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ABSTRACT
The infrastructure layers of the highways must meet expectations both technically and economically. These 
layers that are not constructed properly cause deformations on the road surface. Steel slag should be preferred 
to reduce these deformations, increase the use of recycled materials worldwide, and create a sustainable system. 
For this purpose, the vertical deformation response of the flexible superstructure utilizing steel slag under 
dynamic wheel loads was analyzed numerically using the 3D FEM approach, in this study. Axle loads were 
applied considering the heavy vehicle tire layout plan and subjected to cyclic loading. The effect on the vertical 
settlement of the road was evaluated for four different sections defined using steel slag in the base and subbase 
layers. The axle load was applied to the determined wheel loading areas in loading steps throughout the cycle 
time, which was determined depending on the speed of the heavy vehicle and the tire dimensions. According 
to the results of the numerical analysis, the engineering performance of the sections with steel slag was better. 
Thus, innovative and sustainable approaches such as using steel slag aggregates instead of natural aggregates in 
the base and subbase layers of the highway were proposed.
Keywords: Soil stabilization; Deformation; Finite element methods; Roads & highways; Steel slag.

1. INTRODUCTION
In addition to the economic development of countries, the existence of efficient transportation networks is 
especially important in terms of increasing socio-cultural interactions. Basically, transportation types are 
grouped under three main headings: Highways, Seaways, and Airways. While it was reported that road transport 
was preferred by 52% in freight transport in the EU in 2019, maritime transport constituted 28.9%, rail transport 
constituted 12%, and air transport constituted only 0.1% of the total. Inland waterways and oil pipelines also 
make up the other percentage in this distribution [1]. From this point of view, highways are one of the most 
preferred modes of transportation worldwide.

The number of vehicles on the highway changes depending on several factors such as days, months, and 
years. Despite changes in the number of vehicles, damage to road structures exposed to repeated traffic loads is 
expected to continue to increase. The stresses created by moving wheel loads in the road structure are idealized 
as shown in Figure 1. Considering the passage of wheels over the road surface, there is a compression on the 
pavement surface in direct contact with the wheel load, and a tension under the pavement. For this reason, one 
of the issues that should be considered in the designs is the tensile deformation at the base of the pavement layer 
and the vertical pressure deformation on the subgrade layer [2].

There are numerous studies in the literature in which deformations occurring in road structures subjected 
to cyclic loading are investigated using the finite element method [3–8].

Permanent deformations accumulated due to repetitive traffic loads cause structural deterioration and 
constitute a significant part of the total ground settlements [9]. However, it is stated that the stresses caused 
by the loads on the road surface and the size of the loading cycle decrease with the depth as they spread to the 
ground, and the opposite situation prevails near the surface [10]. However, Deng and Shi [11] stated that rutting 
and permanent deformation occurring in the pavement layer exist in both the surface and the sublayers. As a 
result, cyclic loading manifests as permanent deformation between road layers or on the road surface in the form 
of fatigue cracks or ruts. Deformations, especially in the type of settlement, lead to economic losses as well as 
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serious security problems [12, 13]. Beyond negatively impacting driving safety, these damages cause the service 
life of the pavement to decrease significantly [7].

The deterioration in the structure of the road is also affected by variables such as the quality of the 
materials, the manufacturing method of the design, the loads to which it is exposed, and environmental factors 
[14]. The performance of materials used in road designs with complex and heterogeneous structures depends 
on mechanical properties and environmental conditions, as well as mixture composition and proportions [13].

Therefore, the critical design parameters of the materials used in the different layers of the road must be 
suitable for the general behavior and properties of the materials. It is important to consider these factors in order 
to determine the deterioration of the road, especially the maintenance and repair requirements [15].

There are difficulties in accessing quality raw materials due to the spread of urbanization and the increase 
in the use of limited natural resources. Thus, in this study, steel slags, which are formed as a by-product steel 
production, were preferred instead of natural aggregate. Steel slag constitutes approximately 15–20% of the 
amount of steel production, being the solid waste generated during the steel production phase [16]. In another 
study [17], it is reported that steel slag is generated in substantial amounts globally, representing nearly 20% of 
the world’s total solid waste.

Steel slag is preferred as a durable aggregate due to its resistance to shear and abrasion [18]. According 
to the numerical analysis results of the studies that preferred steel slag over natural aggregates, steel slag was 
found to have a positive contribution to performance [19–22].

