil inside the tank leads to an increase in the frictional resistance between the 
micropile and the surrounding soil, and this is another reason to justify the increase in bearing capacity of 
the footing embedded in the layered soil rather than the non-layered soil. 
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3.3. Determination of the Footing Bearing Capacity by Graphical Methods 
In the case of shallow footing, the bearing capacity from the load-settlement curve can be easily 

distinguished, through which three natural bearing capacity failures in the soil can be named: general shear 
failure, local shear failure, and punching shear failure [35]. This is not the case in micropile footing, where 
it is difficult to identify the point of failure in the load-settlement curves. The graphical methods are usually 
used to find the bearing capacity of the micropiles. Below is a brief explanation of the most important of 
these graphical methods used in previous studies: 

3.3.1. Tangent method 
This approach involves creating two tangent lines for the load-settlement curve: the first line at the 

beginning of the curve and the second one at the end of the curve. The intersection of these two tangents 
can represent the bearing capacity of the micropile, Fig. 7-a. 

3.3.2. Butler and Hoy method 
In this method, a tangent line with a slope of 0.127 mm/kN is drawn to intersect with the initial tangent 

line of the load-settlement curve. The point of intersection represents the bearing capacity of the micropile 
[36], Fig. 7-b . 

3.3.3. De Beer and Wallays method 
This method is the same as the tangent method, but when the load-settlement curve is drawn on a 

logarithmic scale for both load and settlement axes [37], Fig. 7-c. 

3.3.4. Corps of engineering method 
This method is concerned with finding three load values from the load-settlement curve. The first 

load value (Q1) can be found when the settlement is 6.4 mm. The second load value (Q2) represents the 
load value obtained by the tangent method (as mentioned above). The third load value (Q3) represents the 
value of the load when the line with a slope of 0.025 mm/kN touches the load-settlement curve. Finally, the 
bearing capacity of the micropile could be calculated as the average of these three load values [38], Fig. 7-
d. 

 
Figure 7. The use of graphical methods in determining the ultimate bearing capacity  

for the footing reinforced with single micropile in layered soil condition. 
The ultimate load values at failure for the six loading instances were determined using the four 

aforementioned graphical methodologies, the results are listed in Table 2. It is observed that these values 
are differed to each other due to the difference in the methodology used to determine the point of failure for 
each method. Again, the maximum values of bearing capacity for the different six loading types are those 
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values obtained from the tangent method followed by the other three methods [36, 37, 38] The variations 
in the ultimate capacities between the maximum and the minimum values are 50.0 %, 50.0 %, 35.1 %, 28.4 
%, 21.1 %, and 23.5 % for the footing type of NLF, NLS, NLG, LF, LS, and LG, respectively. Therefore, 
taking the average ultimate load obtained from the four different approaches is the most sensible way to 
calculate the ultimate capacity. Table 2 lists the average ultimate load for each case. It is clear to notice 
that these values ranged between 11.25–24.63 kN. Taking into account that the square loading plate with 
ten centimeters a side, thus the bearing capacity ranges between 1125–2463 kPa. Fig. 8 shows the 
variation of ultimate bearing capacity for the studied cases. It is well noted that the bearing capacity of the 
foundation increases when the condition of the non-layered soil changes to the layered one. This finding is 
attributed to the improvement of the characteristics of the lower soil layers compacted with the modified 
Proctor energy (denser) compared to the properties of the upper soil layers compacted with the standard 
Proctor energy. Also, the results presented in Fig. 8 clearly show that the bearing capacity increases when 
the type of footing reinforced with a single micropile change to the case of a footing reinforced with a group 
of micropiles. 

Table 2. Failure loads of footing determined by different graphical methods. 

Methods 
Footing type 

NLF* NLS* NLG* LF* LS* LG* 
Tangent method 13.50 15.75 25.00 20.75 21.50 26.25 
Butller and Hoy, 1977 13.00 15.50 24.70 19.50 20.00 25.50 
De Beer and Wallays, 1972 9.50 12.50 22.50 18.50 19.50 24.50 
U.S. Army Corps of Engineering, 1991 9.00 10.50 18.50 16.16 17.75 21.25 
Ave. load value at failure, (kN) 11.25 13.56 22.68 18.73 19.69 24.63 
* Non layered soil with flat footing- NLF 

Non layered soil with single micropile – NLS 
Non layered soil with croup micropile – NLG 
Layered soil flat footing – LF 
Layered soil with single micropile – LS 
Layered soil with croup micropile – LG 

 

 
Figure 8. Ultimate bearing capacity of the loading plate at different conditions. 

The next section deals with the bearing capacity ratio (BCR) and the percent of settlement reduction 
(PSR) when changing the state of the footing from non-reinforced footing to reinforced footing with a single 
micropile and/or with a group of micropiles, also when changing the state of the soil condition from non-
layered soil to the layered one. 

3.4. Bearing Capacity Ratio and Percent of Settlement Reduction 
The bearing capacity ratio (BCR) is a dimensionless factor that can be used to examine the degree 

of improvement of the bearing capacity of footing at a certain condition. Equation (1) can be used to 
determine (BCR): 
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where 
( ). reinf.ultq  is the ultimate bearing capacity of loading plate reinforced with single micropile or group 

micropiles; while 
( ). non reinf.ultq

−
 is the ultimate bearing capacity of non-reinforced loading plate (flat plat). 

For example, the (BCR) of single micropile ( )S MBCR −  can be calculated as: 

( ) ( )1969, % 100, , % 1.05.
1873S M S MBCR BCR− −= × =  

The BCRs for varying studied conditions are listed in Table 3. The data analysis shows that the BCR 
is more than 1 for all studied cases. Furthermore, for a given type of reinforcement, the BCRs decrease 
remarkably for the layered soil compared to the non-layered soil. Thus, it can be concluded that the BCR 
is strongly influenced according to soil condition during the test (i.e. layered soil or non-layered soil 
conditions). Also, the variation in the BCRs is clear when the type of footing reinforcement differs, the higher 
ratios belong to the footing reinforced with group micropiles. 

Table 3. Calculated values of the bearing capacity ratio, (%). 

Soil condition 
Bearing capacity, (kPa) Bearing capacity ratio, (%) 

Flat Single 
micropile 

Group 
micropile BCRS-M BCRG-M 

Layered 1873 1969 2463 1.05 1.32 
Non-layered 1125 1356 2268 1.21 2.02 

 

Again, the previous results showed that the reinforcement of the loading plate with micropiles 
reduces the settlement. To investigate these results distinctly, the percentage of settlement 
reduction (PSR) was calculated for each studied case, as shown in Fig. 9. Equation (2) was used to 
calculate the PSR: 

( ), % 100,f r

f

S S
PSR

S
−

=                                                               (2) 

where fS  is the settlement of flat loading plate at a certain applied load while rS  is the settlement of the 

loading plate reinforced with micropile (single or group) at the applied load corresponding to fS  condition. 

For the layered soil condition, the PSRs ranged between 35–20 % and 95–60 % for the loading plate 
reinforced with a single micropile and group micropiles, respectively. While in the case of non-layered soil, 
the PSR ranged between 30–20 % for the case of a loading plate reinforced with a single micropile. Again, 
the PSR is around 80 % for the case of a loading plate reinforced with a group of micropiles. It is noted 
from Fig. 9 that the highest PSR belongs to the layered soil compared to the non-layered soil condition. 

 
Figure 9. Percent of settlement reduction for footings tested in different conditions. 

To give a discussion of the overall outcomes above, it can be said that the bearing capacity of the 
footing increases after being reinforced with a single micropile due to the creation of friction between the 
micropile and the surrounding soil. Additionally, the soil confinement on the one hand and the increase in 
the footing's stiffness on the other hand clearly have an impact on the BCR of the footing reinforced with a 
group of micropiles as opposed to the BCR of the footing reinforced with a single micropile. Another premise 
for interpreting the results is that the presence of group micropiles is likely to act as a senior pile. Also, the 
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failure in the soil turns into a block failure type with a perimeter of the senior pile equal to about 15.6 cm 
(six micropiles x "0.6 + 2" the micropile diameter and the spacing between micropile, respectively). In this 
case, the interaction between this pile and the surrounding soil will increase, and thus the frictional surface 
area will increase. This, in turn, results in an increase in BCR and a decrease in PSR. 

