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Abstract - The accumulation of waste by-products, such as steel slag, has become a significant environmental concern in waste
management. In recent years, the reuse of waste materials in structural fills and pavement subbase materials has increased as part of
efforts to promote sustainable waste recycling. On this basis evaluating potential alternative for railway ballast materials is valuable,
particularly from the prospective of mechanical performance. This study examines the potential of EAF slag as a railway ballast material
through a comprehensive series of laboratory tests, including physical and mechanical evaluations. Monotonic and cyclic triaxial tests
are performed to evaluate its shear strength and permanent deformation characteristics under field representative stress condition. The
performance of EAF slag is subsequently compared with various ballast materials reported in the literature. The results indicate that the
EAF slag meets the standards established by major countries. Additionally, its performance aligns with previously published data for
natural aggregate ballast materials, demonstrating promising shear strength, less permanent deformation, and improved stiffness under
repeated loading.
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1 Introduction

The ballast, a layer consisting of coarse aggregates surrounding the rail sleepers, provides essential support for stability,
making it the most important component of the rail track substructure. Railway ballast materials are typically obtained from
various types of rock, such as granite, basalt, rhyolite, quartzite and limestone, with volcanic rocks being the most common
[1]. Based on local availability, economic considerations, and environmental regulations, it is critical to find suitable ballast
materials [2]. Industrial wastes are often used in road embankments and land reclamation projects in areas where
conventional fill materials are scarce (e.g., sand and gravel), and quarrying costs are excessively high [3]. Furthermore, the
production of industrial waste materials, such as steel furnace slag from steel production, has been growing rapidly. Many
researchers have investigated the application of steel slag on highways base and subbase layers, as well as in asphalt mixture
aggregates [4]-[6], however, there is limited research evaluating EAF steel slag as a potential ballast material under working
stress and various loading conditions. This study evaluates the performance of EAF slag, focusing on its physical and
mechanical properties, including gradation, particle shape, specific gravity, dry and wet abrasion resistance, impact value,
and water absorption. It also examines its strength and deformation characteristics, such as peak friction angle, permanent
deformation, cyclic compression, and resilient modulus, using drained triaxial monotonic and cyclic compression tests.
Finally, the applicability of EAF slag as a potential ballast material is discussed based on the results, with comparisons made
to various natural aggregates reported in the literature.

2 Laboratory Test Program
2.1 Test Material

EAF slag, a by-product generated from the steel production industry using scrap metal, possesses a distinctive vesicular
texture. It is notable for its high calcium, iron, and silica content, which contribute to its increased density and abrasion
resistance, as highlighted in previous studies[7]. According to the sphericity-roundness evaluation framework by [8], the
EAF steel slag aggregates have subangular form as shown in Figure 1a. Table 1 presents some key physical properties of the
EAF slag aggregate used in the study. Table 2 presents some of the index properties of EAF slag compared to the ballast
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specifications in USA and UK. It is seen that the index parameters are within the specification ranges for ballast
aggregates according to the USA and UK specification. In addition, index parameters obtained for EAF slag are
compared with natural aggregates in the literature. It is seen that EAF slag exhibits higher specific gravity, Los
Angeles Abrasion (LAA), and Micro-Deval (MD) values compared to natural aggregate. The increased
specific gravity of EAF slag is expected to enhance lateral track resistance [9], while its superior performance
in LAA and MD tests suggests reduced degradation and crushing of ballast during track operation [10].
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Figure 1 a) Picture of EAF slag used b) Particle size distribution curve of EAF slag after 1/3 parallel gradation

Table 1 Physical characteristics of materials used in the test

Properties | d,.. donin C, Cmax Cumin G Particle shape
(mm) (mm)
EAF Slag 19 6.3 1.6 0.931 0.654 3.44 Sub-angular

Table 2 Index parameters of EAF slag from USA and UK specification compared to other natural aggregates

Index parameter Ballast specification | EAF Slag | Limestone [10] | Basalt [11] | Granite [12]
USA[13] UK][14]

Specific gravity, G >2.6 - 3.44 2.63 2.81 2.7

Los Angeles <40 <24 14.6 25 9.94 15

Abrasion index (%)