In a study conducted to evaluate the environmental contributions of steel slag, it is stated that the addition 
of steel slag to the stone mastic asphalt (SMA) mixture reduces greenhouse gas emissions by 1.1%–8.6%. At the 
same time, 14.4% to 19.8% of the cost of steel slag mixed SMA was saved. However, it is stated that engineering 
performance such as fatigue, deformation, and crack resistance is superior [23].

It is also important for the future of our world to choose renewable energy sources with the use of recycled, 
by-products or waste materials based on environmentalist approach. Recently, the scientific community focused 
especially on the life cycle assessment (LCA) of selected materials in highway designs and their contribution to 
environmental performance [24]. In addition, innovative and sustainable designs that require less maintenance 
and repair are among the goals of many countries’ economies [25].

In this study the effect of using steel slag aggregates to efficiently use natural resources and reduce 
deformations on highways, thus promoting the use of waste products, was evaluated using 3D finite element 
software to ensure a sustainable life cycle. Positive results were obtained in sections where was used steel slag 
in the base and subbase layers, compared to sections where natural aggregate was used. The contribution of steel 
slag usage to plastic strains was also determined. The common goal of these studies is to make environmentally 
friendly and sustainable designs.

2. MATERIALS AND METHODS
The aggregates in the materials used in the layers of the road are obtained as a result of the decomposition 

of various rocks. As a result of this separation, the products obtained as crushed stone must have chemical, 
physical, and mechanical properties in accordance with the specifications. In addition, the stress-strain behavior 
of the materials used in the superstructure affects the life and performance of the design in the long term.

Figure 1: Stress changes under tire load [2].
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As a result of the complex structure of roads consisting of many layers, perfect mathematical models 
are difficult to develop. Thanks to material constitutive models, the mathematical expression for the mechanical 
behavior of materials is possible.

It is stated that granular soils show elasto-plastic deformation in all stress states [26]. Accordingly, while 
soil materials behave elastically at very small unit deformation values, their behavior evolves towards plasticity 
in cyclic dynamic loading. Therefore, Hardening Soil with small strain stiffness (HSsmall) material, which 
represents elasto-plastic behavior, was chosen as the constitutive model [27].

Asphalt material is considered a visco-elastic material because of its modulus of elasticity and some 
deformation properties that can vary with temperature [28]. In numerical models, the Mohr-Coulomb (MC) 
material model, which is characterized by asphalt concrete (AC) elasto-plastic behavior, was chosen. In the base, 
subbase, and subgrade layers, the HSsmall material model was used, which reflects the elasto-plastic behavior 
as in the pavement layer.

The material properties assigned to the materials that make up the road layers are summarized in Table 1.

2.1. Steel slag
There are three types of steel slag, which is the by-product produced during steelmaking: the basic oxygen 
furnace (BOF) slag, electric arc furnace (EAF) slag, and ladle furnace (LF) slag [30].

According to the World Steel Association 2023 reports, global crude steel production was calculated as 
1,892 million tons (Mt) an increase of 2 Mt compared to the previous year [31]. The world map given in Figure 2  
shows the top 10 countries in crude steel production and their production amounts.

Table 1: Input parameters for numerical simulations in software [29].

MATERIALS

BASE SUBBASE SUBGRADE

SLAG CRUSHED 
STONE

SLAG CRUSHED 
STONE

CLAY ASPHALT

Modulus of Elastic-
ity (MPa)

– – – – – 4500

ν (Poisson’s ratio) 0.35 0.35 0.35 0.35 0.2 0.3

γ (kN/m3) 23.11 21.33 22.47 20.77 18 24

c (kN/m2) 47 40 45 40 100 525

ϕ 47 40 45 35 10 27

E50
ref (MPa) 160 165 124 115 24 –

G0
ref (MPa) 180 185 138 128 55 –

Figure 2: Crude steel production amounts of the top producing countries in 2023 [31].



ÖZSOY, M.; IŞIK, N.S.; FIRAT, S., revista Matéria, v.31, 2026

The distribution of steel, which is used both as a main product, and by-product in many areas of the 
world, is given in Figure 3. The increase in the amount of steel slag is inevitable due to widespread and high 
production amounts of steel.