Regarding the effect of soil homogeneity, for the layered soil condition (the lower soil layers have a 
greater density than the upper soil layers), the results show that there is a clear increase in the footing 
bearing capacity or an improvement in the behavior of the load-settlement curves. It is very acceptable to 
explain these findings due to the increase in the angle of internal friction for the lower soil layers of high 
density compared to the upper soil layers of low soil density. However, it is possible to add to this 
interpretation the conclusion of [16]: the dense soil results in positive dilatancy during the load-settlement 
test, whereas the rule of the skin friction of micropile become crucial in the development of footing bearing 
capacity. On contrary, the soils with medium or low density will be exposed to negative or contractive 
dilatancy during the load-settlement test, and this will not lead to a significant increase in the bearing 
capacity of the footing, as is the case of dense soils. 

4. Conclusions 
The purpose of the current study is to investigate the effectiveness of micropiles in strengthening the 

soil and minimizing footing settlement of structures built on sandy silty soil from the eastern bank of the 
Tigris River in Mosul city - Iraq. The study is carried out using the experimental program on a laboratory-
scaled model. The study was also interested in investigating the role of soil heterogeneity (weaker soil 
underneath by stronger soil) in the behavior of the load-settlement curves. The study's outcomes are as 
follows: 

1. As a tool, the physical model was successful in identifying and describing the load-settlement 
curves for the six different loading scenarios performed in this study, including flat footing and 
footing reinforced with single or group micropiles in two different cases of soil homogeneity (layered 
and non-layered soil). 

2. For all the cases studied, the footing's load settlement behavior under an axial compressive load is 
non-linear. 

3. The use of micropiles as vertical reinforcement of the footing has a significant impact on the 
behavior of the load-settlement curve; an increase in the bearing capacity or a decrease in the 
settlement of the footing. 

4. The BCR and PSR are two non-dimensional factors that are used to examine the improvement of 
the footing when reinforced with micropiles. 

5. The role of the footing reinforcement in the non-layered soil is more obvious than in the layered 
soil. The bearing capacity of the footing reinforced with group micropile embedded in non-layered 
soil is 2268 kPa which is equivalent to BCR = 202 % more than non-reinforced footing. Whilst, the 
footing reinforced with a group of micropiles but embedded in layered soil has a bearing capacity 
of 2463 kPa or 132 % more than the footing without reinforcement BCR = 132 %. 

6. In contrast to layered soil, the role of footing reinforcement is more noticeable in non-layered soil. 
The bearing capacity of the footing reinforced with group micropile embedded in non-layered soil is 
2268 kPa which is equivalent to 200 % more than non-reinforced footing BCR = 202 %. Whilst, the 
footing reinforced with a group of micropiles but embedded in layered soil has a bearing capacity 
of 2463 kPa or 132 % more than the footing without reinforcement BCR = 132 %. 

7. In the case of non-layered soil, the presence of the strong soil layers under the weak soil layers 
increases the bearing capacity from two points of view: the first is that the increase in the density 
of the strong soil layers increases the angle of internal friction and thus increases the bearing 
capacity of the footing. The second one is that the presence of the micropiles in the strong soil 
layers leads to an increase in the confinement of the soil surrounding these micropiles, and thus 
the occurrence of a positive dilatancy for the soil that has a high density, which increases in the 
bearing capacity. This is not the case in low-density soil layers which are accompanied by negative 
or contractive dilatancy during the load-bearing test. 
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Abstract. The current research presents a new approach for nonlinear dynamic analysis of reinforced con-
crete shear wall under seismic loading in ANSYS Mechanical software via adding APDL commands. By 
applying lateral load, the behavior of reinforced concrete shear wall as a model was analyzed using the 
proposed method and the maximum bearing load, maximum displacement and the positions of the occur-
rence of the cracks were determined. Then, this shear wall was analyzed through Response Spectrum 
Method (RSM) as a linear dynamic method and the results of nonlinear dynamic method were compared 
with RSM. The results of nonlinear dynamic analysis showed that the maximum loading and its maximum 
displacement were 276 kN and 2 cm, respectively. However, the maximum displacement obtained by RSM 
was more than the corresponding value using the proposed nonlinear method, which this is mainly due to 
the consideration of safety factor in RSM. In addition, the whole capacity of materials is employed in non-
linear analysis, which this issue is not taken into account in RSM. 
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1. Introduction 
Reinforced concrete (RC) shear wall is a vertical element utilized to withstand lateral loads such as 

wind and seismic loads acting on a building structure. Many studies have been performed on the modeling 
of the behavior of the RC shear wall during earthquakes [1–4]. Modeling techniques have been progres-
sively updated during the last two decades, moving from linear static to nonlinear dynamic, enabling more 
realistic representation of the behavior of structure. Different models have been developed over time, in-
cluding macro-models, vertical line element models, finite element (FE) models, and multi-layer models. 
For example, Epackachi et al. [5] developed a FE model to simulate the nonlinear cyclic response of flexure-
critical steel-plate concrete (SC) composite shear walls. Each SC wall was constructed with steel face-
plates, infill concrete, steel studs and tie rods, and a steel baseplate that was post-tensioned to a RC foun-
dation. They showed that the FE predictions are in good agreement with the measured values. Rafiei et al. 
[6] presented the development and validation of FE models to simulate the performance of a composite 
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shear wall system consisting of two skins of profiled steel sheeting and an infill of concrete under in-plane 
loadings. According to the results, the developed FE models were capable of simulating the behavior of 
composite walls under in-plane loadings with reasonable degree of accuracy. 

Kharun et al. [7] simulated the behavior of shear walls with different material properties (glass fiber, 
basalt fiber, steel fiber and conventional concrete) under earthquake loading via SAP2000 software. They 
found that glass fiber and conventional concrete shear walls had higher dissipation energy and showed 
more suitable responses during earthquake. Rahai and Hatami [8] assessed the behavior of composite 
steel shear wall (CSSW) under cyclic loadings. They focused on the impact of shear studs spacing variation, 
middle beam rigidity, and the method of beam to column connection on the CSSW behavior. They reported 
that the increase of the shear studs spacing can reduce the slope of load–displacement curve and enhance 
the ductility up to a specific studs’ spacing. Najm et al. [9] employed ANSYS software to numerically analyze 
the behavior of smart composite shear walls under dynamic loading. The results of FE analysis indicated 
excellent agreement with the experimental test results in terms of the ultimate strength, initial stiffness and 
ductility. Wang et al. [10] developed FE models to forecast the hysteresis behavior of composite shear walls 
with stiffened steel plates and in-filled concrete. They found that the web plate contributes between 55 % 
and 85 % of the total shearing resistance of the wall. Furthermore, the corner of wall mainly resisted the 
vertical force and the rest of wall resisted the shear force. 

Wang et al. [11] studied the seismic performance of shear walls with different coal gangue replace-
ment rates. They found that the stress performance and failure morphology of coal gangue concrete shear 
walls and conventional concrete shear walls are extremely similar, and the characteristics of the hysteretic 
and backbone curves are approximately the same. They concluded that with increasing in the coal gangue 
replacement rate, the stiffness degradation gradually slows. Therefore, it is possible to construct a shear 
wall using coal gangue concrete instead of conventional concrete. Sijwal et al. [12] used ABAQUS FE 
software for modeling of the concrete-filled cold-formed steel shear wall (CFCSW) and validated their re-
sults with the experimental results. They found that the FE analysis is able to appropriately simulate the 
overall behavior of CFCSW. In addition, ABAQUS satisfactorily predicted the load carrying capacity of the 
CFCSW. Liu et al. [13] investigated seismic performance of recycled aggregate concrete (RAC) composite 
shear walls with different expandable polystyrene (EPS) configurations. They found that the seismic re-
sistance behavior of the EPS module composite performed better than ordinary recycled concrete for shear 
walls. In addition, shear walls with sandwiched EPS modules had a better seismic performance than those 
with EPS modules lying outside. Kamgar et al. [14] evaluated the dynamic behavior of steel shear wall 
(SSW) stiffened with Shape-Memory Alloy (SMA). They indicated that SMA strips are able to limit structural 
and non-structural damage under earthquakes. Besides, SMA strips can delay the SSW failure. They con-
cluded that their method can be a good retrofitting approach to strengthen existing steel structures against 
seismic loading. 