Aggregate Impact - — 9.1 - - -

value (%)

Micro-Deval index - <5-15% 9.7 12.4 - 13

(%)

Water absorption <2% - 0.34 0.7 0.6 0.5

2.2 Triaxial Experiment Set Up

Figure 1b shows the particle gradation curve following a specific particle size distribution in line with UK ballast
grading specifications [15]. Due to the triaxial apparatus's capacity, which accommodates samples up to 100 mm wide,
a reduced particle size was used [7], ensuring a maximum particle-to-specimen diameter ratio between 5 and 6 [16].
Triaxial tests were carried out using a GCTS Testing System. The specimens, measuring 200 mm in height, were
constructed under a vacuum of 20 kPa and enclosed in a rubber membrane with a 0.6 mm thickness. All samples were
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prepared to a relative density (Dr) of 70%. Specimens were saturated under back pressure, achieving a B-value greater than
0.95, and then isotopically consolidated under confining pressures of 30, 80, 120, and 200 kPa, before shearing commenced.
A fully drained compression test was conducted at an axial strain rate of 1% per minute to allow complete dissipation of
excess pore pressure. The shearing process was carried out until an axial strain of 10% was achieved. According to [17], a
standard train with a 25-tonne axle load generates cyclic deviatoric stress of 230 kPa under confining stresses of 15-65 kPa.
Recent studies on USA freight trains by [18] reported confining pressures up to 72 kPa under cyclic deviatoric stresses of up
to 360 kPa. Therefore, this study selected cyclic deviatoric stresses of 230 and 350 kPa, corresponding to 25 and 40 tone axle
loads with a confining pressure of 60, 80 and 120 kPa. The stress controlled cyclic tests with harmonic sinusoidal cyclic
stress is performed in two phases. In the first stage a reduced frequency of conditioning phase was conducted for 100 cycles
with a frequency of 0.1 Hz [3]. After that a frequency of 5 Hz was applied for next 20,000 cycles as the second and main
loading phase.

3 Result and Discussion
3.1  Monotonic Triaxial Test Results

A set of four isotopically consolidated drained triaxial compression tests were performed on EAF steel slag under
effective confining stresses of 30, 80, 120, and 200 kPa. Figures 2a illustrate how the deviatoric stress varies with shear strain
at different confining stress level. As expected, the deviatoric stress rises with increasing axial strain until a peak is reached.
This peak deviatoric stress grows as the confining stress is increased from 30 to 200 kPa. However, defining peak strength
was challenging due to the constant fluctuations in deviatoric stress caused by "stick-slip" processes with the large angular
particles. Consequently, a distinct failure plane was not observed in these tests at 10% axial strain. Figures 2b illustrate the
volumetric strain (&,) versus shear strain (g,) at different confining stress level. It shows that the &, was initially compressive
and became dilative as the ¢, increased. The &, shows a dilative to a compressive behavior as the confining pressure increased
from 30 to 200 kPa.

Figure 3a shows the peak strength envelop of EAF steel slag. The averaged maximum stress ratio under compression
loading was found to be 1.9, while its value tends to decrease as mean effective stress (p’) at failure increases. Figure 3(b)
shows the variation of peak friction angle (#'cax) of EAF steel slag and other different ballast aggregates from literature tested
under similar stress conditions [19], [12]. The ¢peak reduces with increase in p’. In addition, the @peak of EAF slag falls within
the range of different ballast aggregates, indicating its comparable strength as potential ballast aggregate.
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Figure 2 a) Deviatoric stress vs. deviatoric strain; b) volumetric strain vs. deviatoric strain from drained monotonic compression
tests on EAF slag aggregates
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Figure 3 a) Peak strength envelop of EAF slag b) Variation of peak friction angle with mean effective stress at failure for EAF slag and
various ballast materials