Steel slags were previously considered a waste product and disposed of by burying them in solid waste 
areas (landfills). However, in the long term, it has been involved in the recycling process to mitigate its negative 
effects on both the environment and human health. It is also stated that slags constitute one-third of the steel 
mass produced. They are seen as dangerous due to causing environmental problems, the need for large areas 
during the processing and storage of steel slag [32].

Figure 3: Areas of use of steel [31].
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In recent years, the slag material has been successfully used as an aggregate in both cement and concrete 
production plants [33–36]. Thanks to the mechanical and physical properties of steel slag, it has taken its place 
as a material in the high-quality aggregate class. This makes it an alternative to natural aggregate [37–41].

It is reported in the literature that the primary components of steel slag are calcium oxide (CaO), silicon 
dioxide (SiO2), iron oxide (Fe2O3), aluminum oxide (Al2O3), and magnesium oxide (MgO), while MnO, P2O5, 
and TiO2 are present in trace amounts. The chemical composition of steel slag exhibits substantial variability 
contingent upon the production process, furnace configuration, and feedstock, typically featuring CaO and SiO2 
concentrations of 20–55% and 10–24%, respectively [42].

Despite the potential advantages of steel slag in soil stabilization, it also possesses disadvantages such 
as low water-holding capacity and susceptibility to segregation [43]. A comprehensive study in the literature 
expressed that the long-term use of steel slag may lead to soil hardening and environmental risks stemming from 
heavy metals. To mitigate these adverse effects, it has been suggested to pre-treat the steel slag and combine it 
with other products by reducing its density in the mixture [42]. Steel slag is essentially composed of SiO2, Al2O3, 
Fe2O3, MgO, and f-CaO, along with various iron-containing minerals [44]. However, the complex mineralogical 
composition of steel slag, particularly the free calcium oxide (f-CaO) content, poses a significant risk in terms 
of volumetric stability [45, 46]. Moreover, researchers [47] have indicated that the hydration of MgO and CaO 
constituents triggers swelling, which subsequently causes damage by compromising the cohesion and adhesive 
characteristics of the material.

Aggregate hardness and sensitivity to moisture damage are increased by the presence of silica and spe-
cific oxides like Fe2O3, MgO, and Al2O3 in their mineralogical structure. However, it is emphasized that the 
primary factor in the failure of adhesion occurring in the presence of moisture is whether moisture reaches 
the aggregate–bitumen interface or not. In this context, it has been reported that even if the aggregates used in 
steel slag mixtures have the potential for moisture damage, when aggregates are completely and continuously 
coated with bitumen, moisture is prevented from reaching the interface. Consequently, it has been reported that 
adhesion degradation is significantly reduced [48]. The same study also expressed that the absence of clay and 
organic contaminants on the surface of slag aggregates is instrumental in their lower potential for moisture dam-
age compared to other aggregate types.

Additionally, it is stated that some types of untreated steel slag exhibit low adsorption efficiency due to 
their low surface activity [49]. In contrast, due to its absorption of heavy metal ions, steel slag stands out as a 
potential treatment material for the purification of various wastewaters [50, 51].

Considering the preservation of natural resources, the reduction of environmental impacts, and the ver-
satile technical advantages it provides, the use of steel slag in road construction is of great importance and is 
regarded as a critical necessity for sustainable infrastructure applications.

The World Steel Association reported that approximately 38.5 million tons of steel slag was produced in 
the European steel industries in 2022, depending on the amount of crude steel produced. These products partici-
pate in the recycling process in road construction (64.8%), metallurgical use (12.1%), cement/concrete additive 
use (6.9%), fertilizer (8.1%), hydraulic engineering (1.9%), and other application areas (6.2%) [52].

On highways, if steel slag is preferred as an aggregate in the asphalt layer, slag increases the strength of 
bituminous mixtures and slows down cracking due to better asphalt-slag adhesion [53]. Furthermore, it has been 
indicated that the high angularity and surface roughness of steel slag aggregates facilitate greater tire-pavement 
friction, thus playing a significant role in enhancing skid resistance. [54]. In a field study [55], it was demon-
strated that the pavement layer prepared using EAF slag provided better performance in terms of stiffness, 
fatigue, and permanent deformation compared to conventional hot mixes.

From an environmental perspective, ensuring the inclusion of waste materials in recycling activities is 
among the popular methods today in terms of sustainability.