On the other hand, linear analysis is an analysis, in which there is a linear relationship between 
applied forces and displacements. Besides, the stresses remain within the linear elastic range. In nonlinear 
analysis, the applied forces and displacements have non-linear relationship. Nonlinearity effects can be 
due to geometry (e.g. large deformations), materials (e.g. elasto-plastic materials), or support conditions. 
A linear analysis mainly requires linear elastic materials and small displacements while a nonlinear analysis 
considers large displacements and elasto-plastic materials. Thus, the superposition effect cannot be ap-
plied. Another important difference is the stiffness matrix. The stiffness matrix remains constant during a 
linear analysis while it is not constant in the nonlinear analysis. Whenever a material in the model demon-
strates a nonlinear stress-strain behavior under the specified loading, nonlinear analysis must be used. 
ABAQUS is FE software, which is able to simulate linear and nonlinear materials easily, while ANSYS 
Mechanical is not able to simulate nonlinear material independently. In fact, Advertising Permit and Devel-
oper's License (APDL) commands have to be added to ANSYS Mechanical software in order to make it 
possible to simulate the behavior of nonlinear materials. APDL is a powerful structured scripting language 
used to interact with the ANSYS Mechanical. The lack of nonlinear definition of the material behavior in 
ANSYS Mechanical software is a neglected point that makes problems for engineers. Moreover, this soft-
ware is not able to find cracks on the surface of concrete. To cover these gaps, in this study, the APDL 
commands have been added to ANSYS Mechanical software for investigation of the nonlinear behavior of 
reinforced RC shear wall under earthquake loading. 

2. Methods 
The concrete can not be defined as a nonlinear material in the ANSYS Mechanical. To change the 

behavior of material to the nonlinear behavior, the APDL commands were applied as a text in this study. 
The APDL text is based on Drucker–Prager theory. First, the isotropic elastic materials were selected in the 
ANSYS Mechanical (Fig. 1). Next, a displacement was applied as a loading with symmetries in X, Y and Z 
axis. Finally, the APDL commands were added to the ANSYS Mechanical (Figs. 2 and 3). 
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Figure 1. Selection of the material type. 

 
Figure 2. Settings of ANSYS Mechanical. 

 
Figure 3. The addition of the APDL commands to the ANSYS Mechanical. 

In the APDL command, compressive and tensile strength of concrete, tension cap hardening, com-
pressive hardening constant, compression cap ratio constant, compressive, tensile damage threshold, and 
the number of quadratic elements were coded. The purpose of adding of these properties is simulating the 
compressive stress-strain curve of concrete in the ANSYS Mechanical. In fact, ANSYS Mechanical is not 
able to simulate the hardening and softening parts of stress-strain curve. In this term, the APDL commands 
help to find a new way to simulate this curve. 

The research methodology has three steps, which have been shown in Fig. 4. At the first step, the 
compressive strength of cubic concrete sample (as a nonlinear material), and its compressive stress-strain 
curve were assessed using ANSYS Mechanical FE software via adding APDL commands to check the 
reliability of this software. It should be noted that the APDL commands were added to ANSYS Mechanical 
to change the behavior of concrete to a nonlinear behavior using the mentioned command. In fact, the first 
step is the basis for the the second and third steps to find the reliability of the proposed method. At the 
second step, the lateral load was applied to RC shear wall constructed by reinforced high-performance 
concrete (as a nonlinear material) and its maximum dispalcement and failure load were determined using 
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ANSYS Mechanical and APDL. At the third step, the behavior of RC shear wall was investigated by the 
Response Spectrum Method (RSM) as a linear dynamic analysis method. Finally, the results obtained by 
the second and third steps were compared with each other. 

 
Figure 4. The research methodology. 

2.1. Model Reliability 
In this study, high-performance concrete with 1.2 % basalt fibers (HPC-12) was selected as the con-

crete material for the shear wall. Table 1 shows the properties of this concrete. To control the model relia-
bility, the compressive strength and compressive stress-strain curve of a cubic HPC-12 sample were in-
vestigated through ANSYS Mechanical via adding the APDL commands. To simulate the cubic concrete 
sample, the Micro-Plane method was applied. This method has been employed by several researchers 
[15–18]. 

Table 1. Mechanical properties of HPC-12 [19]. 

Concrete type Compressive 
Strength (MPa) 

Tensile Strength 
(MPa) 

Young Modulus 
(GPa) 

Density 
(kg/m3) 

HPC-12 94.5 14 33.8 3475 

 

To find the compressive stress-strain curve, three symmetric sides in the cube (A, B, and C) were 
applied to the opposite sides of each natural coordinate axis (Fig. 5, a). Moreover, the material behavior 
was defined nonlinear in the software via APDL commands. The loading of 5 kN/mm2 was applied at the 
Y- direction (Fig. 5, b). 

     
 a)                                      b) 

Figure 5. Concrete cubic simulation: a) the symmetric sides; b) application of load. 
As seen in Table 2, the difference between experimental and numerical values of compressive 

strength is 0.6 MPa. Moreover, the compressive stress-strain curve was estimated via ANSYS software 
(Fig. 6). The comparison of the experimental and numerical results shows that the modeling has been 
performed with high accuracy. The results of the current study show the reliability of coding and APDL 
commands. 
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Table 2. The comparison between experimental and numerical values of compressive 
strength. 

Experimental value (MPa) Numerical value (MPa) Difference (MPa) 

94.5 93.9 0.6 

 
Figure 6. Comparison between stress-strain curves (experimental and numerical). 

2.2. Modeling of RC Shear Wall 
For the design of RC shear wall, ACI-318 [20] and Iranian Seismic Design Code [21] were used. 

According to the type and density of concrete, the shear wall thickness was selected. Then, the ratio of 
height to length of wall and also the horizontal and vertical reinforcement bars were calculated. The dimen-
sions of shear wall are 500×300×30 cm, the horizontal rebars have a diameter of 16 mm used at every 
5 cm, and the vertical rebars have a diameter of 16 mm used at every 41 cm. The foundation of RC shear 
wall was considered rigid. Shear wall model is shown in Fig. 7. 

 
Figure 7. Shear wall section in the current study. 

For the nonlinear analysis of the RC shear wall, the material was defined as nonlinear using APDL 
commands in ANSYS Mechanical software. The quadratic elements were used for meshing. Next, the be-
havior of materials was changed to nonlinear behavior through adding APDL commands to the ANSYS 
Mechanical. A lateral load of 10 kN/mm2 at the X-direction was applied on the top of the RC shear wall 
(Fig. 8) to find the maximum bearing load and displacement of the shear wall in the lateral direction. Fig. 9 
shows the position of rebars in RC shear wall model. The fixed supports were used in the current study. 
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Figure 8. The position of load application to RC shear wall (yellow spot). 

 
Figure 9. The arrangement of rebars in RC shear wall model. 

2.3. Response Spectrum Method 
In this study, the behavior of RC shear wall under earthquake loading was analyzed using linear 

dynamic analysis. According to Iranian Seismic Design Code [21], there are two types of linear dynamic 
methods for analysis of structures under dynamic loads: 1 – RSM; 2 – Time Domain History Method 
(TDHM). RSM analysis is able to perform a more accurate estimation of the analysis considering the modal 
effects. TDHM depends on several criteria before applying to the structure while RSM is easier. Thus, in 
the current study, RSM was used for linear dynamic analysis. 

A response spectrum is a plot of the peak or steady-state response (displacement, velocity, or ac-
celeration) of a series of oscillators of varying natural frequencies that are forced into motion by the same 
base vibration or shock. RSM is a dynamic analysis method, which measures the contribution from each 
natural mode of vibration to indicate the likely maximum seismic response of an essentially elastic structure. 
It can be stated that it is a method to estimate the structural response of short, nondeterministic, and tran-
sient dynamic events such as earthquakes and shocks. The response-spectrum analysis provides insight 
into dynamic behavior by measuring pseudo-spectral acceleration, velocity, or displacement as a function 
of the structural period for a given time history and level of damping. It is practical to envelope response 
spectra such that a smooth curve represents the peak response for each realization of the structural period. 
The RSM is performed in the following four basic steps: 1 – modal analysis of the structure; 2 – calculation 
of the responses of the structure in each vibration mode; 3 – combining the effects of the modes; 4 – 
modifying the values of the responses of the structure. 

In the modal analysis, the structural responses such as the internal forces of the members, displace-
ment, floor shears, and support reactions are obtained separately for each mode. Due to the fact that the 
periods of vibration of the modes are different from each other, the maximum responses of the structure for 
various modes do not occur simultaneously, and for this reason, it is not possible to determine the total 
response of the structure by summing the response of different modes. In spectral analysis, the final re-
sponse of the structure is obtained using the superposition of its different modes (within the frequency 
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domain). In fact, the response of the structure is a combination of various mode shapes. For each consid-
ered mode, based on the frequency and mass of the mode, the response of that mode is extracted from 
the design spectrum and then, is combined with the response of other modes to obtain the overall response 
of the structure. Combination methods include the following: 1 – Square Root Sum of Squares (SRSS); 2 
– Complete Quadratic Combination (CQC), which is a modified method of SRSS for close modes. It is well-
known that the application of the SRSS in seismic analysis for combining modals can cause significant 
errors. 