3.2 Cyclic Triaxial Tests Results

Figures 4(a) and 4(b) show the variations in permanent axial strains of EAF slag with the number of load cycles for
applied cyclic loads of 230 and 350 kPa, respectively. It is seen that the permanent axial strain increases with the number
of'load cycles for both cyclic stresses, but rate of accumulation reduces as the number of cycles increases. The permanent
axial deformation decreases with increase in confinement because the aggregates become stiffer and resistant for axial
deformation as applied confining stress increases (Figure 4a and 4b). Moreover, the permanent axial deformation
increases with increase in the amplitude of applied vertical stress from Figure 4a to 4b. This results are consistent with
the previous studies [20]-[23]. Similarly, Figures 4(c) and (d) illustrate the variations of permeant volumetric strain with
the number of cycles for 230 and 350 kPa, respectively. At lower cyclic stress amplitudes, increasing the confining
pressure from 60 to 80 kPa slightly increased volumetric compaction, while increasing it to 120 kPa decreases volumetric
compaction. In contrast, at higher cyclic stress (¢max.c,c = 350 kPa), lower confining pressure induced greater volumetric
strain due to sufficient energy for significant particle rearrangement. Higher confining pressures restricted lateral
expansion and particle rearrangement, reducing volumetric deformation under high cyclic stress [24], [25]. Overall,
volumetric strain significantly increased with higher applied cyclic loads.

Figure 5 presents the variation of the resilient modulus, M, with number of load cycles. The resilient modulus is
calculated as M, = Gmax,cyc/ Earec, Where & rec 18 the resilient axial strain during triaxial unloading. The resilient modulus (M)
increases with confining pressure due to enhanced particle stabilization, which reduces deformation and improves stiffness.
Conversely, M, decreases with higher cyclic stress amplitudes (350 kPa) as greater strain reduces stiffness. Additionally, M,
stabilizes after a certain number of loading cycles, similar to permanent strain behavior.

Figure 6 demonstrates the variation of permanent strains after 10,000 cycles for different natural aggregates from the
literatures[20]—{23] compared to EAF slag in this study. Both final & and &, of EAF slag are lower than the natural ballast
aggregates indicating the better performance of EAF slag in resisting deformation under sustained cyclic loading. This may
be attributed to its higher stiffness and rough structure, which enhanced interlocking. Reduced permanent vertical and
volumetric strain offers advantages such as a thinner ballast layer and decreased maintenance demands [3], making EAF slag
a more cost-effective option with an extended lifespan compared to natural aggregates. It is noted that various factors could
affect the observed variations in final & at 10,000 cycles, including applied cyclic stress, confining pressure, initial density,
frequency of cyclic stress and their combinations [20], [25], [26].
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Figure 4 Variation of permanent axial strain with number of load cycles a) 230 kPa b) 350 kPa; Variation of
permanent volumetric strain with number of load cycles ¢) 230 kPa d) 350 kPa.
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Figure 5 Variation of resilient modulus with number of load cycles
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Figure 6 Comparison of final strains after 10,000 cycles a) permanent axial strain vs confining pressure b) permanent
volumetric strain vs confining pressure
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4 Conclusion

The behavior of EAF steel slag was assessed in the laboratory by conducting a series of physical, mechanical, and
CID triaxial compression and cyclic loading tests, utilizing the parallel gradation technique. Additionally, the
experimental results from various ballast materials are collected from multiple regions to compare with EAF slag
performance. The results of physical tests show that EAF slag satisfy the gradation and shape requirements for railway
ballast, and that it exhibits higher specific gravity and density. The results of mechanical tests show that EAF slag
exhibits strong resistance to abrasion, impact, and crushing, making it highly suitable for use as ballast material. In
addition, its mechanical properties were within the recommended values for railway ballast from UK and USA
specifications. CID triaxial compression tests reveal that the peak strength of EAF slag is comparable to the strength of
majority of natural ballast aggregates from the literatures and it decrease with increase in applied confining pressure.
The cyclic triaxial tests show that the permanent deformation and resilient modulus of EAF slag depends on the applied
confining pressure and magnitude of applied cyclic stress. Permanent strain reduces as confining pressure increase due
to the additional lateral resistance while it increases with applied cyclic stress. However, comparison from previous
literature the final permanent axial and volumetric strains after 10,000 cycles were significantly lower than the natural
aggregates. This indicates the better performance of EAF slag as ballast aggregate by providing better resistance to
deformation for long term cyclic loads.
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