It is necessary to consider the use of sustainable materials such as steel slag within acceptable limits and 
also their possible disadvantages. However, there are points to be considered when using steel slag. In addition, 
the reason why steel slag shows superior properties is that it is preferable in terms of mechanical properties as a 
very dense, hard, and high-strength material. Reusing it in construction applications for recycling purposes will 
be a sustainable and cost-effective alternative to waste management.

2.2. Physical and geotechnical properties of steel slag
Table 2 gives the geotechnical properties of steel slag used in numerical analysis. Parametric studies based on 
the literature were also carried out to determine the qualities of the steel slag to be used in road layers as aggre-
gate. The specific gravity value of steel slag was calculated as 2.9 from the experimental study.
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2.3. Creation of road model using finite elements method
Numerical methods are an important tool preferred in the analysis of problems in research and application 
studies, especially in geotechnical engineering, as well as in many engineering disciplines [56]. In particular, 
the finite element method (FEM) is one of the most preferred numerical methods. FEM is a numerical method 
that offers an estimated solution approach for each element after dividing a single element into a large number 
of elements [57].

Numerical models created with FEM have the advantage of evaluating different parameter effects at low 
cost [58]. It is also ensured that a numerical solution approach is designed to accurately address many engineer-
ing problems using FEM.

3D modelling provides greater consistency between the value estimated by the numerical analysis method 
and the measured value compared to the 2D model [59]. In addition, 3D models can define model geometries 
with more accurate loading configurations compared to 2D axisymmetric models in representing behavior under 
cyclic loads [60].

In multi-layered road designs, numerical methods are preferred to measure the mechanical reactions that 
can occur due to vehicle traffic and environmental factors [57, 61, 62]. Significant developments in computer 
technology and FEM techniques in the last thirty years have made many widely used 3D structural studies more 
affordable when evaluated in terms of both time and cost. In addition, 3D FEM is widely preferred so that the 
tire-retread interaction can be fully reflected, and the design can be simulated more realistically [62, 63].

There is many software that uses the finite element method such as, which have been widely preferred 
recently, Plaxis, ABAQUS, ANYS, ILLI-PAVE, KENLAYER, CHEVRON, VESYS, FENLAP, MICH-PAVE 
and Midas GTS NX, to accurately calculate nonlinear material behavior in road design. The type of software 
selected varies depending on the factors such as material behavior, design and calculation type of the model 
to be numerically analysed. Midas GTS NX is a finite element analysis software developed for the analysis of 
soil-structure interaction or soil structures only in 2D and 3D. In addition to the presence of constitutive models 
in the software library that allow modelling of a large number of materials, the dynamic and static analysis, lin-
ear/non-linear time analysis, and the definition of different boundary conditions are possible [29].

In addition to the creation of numerical simulation models, quickly accessing outputs, as well as address-
ing the stress limits from analyses, are issues to consider in selecting model dimensions. It is preferable the 
geometry of the FE model to be created with optimum dimensions that do not contradict reality, in order to reach 
the fastest result while establishing and analysing the model numerically.

The superstructure model consists of four layers: pavement, base, subbase and subgrade layers. Finally, 
numerical analyses were performed for four different road sections Limestone-Steel Slag (LS), Steel Slag-Steel 
Slag (SS), Steel Slag-Limestone (SL), and Limestone-Limestone (LL) in which steel slag and natural aggregates 
were used in the base or subbase layers. The asphalt concrete layer (AC) refers to the pavement layer. In order 
not to cause discontinuities in the analysis, it is important that it is of sufficient size and should a size that reflects 
the field conditions.

Table 2: Geotechnical properties of steel slag.

GEOTECHNICAL PROPERTIES OF THE SAMPLES

PROPERTIES SUBBASE/BASE

USCS SP

Gravel (%) (D>4.76 mm) 33.2

Sand (%) (0.074 mm<D<4.76 mm) 64.2

Fines Content (%) (0.074 mm) 2.6

Cc 0.69

Cu 9.49

ϕ(◦) 45/47

c (kPa) 45/47

γd max− standart (kN/m3 ) 1.66

wopt− standart (%) 20.39
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Figure 4 shows the cross-sectional layer thicknesses of four different roads. The thickness of the layer is 
modelled at 100 mm for pavement, 300 mm for the base layer, 400 mm for the subbase layer, and 5000 mm for 
the subgrade layers, respectively. The longitudinal and transverse lengths of the 3D road model were determined 
as 30 m and 8 m.