The Peak Ground Acceleration (PGA) is computed according to the factored spectral response dia-
gram. Three different earthquake pulses including Bam, Iran (2003), Mount Borrego, USA (1968), and 
Northern California, USA (1941) were selected to determine the Factorized Response Spectrum (FRS) 
diagram. FRS is called a spectrum, which is scaled to the standard design spectrum in Code with applying 
a coefficient factor. Fig. 7 shows the Time-Acceleration graphs of these earthquakes. The applied loads to 
RC shear wall in RSM are illustrated in Fig. 10. 

 
a) 

 
b) 

 
c) 

Figure 10. The Time-Acceleration graphs for: a) Bam, Iran (2003); b) Borrego Mountain,  
USA (1968); c) Northern California, USA (1941). 

As seen, Bam and Northern California earthquakes have the highest and lowest frequency content, 
respectively. Northern California earthquake has the highest period and Bam has the lowest one. Earth-
quake records with low and high frequency have a greater effect on tall and short structures, respectively, 
due to the phenomenon of resonance. Moreover, amplitude of the earthquake record is the highest in Bam 
earthquake. The FRS diagram is shown in Fig. 11. The SRSS and CQC are recommended to plot the FRS 
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diagram. In this research, the SRSS used a damping ratio of 5 % of the structure weight as recommend by 
Iranian Seismic Design Code [21]. 

 
Figure 11. The FRS diagram of three mentioned earthquakes. 

3. Results and Discussion 
3.1. Results of Nonlinear Analysis 

Fig. 12 shows the load–displacement graph of RC shear wall using nonlinear analysis. As seen, the 
maximum load that RC shear wall can bear and its corresponding displacement are 276 kN and 2 cm, 
respectively. The shear wall under loading has three phases. The first step is the softening behavior, in 
which the displacement is lower than 0.39 cm and the loading is less than 118 kN. This section is the linear 
phase of the shear wall under lateral loading. The second stage is the hardening stage until the maximum 
bearing loading of 276 kN and displacement of 2 cm. The third stage is the shear wall failure, in which the 
displacement will be maximum and the load gets near to zero. 

 
Figure 12. Load–displacement graph of RC shear wall. 

Figs. 13 and 14 illustrate the values of displacements in RC shear wall on the concrete and rebar 
parts, respectively. As seen, the maximum displacement of RC shear wall occurs on its top. Table 3 pre-
sents the values of maximum bearing load, maximum linear load, and displacement at the maximum load. 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

A
cc

el
er

at
io

n 
(g

)

Period (s)

0

50

100

150

200

250

300

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Lo
ad

 (k
N

)

Displacement (m)



Magazine of Civil Engineering, 18(2), 2025 

 
Figure 13. The displacement values in the RC shear wall. 

 
Figure 14. The displacement values in the rebars of RC shear wall. 

Table 3. The comparison of the results. 
Maximum load 

(kN) 
Maximum linear 

load (kN) 
Displacement at the maxi-

mum load (m) 

276 118 0.0206 

 

According to the results of the analysis, the joint of the shear wall with the foundation corners and 
also the middle of shear wall are critical zones in which cracks were occurred (Fig. 15). The maximum 
shear force likely occurs at these positions due to the stress concentration. Therefore, cracks have been 
generated near the edges of the shear wall and on its middle. ANSYS Mechanical is not able to show the 
cracks while the addition of APDL commands has made it possible to reveal the crack zones. 

 
Figure 15. The cracks on the RC shear wall found by nonlinear analysis. 

3.2. Results of Linear Dynamic Modal Analysis 
The lateral behavior of any building can be written by a linear combination of the vibration modes of 

that building. Oscillating modes of every building are different forms of vibrations that can be formed at the 
structure height. Some modes of the structure are easily excited, in other words, with the lowest level of 
energy entering the building, those modes can be excited in the building. These modes have the highest 
vibration period. The highest vibration period and the lowest frequency in a building are related to the first 
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vibration mode of that building. Due to the high excitability of the first mode, the largest displacement con-
tribution for a specific vibration is related to this mode. By moving towards higher vibration modes, more 
energy will be required to excite the modes and the vibrational period of the modes will be decreased. 
Sometimes, the stimulation of higher modes is difficult (requires high energy) that the Codes assume them 
as non-sense modes and do not include them in the calculations because the contribution of these modes 
in the lateral behavior of the structure is insignificant. For the simplicity of modal calculations, it is possible 
to assume an equivalent single degree of freedom structure for each of the vibration modes of the building, 
and the jump of that single degree of freedom structure is equal to the vibration jump of the investigated 
mode in the building. 

The linear dynamic analysis is investigated by dynamic section of ANSYS Mechanical. In order to 
analyze RC shear wall through RSM, six natural modals were evaluated by ANSYS Mechanical. According 
to Iranian Seismic Design Code [21], the cumulative mass up to the modes must be larger than 80 ~ 90 % 
of the total mass. Moreover, in each of the two orthogonal extensions of the building, all oscillation modes 
that their total effective masses are more than 90 % of the total mass of the structure should be considered. 
Thus, six modes were taken into account in this study. Table 4 illustrates the six natural modal data such 
as natural frequencies, mass participation factor, and effective mass. 

Table 4. The modal analysis results. 

Modal No. Frequency [Hz] Mass participation 
factor X-direction  

Effective mass 
X-direction (g) 

1 25.233 1.40E–12 1.97E–24 
2 43.621 9.42E–13 8.88E–25 
3 91.126 2.68E–12 7.18E–24 
4 151.83 2.85E–11 8.13E–22 
5 170.28 9.61E–11 9.37E–20 
6 173.15 4.34E–10 1.89E–19 

 

As expected, with the increase in the vibration modes of the structure, the vibration frequency in-
creases. Therefore, the first mode has the lowest frequency and highest period while the sixth mode has 
the highest frequency and lowest period. Mass participation factors are scalars that measure the interaction 
between the modes and the directional excitation in a given reference frame. Larger values of mass partic-
ipation factors indicate a stronger contribution to the dynamic response. Hence, the sixth mode has the 
highest contribution. The effective mass factors associated with each mode represents the amount of sys-
tem mass participating in that mode in a given excitation direction. This value is given as a percentage of 
the total system mass. Therefore, a mode with a large effective mass will be a significant contributor to the 
system response in the given excitation direction. A common rule of thumb for linear dynamic analysis is 
that a mode should be included if it contributes more than 1–2 % of the total effective mass. As expected, 
the sixth mode has the maximum value in effective mass. 

Fig. 16 illustrates six modal shapes of the RC shear wall. As seen,  if the structure vibrates in a lower 
mode, it needs less energy while in higher modes, more energy is required. At the sixth mode, the RC 
shear wall has the most intricate deformity among others modes. Moreover, displacements are high at the 
top of the shear wall. It can be said that the first mode has the simplest oscillation and moves along the z-
axis. As the mode goes higher, the probability of fluctuation in this mode decreases. In the second mode, 
the shear wall oscillates in the direction perpendicular to the first mode and in the direction of the x-axis. In 
the third mode, the oscillation bends in-plane around the z-axis at the corner of the wall. In the fourth mode, 
oscillation moves towards the z-axis. In the fifth mode, the oscillation is around the z-axis and the maximum 
bending is in the middle of the shear wall. Finally, the sixth mode has the lowest probability of occurrence 
and represents a kind of twisting deformation. 

 
a) 
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b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 16. The natural modal analysis for rebar, and shear wall: a) First Mode;  
b) Second Mode; c) Third Mode; d) Fourth Mode; e) Fifth Mode; f) Sixth Mode. 
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Fig. 17 shows variation of displacement with period in RC shear wall via RSM. As seen, the maximum 
displacement of RC shear wall is more than 5 cm while the RC shear wall displacement was 2 cm in non-
linear analysis. In fact, due to application of the safety factor to the structure, the maximum displacement 
obtained via RSM is greater than the maximum displacement found through nonlinear dynamic analysis. 
Table 5 shows the comparison of displacements. The results of nonlinear analysis are more acceptable 
than linear analysis. This is related to the usage of the whole capacity of material properties in nonlinear 
analysis. 

 
Figure 17. Variation of displacement with period in RC shear wall. 

Table 5. Comparison of displacements. 

Maximum displacement obtained via 
RSM (cm) 

Maximum displacement obtained via 
nonlinear analysis (cm) 

5.23 2 
 

Based on the von-Mises (VM) failure theory, when principal stress is less than VM stress, the struc-
ture tends to fail. In another words, in this theory, a material will fail if the VM or effective stress of the 
material under load is equal to or greater than the yield strength of the same material under a simple uniaxial 
tensile test [22, 23]. In fact, when principal stress values increase more than VM stress, the RC shear wall 
starts cracking. Fig. 18 shows VM theory definition, where 1σ  and 2σ  are the principal stresses. 