The size and arrangement of elements in a mesh can have a critical impact on the accuracy of an FE 
analysis. A poorly formed mesh is a common source of error, so significant attention should be given to mesh 
quality, and automated mesh generators cannot be relied upon to produce good mesh [64]. The numerically 
analysed model is depicted in Figure 5.

The calculation time in numerical analysis increases the density of the mesh system and the complexity 
of the model. The need for additional storage capacity and time in simulations using 3D FEM software has been 
expressed in many studies [28, 65]. Mesh dimensions affect the precision and duration of numerical analysis. 
Correct dimensioning is one of the most crucial elements that enables simulations to be calculated as close to 
reality as possible. For this reason, a mesh system should be created starting from small areas and the regions 
where load concentrations accumulate should also be considered in the selection of mesh sizes. In line with 
these statements, mesh elements with smaller dimensions were used in the wheel loading areas and the element 
sizes were increased in the layers moving away from the loading area. In this way, the goal is to reach the most 
accurate result in the optimal time.

The size of the mesh system that is used the 3D FEM model and the accuracy of the calculations are 
based on the sensitivity analysis [29]. In the sensitivity analysis, the aim is to avoid convergence errors and to 
determine the optimal mesh sizes without causing problems in calculation time and storage capacity. While the 
mesh element sizes in the loading area are smaller, the element sizes are increased as they move away from the 
loading area.

Figure 4: Cross sections of road layers a) LL, b) SS, c) LS, d) SL.

Figure 5: FE model with numerical analysis.
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This model has 4216 nodes and a total of 16905 elements. To maintain continuity in the model, the shapes and sizes of the 
layers are kept the same both horizontally and vertically.

2.4. Definition and geometrical properties of loading areas
Some studies have been carried out to determine the contact behavior between the tire and the pavement layer 
[66–70]. The main objective of the studies is to evaluate the basis of tire-retread contact behavior; it is of 
immense importance in terms of improving the performance of the road, increasing the service life, and energy 
saving [71].

According to PIDWERBESKY [72], increases in axle load and tire pressure have a major impact on 
retread response. The effects of vehicles on the asphalt surface are realized by the contact of tires.

Depending on the contact shape and area, there are geometric properties of the tire pavement interaction. 
In addition, the geometric shape of the tire-pavement contact area is circular or rectangular and is based on the 
assumption that it has uniform pressure distribution. At the same time, many studies have been carried out on 
the geometric properties of the tire-pavement contact [73–76]. These simplified approaches are widely used in 
pavement design [77].

There are many studies that evaluate the effect of tire inflation pressure and tire load on the contact area 
[78–80]. It has been determined that with the increase in tire pressure, the contact area decreases. This increase 
in tire pressure also elevates the contact stress in the middle of the wheel. While, meanwhile, the stresses on the 
tire edges increase if the tire load increases [81].

The tire-pavement contact area is usually assumed to be circular or rectangular and to have uniform pres-
sure distribution [69]. The simplified model of HUANG [82] for modelling the contact field between the tyre 
and the retread is preferred. The image of this model is given in Figure 6.

Field measurements were made to determine the tire contact areas on the front and rear axles of the 
heavy vehicle. By measuring the tire widths in the front axle, tandem, and tridem zones of the loaded heavy 
vehicle, the other dimension of the tire loading area was determined using Huang’s simplified contact field 
equation (Figure 6). In Figure 7, the loading area and wheel dimensions of the heavy vehicle are given.

The tire sizes calculated as a result of the measurement in the wheel loading areas, they are modelled as 
3D solid elements in the software, as shown in Figure 8.

3. RESULTS
The deformations caused by heavy vehicles, which are widely preferred in freight transportation all over the 
world, are much higher than those caused by other vehicles. Heavy vehicles cause more damage to road struc-
tures. Therefore, the Annual Average Daily Traffic (AADT) and the percentage of heavy vehicles are the main 
factors affecting the axle load of the road section, traffic accidents and possible pavement distress [84].

Considering the inflation pressure of 100–110 psi of the heavy vehicle in the tire loading areas modelled 
in Figure 9, the wheel contact pressure that 700 kPa was enforced using triangular loading distribution. The tire 
contact pressure is evenly distributed over the rectangular area.

For simplification, it is assumed that the contact stress of each tire is a constant pressure evenly distributed 
over the contact area [83].

Figure 6: Simplified tyre contact area calculation: a) Actual contact area (b) Equivalent rectangular contact area [82].
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Figure 7: Schematic representation of heavy vehicle wheel loading area dimensions used in numerical model [83].

Figure 8: 3D wheel loading areas.

In addition, the impact duration of the applied wheel load is one of the important calculation parameters that must be 
determined to perform dynamic analysis. For this purpose, in determining the impact duration, HUANG [82] proposed 
Equation 1, which depends on the speed of the vehicle and the tire contact radius. d is the duration of the pressure pulse, s 
is the value of the vehicle’s speed in m/s, and a is the tire contact radius. The application time of the wheel loading pressure 
was calculated as 0.139 seconds.
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d = 12 * a
s

� (1)

There are studies in which sinusoidal [85], semi-sinusoidal [28, 85], trapezoidal [86] and triangular [87] 
distributions of loading pulses are used. Considering both storage space and calculation time, the contact stress 
was applied in the form of a triangular loading pulse, as shown in Figure 9, because using this form requires 
fewer sub-steps compared to other loading types.

After ensuring that the contact surfaces between the layers are loaded, a finite element mesh is created 
and the materials defined by the user are assigned to each layer. After determining the superstructure parameters, 
geometry and vehicle tire configuration, numerical analysis is performed.

3.1. Nonlinear time history
In general, most soil materials have non-linear properties. Therefore, the dynamic response of the soil can be 
accurately simulated using nonlinear time domain analysis. Nonlinear time-domain analysis is used to determine 
the dynamic response in a relatively short period of time.

Elasto-plastic deformations occur in some soil types under the influence of dynamic loading. While plas-
tic deformations continue to increase cumulatively with each loading cycle, elastic deformations are reversible. 
For this purpose, the use of viscous damping parameters is important because elastic behavior does not affect 
subsequent dynamic load steps. Due to the large number of degrees of freedom of the 3D FE model, the damping 
parameters are defined by a matrix form in which the coefficient C is calculated based on the Rayleigh damping 
approximation considering the system mass and rigidity. The equation for the coefficient C is given in Eq. 2. The 
mass and stiffness parameters of the system are M, and K depend on the vibration frequency and damping rate. 
α and β are the Rayleigh coefficients. It depends on the vibration frequency and damping ratio.

C = αM + βK� (2)

However, within the scope of the numerical analysis, the vibration periods of the modes with high mass 
participation rates were calculated by Eigenvalue analysis. The damping parameters of the model system are 
defined.

In stepwise analysis, which is defined as stress and time-dependent, the model is primarily analysed 
under its own weight. Afterwards, nonlinear time analysis is performed.

Figure 9: Dynamic upload form shape.
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In the numerically analysed mathematical model, the model edges are only allowed to move in the 
vertical direction (see Figure 10 for the boundary conditions). The movement of the layers in the horizontal 
direction is restricted. On the basis of the model movement in all directions is not allowed.

In the numerical analysis, the vertical settlement value created by the dynamic vehicle load in the pavement 
layer is considered.

3.2. Evaluation of the impact of steel slag use
For sections with different base and subbase material compositions (LL, SL, SS and LS), the vertical deformation 
of the asphalt is evaluated. The stress generated as a result of dynamic loading is distributed between the layers 
in systems with layered designs and transmitted to the natural ground. For this reason, the deformation value on 
the asphalt surface is considered. The contour distribution in the model as a result of the calculations defining 
the loading steps in Figure 11.

Figure 10: 3D model boundary conditions.

Figure 11: LS section deformation image.
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The highest deformation value was determined in the truck bed part of the heavy vehicle as a result of 
numerical analysis.

Time-dependent vertical deformation change values are observed at the reference points determined in 
Figure 12 along the middle axis of the tridem region.

Based on the deformation pattern in the LS section given in Figure 11, time-dependent vertical 
deformation change values are observed at the reference points determined in Figure 12 along the middle axis 
of the tridem region.

The typical time-dependent change curves for SL sections of the vertical deformation value that occur as 
a result of the response of the pavement layer to dynamic loads as a result of repeated loading cycles are given 
in Figure 13. In this figure, the axial deformation behavior of the sections using steel slag and natural aggregate 
taken from the reference points is shown. Deformation-time graphs for other sections are given in Figures 14, 
15 and 16.