 
Figure 18. Von-Mises theory definition. 

In the present study, the cracks, which occurred based on VM theory, were called “critical crack 
zones”, which were illustrated by the circle in Fig. 19. As observed, the VM stress is less than principal 
stress at the fixed supports. Therefore, according to the VM theory, these zones will be possibly cracked. 
Fig. 20 shows the position of critical zones and probability of cracking on the concrete part of the RC shear 
wall. As seen, the small cracks have been continued to the middle of RC shear wall. The critical crack 
zones have been formed in these positions with the angle of about 30° to 45° with respect to the horizontal 
axis, which is mainly due to the existence of diagonal tension as a result of shear stress. Fig. 21 depicts 
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the VM and principal stresses for rebar part of RC shear wall. As seen, rebars play as the tensile elements 
and do not allow the total failure of the shear wall. 

 

 
a) 

 
b) 

Figure 19. The concrete part of RC shear wall: a) VM Stress; b) Principal Stress. 

 
Figure 20. The critical crack zones in RC shear wall via RSM. 
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a) 

 
b) 

Figure 21. The rebar part of RC shear wall: a) VM Stress; b) Principal Stress. 

3.3. Discussion 
The present approach for evaluating the displacement of the shear wall needs to be compared with 

other results obtained in other related papers. The comparison of the results is a way to ensure the relia-
bility of the proposed method in this study. Greifenhagen and Lestuzzi [24] studied the strength and defor-
mation capacity of lightly RC shear walls under cyclic loading. The test series included four lightly RC shear 
walls in 1:3 scale, for which the horizontal reinforcement, axial force ratio, and concrete compressive 
strength are varied. For these four samples and under different shear forces, the maximum displacement 
values were reported. The maximum loading values were 140, 156, 134, and 101 kN, and the maximum 
displacements were 1.88, 2.88, 3.2, and 2.8 mm, respectively. In this paper, the maximum load bearing of 
the RC shear wall was 276 kN, and the maximum displacement of the shear wall was 2 cm in the lateral 
direction. The results showed that the current RC shear wall was able to bear more loads. This difference 
can be related to the fact that they used light materials that is far from high performance concrete material 
in this study. Another point is that they applied cyclic loading but in the present paper, nonlinear and RSM 
analyses were carried out. 

Kharun et al. [7] investigated nonlinear behavior of shear walls against seismic wave by using con-
ventional and fiber RC in SAP 2000. They studied the behavior of different sets of fiber RCs such as glass 
fiber RC, basalt RC, and steel fiber RC. Their research and the present paper both try to estimate displace-
ment value for the shear wall via nonlinear analysis. SAP 2000 is not able to find the crack and also the 
nonlinear behavior of material can not be defined in this software. However, the nonlinear behavior of ma-
terials can be defined in ANSYS through APDL commands. In fact, the ANSYS APDL is able to cover the 
gap of the material nonlinearity through adding commands. 

Al Agha and Umamaheswari [25] studied irregular RC building with shear wall and dual framed-shear 
wall system by using equivalent static and RSMs. For all nine modes, they reported top story displacement 
through RSM as 4, 3, 5.5, 6.5, 2, 7, 4, 2.5, and 4.5 cm. In the present paper, RSM analysis for all six modes 
showed the maximum displacement was 5, 4, 8, 8, 5, and 7 cm. They used the ETABS FE software while 
the ANSYS Mechanical was used in this study. Obviously, the current analysis method by ANSYS had 
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better results than ETABS. Softwares such as ETABS and SAP2000 do not focus on the determinants and 
are not able to define the non-linearity of concrete and steel. In the current study, the APDL commands and 
ANSYS Mechanical have solved this problem in the material definition of ETABS and SAP2000. 

Kisa et al [26] explored the effect of hysteric behavior of concrete shear walls with steel sheets. They 
applied the lateral loads to the shear wall to find the maximum load and displacement. Their results showed 
that maximum bearing load and displacement was 200 kN and 40 mm, respectively. Zhang et al. [27] ex-
amined the seismic behavior of steel fiber-reinforced high-strength concrete shear wall with steel bracing. 
They found that the maximum displacement and loading was 2 cm and 450 kN, respectively. The reason 
for the less bearing load in this study (276 kN) is due to the lack of steel bracing. The types of cracks in 
their study were similar to the results of nonlinear analysis in this research. Zhang et al. [28] assessed the 
seismic performance of RAC shear wall. They applied the horizontal cyclic load to RC shear wall to find the 
maximum displacement and loading. Their results depicted that the maximum loading and displacement 
was 250 kN and 20 mm, respectively. The comparison of the obtained results in this study with the experi-
mental results (Fig. 22) show that the results of this study are similar to them. In addition, the shear wall in 
this study has been able to bear more load than Kisa et al. [26] and Zhang et al. [28]. 

 
Figure 22. Comparison of the obtained results in this investigation with other studies. 

4. Conclusions 
The weakness of ANSYS Mechanical software in performing dynamic analysis has led us to use a 

new approach for this purpose. The present method covers this gap in ANSYS Mechanical by adding APDL 
commands. The following results can be achieved from this study: 

1. ANSYS Mechanical is not able to show the crack while the addition of APDL commands has made 
it possible to reveal the crack zones. 

2. Due to the consideration of safety factor in RSM, the maximum displacement was more than 5 cm, 
which was higher than the nonlinear dynamic analysis result (2 cm). 

3. The current study presented a new method to analyze nonlinear behavior of RC shear wall using 
ANSYS Mechanical via adding APDL commands. It can be concluded that the nonlinear analysis 
in this study is able to find the maximum load bearing and displacement similar to the experimental 
results. 
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Abstract. A significant number of transportation embankments fail before their design life due to poor 
quality of construction materials, inadequate compaction, embankment construction, and overloading. To 
overcome this issue, increasing the strength and rigidity of the embankment layers is necessary to lower 
the stresses on the sub-layers. This paper aims to advance the knowledge of using multilayer geosynthetic 
reinforcements to improve the performance of sandy embankments. Four laboratory model tests with 
reinforced and unreinforced embankment were conducted in a box of inner dimensions of 
2.40(L)×1.15(W)×1.20(H) m. Local poorly graded sand (A3 soil) was used as fill material to construct a 
450 mm high embankment with a 1:1 side slope resting on a 300 mm high of sandy subgrade soil. In the 
reinforced embankments, three layers with 150 mm vertical spacing of either geotextile, geogrid, or 
geocomposite (i.e., geotextile sheet over geogrid) were utilized in each model test. Several non-distractive 
tests, e.g., lightweight deflectometer, dynamic cone penetration, and field California bearing ratio tests, 
were performed during the embankment construction. In each test, two static plate loading tests were 
conducted to evaluate the embankment performance and the benefit of geosynthetic reinforcement. The 
study showed that geosynthetic reinforcement significantly decreased surface settlement and increased 
load-carrying capacity. The results indicate that the load-carrying capacity near the embankment side slope 
can be significantly increased by the inclusion of geosynthetic layers and that the magnitude of capacity 
increase depends greatly on the geosynthetic type. The results also demonstrate that geogrid lateral 
restrain and confinement were more effective alternatives to sublayer improvement than geotextile or 
geocomposite. 

Citation: Al-Salamy, H.A., Al-Naddaf, M.A., Almuhanna, R.A. Experimental study on the behavior of 
multilayer geosynthetic-reinforced sandy embankments. Magazine of Civil Engineering. 2025. 18(2). Article 
no. 13410. DOI: 10.34910/MCE.134.10 

1. Introduction 
Since the highway transportation network has grown significantly in recent years, designers have 

begun to decrease route lengths and trip times. Geosynthetics have long been used to improve soft soil 
conditions for projects, such as highway embankments, seawalls, and building foundations, as well as to 
cover excavated and backfilled trenches. Geosynthetics, such as geotextiles (GTs) and geogrids (GGs), 
have been widely employed in geotechnical engineering for a variety of applications. Reinforcement, 
filtration, separation, drainage, protection, and fluid barriers are all common uses for geosynthetics [1]. 

Roadways were built to pass through locations with a variety of tough terrains, necessitating the 
development of constructions, such as steep embankments. Controlling the stability and settling of 
embankments under various loading circumstances has always been a difficult task for designers [2]. In 
general, ground improvement techniques, such as vibro stone columns, are utilized to reinforced 
embankment bases in soft soils. The use of geosynthetic reinforcements to improve the stability of 
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embankments has become popular recently. Improving the engineering qualities of soil by using 
reinforcement layers is a valuable option. The beneficial effect of geosynthetic material as reinforcement is 
largely determined by the form in which it is applied. When the same geosynthetic material is utilized in 
planar layers (e.g., geogrids or geotextiles), three dimensional (e.g., geocells), or discrete fibers, they would 
yield distinct strength gains in different forms. This disparity in strengthening the soil is mostly due to 
differences in failure mechanisms in soil reinforced with geosynthetic material in various forms. Friction and 
interlocking between soil and reinforcement improve the strength of horizontal geosynthetic layers, whereas 
friction and coiling around soil particles improve the strength of randomly oriented fibers [3]. 