Figure 12: Vertical deformation values reference points in 3D model [29].

Figure 13: SL cross-section, N = 100, loading step, vertical deformation-time change curve.
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Figure 14: LL cross-section, N = 100, loading step, vertical deformation-time change curve.

Figure 15: LS cross-section, N = 100, loading step, vertical deformation-time change curve.

Figure 16: SS cross-section, N = 100, loading step, vertical deformation-time change curve.
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In the dynamic analysis based on the triangular shaped loading of 700 kPa, vertical deformation values 
were primarily taken into account when used in the base and subbase layers of steel slag. The minimum vertical 
deformation value in the model sections with a maximum of 100 loading steps was calculated as 4.47 mm in 
the SS section. This value is up to 6.95 mm in the LL section. The curve of change in the settlement values 
depending on the loading steps of the sections is given in Figure 17.

The deformation values in the first 10 loading steps are very close to each other. Numerical differences 
between sections have also started to emerge with the increase in the number of uploads. Within the range of 10 
to 100 loading steps, the most vertical deformation occurred in the LL section where natural aggregate was used 
in the base and subbase layers. After the N = 15 loading step, the lowest deformation is obtained in the SS section.

Figure 17: Loading step of sections - seating curve change.

Figure 18: Plastic deformation value on natural ground.
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The effect of steel slag use on plastic deformations on the natural ground (Figure 18) is evaluated as a 
result of the transfer of dynamic loads from the superstructure to the natural ground through the layers. The most 
plastic deformation occurred in the section where natural aggregate was used in the base and subbase layers. 
There is a difference of about 15% between the highest and the lowest plastic deformation.

As a result of the numerical analysis, when the stress values occurring in each layer are controlled, the 
stress distribution values in the subbase and natural soil layers are lower compared to the other layers. This indi-
cates that the stress distributions decrease as they move away from the loaded layers. Due to the high dynamic 
modulus and superior engineering performance of steel slag, its positive contribution to plastic deformation on 
natural ground as well as vertical deformation has been proven thorough numerical analysis.

4. CONCLUSIONS AND DISCUSSION
In this study, the effect of the use of steel slag in road foundation and/or subbase layers on the vertical settle-
ment value, particularly in comparison with natural aggregate, is evaluated. In order to represent the behavior 
of granular layers, the HSsmall material constitutive model is used, while elasto plastic Mohr Coulomb is used 
in the asphalt layer.

To investigate the vertical deformation measurements that occur due to tire-road contact, different com-
binations of cross-sections are analysed. The FEM is used to determine the response of the road under heavy 
vehicle loads.

In the multi-layer flexible superstructure system, the settlement on the surface is considered. In addition, 
in this system, which is built in layers, the plastic strain values that occur on the natural ground with the transfer 
of the dynamic wheel load applied to the asphalt layer are compared in sections with natural aggregate and steel 
slag.

The present research investigates and compares the deformation response of different material blends 
subjected to cyclic dynamic loads. These assessments were carried out specifically under dynamic loading 
scenarios.

•	 The color spectrum distributions in the deformation images are the same for the four sections examined. 
However, the difference between them lies in the numerical values ​​of the deformations. It is known that 
the loading pressure reaches its maximum values ​​in the wheel-tread contact areas. Accordingly, the highest 
deformations occurred at the tread-tire contact surface. However, it was determined that the highest levels of 
deformations were reached in the tridem axle region within the 12-wheel loading configuration.

•	 In all sections, displacement values ​​increased with increasing load cycles. In the initial loading phase (N = 
1), vertical deformation values ​​ranged from 0.7–0.9 mm, and the difference between groups remained below 
10%.

•	 After N = 50 loading steps, the displacement values ​​were measured as approximately 3.4 mm, 3.0 mm, 2.8 
mm, and 2.4 mm for the LL, SL, LS, and SS sections, respectively. The deformation value in the LL section 
was found to be approximately 42% higher compared to the SS section.

•	 After N = 100 load cycles, the displacement value in the LL section reached approximately 5.9 mm, while in 
the SS section this value was determined to be approximately 3.5 mm. At this stage, the total deformation in 
the LL section was approximately 69% higher than in the SS section.

•	 At the same load frequency level, the displacement values ​​measured in the SL and LS sections are approxi-
mately 5.1 mm and 4.3 mm, respectively, which are approximately 46% and 23% higher, respectively, com-
pared to the SS section.