Much research has been carried out to understand the beneficial effects of planar form of 
reinforcement in sand using geosynthetic layers, such as those discussed in [4–7]. Several studies are also 
available on the use of randomly oriented discrete geosynthetic fibers to reinforce sand, such as those 
discussed in [8–14]. Some studies are also available on sand reinforced with 3D inclusions made of 
galvanized iron sheet and hard plastic sheet [15]. In addition, the concept of cellular geosynthetic 
reinforcement is studied in several previous studies [16–19]. 

In the past two decades, some laboratory and field research projects have been conducted to 
investigate the performance of the geogrid-supported embankments on soft subgrades. Geocomposite 
(GC) reinforcements are now successfully utilized for different geotechnical structures like sloped 
embankment. A review on the literature suggests that geosynthetics have been abundantly used in road 
and railway projects during the recent years. Most of these projects are based on placing geosynthetic 
layers as reinforcement in superstructure layers of roads and railways [2]. An extensive range of studies 
have been carried out on geogrid inclusion under foundation to evaluate the bearing capacity of geogrid-
reinforced soil using laboratory model tests. On the other hand, geotextile provides separation and filtration 
functions, preventing the intermixing of granular layers and the ingress of fines. Their use ensures an 
improved performance and design life of the materials layers in several application [20]. 

The present study aims to find the effect of geotextile, geogrid, and geocomposite reinforcement in 
sandy soil embankment and evaluate their behavior in comparison with unreinforced (UR) case. In addition, 
evaluating the reinforcement benefits in sliding control of embankment slopes and decreasing the surface 
settlement under loading are of great interest.  

2. Methods and Materials 
2.1. Physical and Chemical Properties of Embankment Soil 

As illustrated in Fig. 1(a), the soil was  collected from the site of Karbala Airport. It was classified as 
(A-3) soil and poorly graded sand (SP) according to the American Association of State Highway and 
Transportation Officials (AASHTO M145-91, 2012) and the American Society for Testing and Materials 
(ASTM D 2487), respectively. Fig. 1(b) depicts the grain size distribution of this soil. The main tests were 
done to determine the basic characteristics of soil that will be utilized in the physical model tests. These 
tests are the modified Proctor test (ASTM D 1557) to obtain the maximum dry density of the soil and the 
optimum moisture content, particle size distribution (ASTM D2487) to classify the soil, specific gravity 
(ASTM D854), and California bearing ratio (CBR) test (ASTM D1883). The parameters of the sand utilized 
in the investigation are listed in Table 1. As a subgrade and embankment material, sand is employed. 

 
(a) 
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(b) 

Figure 1. (a) Soil of Kerbala Airport; (b) Grain Size Distribution of Soil. 
Table 1. Physical and Chemical Characteristics of Sandy Soil. 

Property Tests Result Specification 
AASHTO Classification A-3 AASHTO M145 

USCS Classification Poorly Graded Sand (SP) ASTM D 2487 
Max. Dry Unit Weight (g/cm3) 1.925 ASTM D 1557 

CBR at 95 % 22 %  
OMC 11 % ASTM D 1557 
D10 0.14 ASTM D 2487 
D30 0.3 ASTM D 2487 
D60 0.6 ASTM D 2487 

Specific Gravity 2.57 ASTM D 854 
Uniformity Coefficient (Cu) 4.28 ASTM D 2487 
Curvature Coefficient (Cc) 1.07 ASTM D 2487 

Chemical Characteristics 
SO3 9.9 B.S Part 3 

Gypsum 21.3 B.S Part 3 
PH 7.9 B.S Part 3 
CL 79.9 B.S Part 3 

2.2. Geosynthetic Reinforcement 
Biaxial geogrid of 30 mm aperture size is used in this study. The properties of the geogrid used are 

shown in Table 2. Polypropylene non-woven geotextile (A401) having mass per unit area of 300 g/m2 is 
used in the present study. Table 3 shows the various properties of geotextile. 

Table 2. Specification of Geogrid. 
Property Type or Value 

Standard Color Black 
Polymer Type Polypropylene 

Aperture Size (mm) 30 
Weight (g/m2) 370 

Peak Tensile Strength (MPa) 30 
Beak Extension (kN/m) L=15, W=11 
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Table 3. Properties of Non-Woven Polypropylene Geotextile. 
Particulars Test Method Value 

Tensile Strength (CD) (KN/m) EN ISO 10319 17 
Tensile Strength (MD) (KN/m) EN ISO 10319 11.2 

CBR Puncture (N) EN ISO 12236 2380 
Permeability (103ms–1) EN ISO 111058 55 
Tensile Elongation (%) EN ISO 10319 55/66 
Mass / Unit Area (g/m2) EN ISO 10319 300 

Thickness (mm) under 2Kpa EN ISO 9863-1 2.8 
Color  White 

 

 

For the application of load on the embankment, a loading chamber with specified dimensions must 
be modelled. After proper scaling, four series of embankments should also be modelled. 

2.3. Subgrade Preparation 
The embankment is built with a height of 0.45 m over a 0.30 m thick subgrade in the loading chamber, 

taking into account the height of the loading chamber. Subgrade material was poor graded (PW) sand with 
a uniformity coefficient (Cu) of 4.2857 and a curvature coefficient (Cc) of 1.0714. The dirt was compacted 
with optimum wetness in 15 cm layers using suitable roller weights up to a height of 0.30 m from the 
chamber's foundation to create the subgrade. 

2.4. Embankment Modelling 
In this study, a 0.45 m height embankment with a side slope of 1:1 is selected as the reference 

embankment. The scaling law was applied on the aforementioned embankment with a scale of 1:4 for the 
laboratory test programmer. A side slope of 1:1 is selected for laboratory model. The poor graded (PW) 
sand with uniformity coefficient (Cu) of 4.2857 and curvature coefficient (Cc) of 1.0714 was adopted as the 
embankment material. The maximum dry density of this soil has been obtained equal to 1.925 g/cm3 in the 
optimum moisture 11 %. The dimensions of the laboratory model are given in Table 4. Fig. 2 shows the 
schematic diagram of the model embankment. 

Table 4. The Dimensions of the Laboratory Model. 
Parameter Laboratory Embankment 

Embankment Length (m) 2.41 
Embankment Height (m) 0.45 

Subgrade Height (m) 0.30 
Width of Bed Side (m) 0.30 

 

 
Figure 2. The Schematic Diagram of the Model Embankment. 

2.5.  Model Preparation and Test Procedure 
A steel box with dimensions of length = 2.4 m, height = 1.2 m, width = 1.2 m was utilized to 

approximate in-situ subgrade conditions. The steel box's purpose was to represent the subgrade and 
embankment layers so that compaction and other tests could be performed. Four series of models were 
constructed one without reinforcement and three with reinforcement with geogrid, with geotextile and with 
a composite of them. Each model was built to represent a cross-section of a railway. The model contains 
two layers to represent the subgrade with a height of 15 cm for each layer and contains three layers to 
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represent the embankment with a height of 15 cm for each layer. Three layers of reinforcement were placed 
between the layers of the embankments and between the second layer of the subgrade and the first layer 
of the embankment. 

The preparation of the model involves several steps to improve the density of the subgrade and 
embankment samples, each layer was compacted. The compacted effort was achieved with 8 passes for 
subgrade and 10 passes for embankments on each layer using a compaction unit. During the creation of 
the model layers, Table 5 illustrated a number of field tests that were carried out for each of the model 
layers as plate loading test (PLT), CBR, lightweight deflectometer (LWD), sand replacement method (SRM), 
and dynamic cone penetration (DCP) tests as shown in Fig. 3. 

Table 5. Type of Layer Tests. 
No. of Layer Description Type and Number of Tests 

1 Subgrade  3 SRM    
2 Subgrade 3 SRM 3 LWD 3 DCP  
3 Embankment 3 SRM 3 LWD 3 DCP  
4 Embankment 3 SRM 3 LWD 3 DCP 3 CBR 
5 Embankment 3 SRM 3 LWD 3 DCP 2 PLT 

 

 
(a) 

 
(b) 

Figure 3. Location of Field Tests: (a) Layer 4 ;(b) Layer 5. 