•	 When comparing the deformation increase rates, it was determined that the LL section exhibited the highest 
increase rate throughout all load cycles, while the SS section showed the lowest and most controlled defor-
mation behavior.

•	 The highest level of plastic strain was observed in the LL section relative to all other configurations. Such a 
finding demonstrates that the LL section possesses a higher propensity for plastic deformation during cyclic 
loading.

•	 SL and SS sections yielded the lowest and closest results, with plastic deformation values ​​of approximately 
8.2 × 10−4 and 8.3 × 10−4, respectively.

•	 The overall ranking is LL > LS > SS ≈ SL, with plastic deformation in SL and SS sections reduced by approx-
imately 10–12% compared to the LL section.

•	 These findings distinctly indicate that SL and SS sections offer superior performance regarding plastic defor-
mation resistance under cyclic loading.
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•	 It is evident from the numerical analysis that the deformation response of the pavement under heavy cyclic 
loads is governed by the selection of material combinations.

•	 Considering the rates of increase of vertical deformation values ​​between the cross-sections, it was determined 
that the SS cross-section is a more suitable option for pavement systems subjected to long-term repeated 
loading.

•	 The stiffness imparted by steel slag in road layers effectively mitigates vertical deformation, ensuring 
improved structural stability under loading.

As a result, these findings can be achieved by adding steel slag directly or to mixtures, which can provide 
environmental and economic advantages. At the same time, using steel slag in these ways will prevent the envi-
ronmental risks that would arise from its disposal. The common goal of the studies is to make environmentally 
friendly and sustainable designs.

The results obtained in terms of both vertical settlement and plastic deformation indicate that the use of 
steel slag in base and subbase layers offers better performance compared to natural aggregates. This situation 
can be attributed to the high hardness, angular particle shape, and high internal friction properties of steel slag. 
Additionally, the strong adhesion of steel slag with asphalt contributes to increased wear and fatigue resistance 
of the pavement. Studies in the literature support these findings, and the positive effects of steel slag on mechan-
ical performance have been similarly expressed in various researches [43, 88–91].

The quality of the materials used is very important to ensure that the road structure can endure a large 
number of repetitive traffic loads and be strong enough to resist the deformations caused by wheel loads. Rele-
vant research [13, 92, 93] also underscores the importance of this phenomenon. In addition to the new construc-
tion techniques used, the use of materials that will contribute to recycling has been increasing in recent years. 
In the literature, it is observed that studies on improving performance through the use of materials with differ-
ent compositions and engineering properties in road pavements are ongoing, and this approach has a decisive 
impact on pavement behavior [54, 94–99].

The replacement of traditional aggregates, which are widely used in the design of the layers that make up 
the road, with such steel slag materials is also promising for sustainability. It is possible to say that the preference 
of sustainable soil improvement methods [45, 55, 99–103] will become the focus of research in the future due 
to the decrease in limited resources.

In this study, the behavior of the pavement structure under dynamic loads was investigated using 3D 
FEM. While FE analysis is a reliable method for evaluating pavement-tire interaction, the assumptions, ideal-
izations, and boundary conditions made during the modeling process affect the results. The mechanical behavior 
of materials is described by constitutive models commonly used in the literature; however, these models can 
only represent the time-dependent behaviors, temperature effects, and environmental variables that occur in field 
conditions to a limited extent. In this context, conducting studies supported by field measurements and exper-
imental data in future research is considered important for model validation. Future studies are recommended 
to include validation studies supported by field measurements and laboratory experiments. Furthermore, incor-
porating environmental factors such as temperature variations, climatic conditions, and groundwater levels into 
numerical models will contribute to a more realistic representation of field conditions.

Another limitation of this study is that, due to experimental equipment and practical constraints, the 
mechanical properties of steel slag were not primarily evaluated. The chemical interactions, volumetric changes, 
and long-term degradation mechanisms of steel slag could not be experimentally investigated within the scope 
of this study; assessments in these areas were limited to existing information in the literature. Therefore, chem-
ical reactions and time-dependent behaviors that could affect the long-term performance of steel slag were 
excluded from this study. Future research is recommended to utilize comprehensive experimental investigations 
to examine the long-term degradation behavior, infiltration potential, and chemical interactions of steel slag with 
the soil/pavement environment.
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