3. Results and Discussion 
3.1. Results of SRM Test 

As a quality control test of the construction process for all model tests, SRM test was performed in 
this experimental work in accordance with ASTM D155. The compaction efforts were achieved by applying 
different number of passes using a vibratory compactor on the top of each layer of the subgrade and the 
embankment in all model tests. Three SRM test points were selected and performed on the top of each 
layer of subgrade and embankment, and then an average value is calculated and reported. Table 5 
summarizes the results of the moisture content, dry density, and relative compaction of the subgrade and 
the embankment layers. The results show that the average relative compaction results of subgrade soil are 
in the range from 88 to 92 %, and those of the embankment ranged from 91 to 92 %. This indicates an 
acceptable level of quality and consistency for all model tests. 
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Table 5. Summarizes the Results of SRM and the Relative Compaction. 

Model Types 

N
o.

 o
f 

Pa
ss

es
 

Unreinforced Test 
(URT) 

Geotextile-
Reinforced 

Test (RT-GT) 

Geogrid-
Reinforced Test 

(RT-GG) 

Geocomposite-
Reinforced 

Test (RT-GC) 
Average of Three Test Points 

Su
bg

ra
de

 

La
ye

r 1
 W.C% 

8 

11.33 10.31 10.42 8.35 
Dry 

Density 1.68 1.76 1.77 1.81 

R.C% 87 91 92 94 

La
ye

r 2
 W.C% 

8 

9.94 11.7 11.32 10.2 
Dry 

Density 1.71 1.79 1.77 1.74 

R.C% 89 93 92 90 

Avg. 
W.C% 10.64 10.87 10.87 10.1 

Dry Density 1.70 1.77 1.77 1.78 
R.C% 88 92 92 92 

Em
ba

nk
m

en
t 

La
ye

r 3
 W.C% 

10 

9.93 10.09 8.62 10.29 
Dry 

Density 1.77 1.76 1.79 1.72 

R.C% 92 91 93 89 

La
ye

r 4
 W.C% 

10 

10.26 12.11 10.29 10.15 
Dry 

Density 1.75 1.74 1.75 1.75 

R.C% 91 91 91 91 

La
ye

r 5
 W.C% 

10 

8.41 9.477 8.78 9.36 
Dry 

Density 1.72 1.81 1.76 1.78 

R.C% 90 94 92 93 

Avg. 
W.C% 9.53 9.23 9.23 9.93 

Dry Density 1.74 1.77 1.77 1.75 
R.C% 91 92 92 91 

3.2. Results of DCP Test 
Depending on the obtained data of the DCP test, the in-site CBR values for each subgrade layer 

(i.e., Layers 1 and 2) and embankment layer (i.e., Layers 3, 4, and 5) were estimated by using the empirical 
relation shown in Eq. 1 (21). 

1.12
292 .CBR

DCPI
=                                                                 (1) 

Table 6 presents the CBR results for the unreinforced and geosynthetic-reinforced (i.e., geotextile-, 
geogrid-, and geocomposite-reinforced) embankments Eq. 4-1. 

Furthermore, the elastic modulus ( )E  was determined based on the obtained data of the DCP test 
and the CBR value using Eq. 4-2 (22). 

0.6417.6 .E CBR= ∗                                                               (2) 

In summary, and even though there is some variation in the obtained results for the CBR values for 
all model test, the embankment layer constructed with geosynthetic reinforcement shows a higher value of 
CBR than the unreinforced model except for layer five. When comparing the geotextile-reinforced 
embankment to the geogrid-reinforced embankment, the CBR values have shown that the geotextile-
reinforced model has a higher value than the geogrid-reinforced one, which agrees with the results of 
M. M. Singh et al. [22]; and that the geocomposite-reinforced model has the most significant value as shown 
in Fig. 4. This is related to the type of reinforcement and the condition of the DCP test. The DCP cone 
needs higher energy to penetrate through the geotextilelayer within the soil mass in both RT-GT and RT-
GC, however, less energy is required in the RT-GG due to the existence of its aperture opening. 



Magazine of Civil Engineering, 18(2), 2025 

Table 6. Result of CBR Value and Value of E from DCP Test. 

No.  
of Layer 

No.  
of Point 

The Value of CBR (%) 
URT RT-GT RT-GG RT-GC 

1 

1 5.40 4.10 4.45 5.24 
2 3.84 4.406 4.26 4.71 
3 3.92 4.82 4.21 4.76 

Average 4.39 4.44 4.31 4.90 

2 

1 3.73 2.95 2.80 4.24 
2 2.70 3.30 2.76 3.28 
3 2.69 3.66 3.10 3.24 

Average 3.04 3.30 2.89 3.59 

3 

1 3.56 3.12 3.17 3.66 
2 3.50 3.50 2.52 3.88 
3 3.68 3.26 2.97 4.13 

Average 3.58 3.29 2.89 3.89 

4 

1 3.74 3.77 3.49 4.14 
2 2.68 3.67 3.45 3.19 
3 5.23 4.66 4.09 3.59 

Average 3.88 4.03 3.67 3.64 

5 

1 6.73 3.72 3.15 3.38 
2 4.98 3.47 3.30 4.87 
3 6.97 3.40 3.98 3.37 

Average 6.23 3.53 3.48 3.87 
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(b) 

Figure 4. (a) Value of CBR from DCP Test, (b) Value of E from DCP Test. 

3.3. Results of LWD Test 
Three LWD tests were performed on the top of the Layers 2, 3, 4, and 5 in all physical models; these 

tests were distributed at three different locations on the top of each layer in the unreinforced and 
geosynthetic-reinforced models. Table 7 shows the results of these LWD tests. The dynamic modulus 
values ( )vdE  ranged from 13.8 to 14.5 MPa for all subgrade soil in all model tests, which show a consistent 

construction. In addition, the vdE  values were from 14.3 to 15.0 MPa along embankment layers of the 
unreinforced model. Lower values were obtained in the geotextile-reinforced and geocomposite-reinforced 

model tests; the vdE  values ranged from 8.94 to 11.1 MPa, and from 9.8 to 12.6 MPa, respectively for RT-
GT and RT-GC. However, much higher dynamic modulus was obtained for the RT-GG (i.e., 15.5–
25.1 MPa). 

In addition, Fig. 5 shows the value of dynamic modulus graphically for each layer in all model tests. 

The results indicate that vdE  slightly increased for the unreinforced embankment layers due to the 
accumulative compaction efforts on each layer, while its gradually decreases for the geotextile and 
geocomposite models from the third to the fifth layer. This is due to the use of geotextile in these two cases, 
which allowed the soil to move easily over the geotextile layer and decreased the frictional resistance 
between the layers. On the other hand, it was observed, in the case of geogrid reinforcement, the dynamic 
modulus significantly increased as the embankment layer increased. This is due to a better interlocking 
action and confinement between the embankment layers provided by the geogrid reinforcement layers. 

Table 7. Result of Modules from LWD Test. 

No.of Layer No. of Point 
Tests 

URT RT-GT RT-GG RT-GC 

Evd (MPa) Evd (MPa) Evd (MPa) Evd (MPa) 

2 

1 14.00 14.20 14.20 13.50 
2 15.37 14.90 15.36 14.98 
3 13.68 13.80 13.79 12.90 

Average 14.35 14.30 14.45 13.79 

3 

1 12.90 11.56 17.25 13.26 
2 15.60 11.70 15.26 11.62 
3 14.30 10.20 14.04 12.84 

Average 14.27 11.15 15.52 12.57 

4 
1 14.90 11.34 14.27 10.73 
2 15.00 10.72 22.70 8.96 
3 14.30 10.23 29.11 8.97 
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No.of Layer No. of Point 
Tests 

URT RT-GT RT-GG RT-GC 

Evd (MPa) Evd (MPa) Evd (MPa) Evd (MPa) 
Average 14.73 10.76 22.03 9.55 

5 

1 15.13 8.33 18.50 11.14 
2 15.16 9.00 25.80 9.57 
3 14.70 9.50 31.08 8.85 

Average 15.00 8.94 25.13 9.85 
 

 
Figure 5. Value of Dynamic Modulus (Evd) from LWD Test. 

3.4. Results of CBR Test 
The CBR test was used to determine the field CBR value of the sandy soils. There were twelve CBR 

tests completed during the experimental study period (i.e., three for each model test) including the geogrid-
reinforced model test, but unfortunately, the data logger software did not function appropriately and the 
data was lost. The other nine tests were performed as follows; three tests were performed in the 
unreinforced model and the remaining six tests were conducted in the geotextile- and geocomposite-
reinforced models. Table 8 and Fig. 6 present the results for these models, which shows that the average 
CBR value varies from 6.78 % for the unreinforced embankment and from 13.56 % and 14.35 % for the 
geotextile- and geocomposite-reinforced embankments, respectively. The increase in the CBR values for 
the geotextile and geocomposite model tests can be related to bearing zone underneath the CBR piston, 
and the tension membrane effect of the geosynthetic reinforcement. 

Table 8. The Result of the CBR Field Test. 
Model Name No. of Point CBR % 

Unreinforced test (URT) 

1 8.41 
2 5.80 
3 6.09 

Average 6.76 

Reinforced with geotextile  
(RT-GT) 

1 17.25 
2 11.74 
3 11.67 

Average 13.56 

Reinforced with composite  
(RT-GG) 

1 14.50 
2 14.21 
3 13.92 

Average 14.35 
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Figure 6. Comparison the Results of CBR Value for Different Models. 

Point 1: it is the point near the wall of the box. 
Point 2: it is the point in the center of layer four. 
Point 3: it is the point near the edge of the slope. 

A significant difference was observed between field CBR values and CBR values acquired from DCP 
test data as shown in Fig. 7. This figure shows that the value of CBR is approximately various from 3.88 % 
to 6.76 % in the unreinforced model, while it was changed from 4.03 % to 13.56 % in the geotextile-
reinforced model and from 3.64 % to 14.35 % in the geocomposite-reinforced model. Keeping in mind that 
the CBR calculated from the DCP test are based on an empirical equation that have not adequately 
represented the CBR value, while those calculated from the field CBR test are much closer to the laboratory 
CBR value of the soil. 

 
Figure 7. Compares the Value of CBR in Field and the CBR Value from DCP Test. 

3.5. Results of PLT 
Static PLTs were performed in all model tests to assess the load carrying capacity and calculate the 

subgrade modulus for the unreinforced and geosynthetic-reinforced embankments, as well as evaluating 
the benefits of using different geosynthetic products. Two points were selected to perform the PLT in each 
model test, one at the center of the embankment width (i.e., this represents a point under the railway track 
for the embankment configuration/dimension chosen in this study) and the other point near the slope to 
assess the benefit of geosynthetic reinforcement in stabilizing the slope. 

 

3.5.1. Load-Settlement Results 
Fig. 8 presents the load (stress)-settlement curve for the PLTs at the mid-point of all model tests. As 

shown in this figure, the unreinforced embankment has the highest settlement as compared to the 
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geosynthetic-reinforced model tests. However, the RT-GG has the lowest settlement or the highest bearing 
capacity, followed by the RT-GT and the RT-GC, respectively. For comparisons, at an applied vertical stress 
of 1000 kPa, the soil surface settlements under the plate were 8.0, 6.5, 5.3, and 1.7 mm for the URT, RT-
GC, RT-GT, and RT-GG, respectively. This corresponding to a reduction in the surface settlement of 19, 
34, and 79 % for the geocomposite, geotextile, and geogrid reinforcement, respectively, as compared to 
the unreinforced condition. Similarly, for the PLTs at the edge-point, the RT-GG performed the best followed 
by the RT-GT and RT-GC as compared to the URT as shown in Fig. 9. This can be attributed to the shearing 
resistance and the tensioned membrane effects of the geosynthetic under the plate. 

 
Figure 8. Stress-Settlement Curves of the PLT in URT, RT-GT, RT-GG,  

and RT-GC at the Embankment Mid-Point. 

 
Figure 9. Stress-Settlement Curves of the PLT in URT, RT-GT, RT-GG,  

and RT-GC at the Embankment Edge-Point. 

The subgrade reaction modulus (Ks) and E for all model tests are listed in Table 9. It was noted that 
the value of Ks calculated from actual curve in the PLT at the mid-point equal to 53.08 kPa/mm for 
unreinforced model, which is in agreement with (24) finding, while the Ks valve was equal to 111.29, 115.00, 
and 173.33 kPa/mm for the models reinforced with geotextile, geogrid, and geocomposite, respectively. 
Whereas the Ks value obtained from the corrected curve varied from 38.25 kPa/mm for unreinforced model 
to 181.58, 575.00, and 73.33 kPa/mm for the models reinforced with geotextile, geogrid, and geocomposite, 
respectively. The value of E changed from 17.59 MPa in unreinforced model to 44.17, 38.58, and 
33.43 MPa in the models reinforced with geotextile, geogrid, and geocomposite, respectively. On the other 
hand, it was noted in Table 9 for the results of the PLTs at the edge-point that there is an apparent change 
in the test results when compared with the middle point test. Values changed significantly due to the 
proximity of the test point to the edge of the embankment slope. 
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Table 9. The Result of PLT. 

Model 
Type 

Test Location 
Mid-Point Edge-Point 

Ks (kPa/mm) 
of Actual 

Curve 

Ks (kPa/mm) 
of Corrected 

Curve 
E (MPa) 

Ks (kPa/mm) 
from Actual 

Curve 

Ks (kPa/mm) 
of Corrected 

Curve 
E (MPa) 

UR 53.08 115 17.59 46.31 98.57 19.52 
GT 111.29 181.58 44.16 71.88 115.00 25.04 
GG 102 575.00 84.56 191.67 191.67 41.43 
GC 173.33 173.33 33.43 75.00 75.00 24.10 

 

3.5.2.  Failure Mechanism of the Physical Models 
The sliding surface covers more than half of the embankment in the unreinforced model. The sliding 

surface gradually moves towards the higher part of the reinforced region and at the interface between 
reinforcing layers and soil as the geosynthetic layers are positioned in the embankment. Failure is identified 
as cracks only in the upper half when reinforced with layers of geosynthetic as clear in RT-GT, due to the 
presence of the geotextile reinforcement layers, which have the property of separating between the layers 
and it provides the process of sliding between the layers. While the lines of failure were clear along the 
layers in the URT. However, the line of failure slights appeared lowest in RT-GG, which may be the result 
of the skin friction and interlocking between geogrid and soil particles. Fig. 10 depicts the failure pattern of 
geosynthetics-reinforced laboratory embankments. 

 
Figure 10. Failure Mechanism in the Embankments:  

(a) URT, (b) RT-GT, (c) RT-GG, and (d) RT-GC. 

4. Conclusions 
Depending on the results of the experimental that were obtained, the following conclusions are 

summarized: 

1. The results of SRM show that the average relative compaction results of subgrade soil were in the 
range from 88 to 92 %, and those of the embankment ranged from 91 to 92 %, which led to an 
acceptable level of quality and consistency for all model tests. 

2. Even though there is some variation in the obtained results for the CBR values for all model test, 
the embankment layer constructed with geosynthetic reinforcement show a higher value of CBR 
than the unreinforced model except for layer five. The CBR values have shown that the RT-GT 
model has a higher value than the RT-GG one; and that the RT-GC model has the most significant 
value. 
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3. The vdE  ranged from 13.8 to 14.5 MPa for all subgrade soil in all model tests, which show a 

consistent construction. In addition, the vdE  were from 14.3 to 15.0 MPa along the embankment 
layers of the unreinforced model test. Lower values were obtained in the geotextile and geogrid 

model tests; the vdE  ranged from 8.94 to 11.1 MPa, and 9.8 to 12.6 MPa for RT-GT and RT-GC, 
respectively. However, a much higher dynamic modulus was obtained for RT-GG (i.e., 15.5–
25.1 MPa). 

4. In addition, the results indicate that vdE  slightly increased for the unreinforced embankment layers 
due to the accumulative compaction efforts on each layer, while it gradually decreases for the RT-
GT and RT-GC models from the third to the fifth layer. On the other hand, it was observed, in RT-
GG, the dynamic modulus significantly increased as the embankment layer increased. 

5. The results for the CBR of these models showed that the average CBR value varies from 6.78 % 
for URT and from 13.56 % and 14.35 % for the RT-GT and RT-GC, respectively. The increase in 
the CBR values for the geotextile and geocomposite model tests can be related to the bearing zone 
underneath the CBR piston and the tension membrane effect of the geosynthetic reinforcement.  

6. In the PLT, the results showed that RT-GG gave the best values for Ks and E as compared to other 
models. As well as there is less vertical settlement in it compared with the unreinforced model. 

7. The result showed that the unreinforced embankment has the highest settlement as compared to 
the geosynthetic reinforced model tests. However, RT-GG has the lowest settlement or the highest 
bearing capacity, followed by RT-GT and RT-GC, respectively. Similarly, for the PLTs at the edge 
point, RT-GG performed the best followed by RT-GT and RT-GC as compared to URT. This can 
be attributed to the shearing resistance and the tensioned membrane effects of the geosynthetic 
under the plate. 
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