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A B S T R A C T

The present study evaluates the shear strength characteristics, deformation properties, and degradation behavior 
of limestone-based reused ballast (RB) material by mixing crumbs of waste tire-derived aggregates (TDA), 
focusing on its suitability for railway infrastructure. Conventional large-scale direct shear tests and novel large- 
scale cyclic simple shear tests were performed to investigate the effects of tire-derived aggregate (TDA) content, 
with particle sizes varying between 22.4 mm and 50 mm. The results indicate that adding 5 % by the mass of TDA 
slightly reduced the friction angle from 46.6◦ to 44.5◦, which is not a significant change compared to RB. 
However, increasing the TDA content to 10 % led to a notable decrease in the friction angle to 41◦, highlighting 
the significant impact of higher TDA content on the shear strength behavior. Further, incorporating 5 % TDA 
improved the shear modulus and damping ratio relative to RB, which is attributed mainly to the similar larger 
particle sizes (22.4–50 mm) of TDA. Conversely, at 10 % TDA content, reductions in both shear modulus and 
damping ratio were observed. The ballast breakage index (BBI), evaluated through cyclic simple shear tests, 
showed a significant decrease from 15 % for RB to 9.5 % for the ballast sample containing 5 % TDA. Additionally, 
increased TDA content enhanced material durability, reducing Los Angeles abrasion (LAA) losses from an initial 
33.5 to under 30 % at 5 % TDA. These findings demonstrate that incorporating 5 % by mass of TDA into RB 
material is optimal for enhancing deformation characteristics and reducing ballast degradation while main
taining adequate shear strength. This sustainable approach facilitates the recycling of waste materials, promotes 
a circular economy, and helps maintain safe and stable railway track conditions.

Introduction

In recent decades, rail transportation systems have advanced 
significantly with the development of sustainable railway infrastructure, 
the expansion of freight corridors, and the development of high-speed 
railways. Driven by the need to enhance railway performance and 
reduce capital construction costs, these advancements have encouraged 
the adoption of alternative designs and new construction methodolo
gies. Most railway infrastructure relies on ballast tracks, which exhibit 
three major roles: (i) they uniformly transmit the trainload to the un
derlying subgrade, (ii) they uphold track geometry and alignment, and 
(iii) they function as a drainage barrier [1]. The persistent influence of 
train loads and varying environmental conditions leads to substantial 
ballast degradation [2,3]. The progressive degradation of ballast leads to 
an increased generation of fines. The accumulation of these fines 
generated from particle breakage and degradation contributes to void 
filling, reducing the drainage capacity of the ballast material [4]. 

Moreover, ballast particles undergo densification and rearrangement 
beneath the sleepers under repeated train loads. This densification 
forces particles to flow outward, reducing internal friction characteris
tics and lateral confinement and leading to increased vertical and hor
izontal deformations. Consequently, reduced deformation 
characteristics of ballast compromise track stability, ultimately resulting 
in track geometry defects [5]. Therefore, addressing ballast degradation 
is necessary to enhance the stability and serviceability of railway tracks, 
thereby minimizing maintenance costs. Accordingly, numerous studies 
[4,6–11] have concentrated on the implementation and maintenance of 
these ballast track systems. Previously, various techniques have been 
implemented to improve the serviceability of railway ballast, including 
geogrid and geocell reinforcement [12–15], modified ballast materials 
[11,15–18], under sleeper pads [19–22], and under ballast mats 
[23,24].

The ballast will inevitably degrade after an operational period, 
requiring the replacement or addition of newly sourced material from 
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Table 1 
Summary of relevant literature on the Ballast materials and TDAs.

Reference/Year Ballast materials TDA (%) TDA size (mm) Key Findings Relevance

[38] (2025) Fresh andesite igneous 
rock, TDA

2.5–12.5 
%

1–30 mm Developed ballast mechanical properties index (MPI). Low to medium particle size TDA. Monotonic and cyclic direct 
shear tests.

[39] (2024) Rubber intermixed 
ballast systems (RIBS)

0–15 % 9.5–19 mm The stress reduction of 20–30 % at the lower ballast layer with the addition of 
TDA-10 %. Decrease of peak friction angle with an increase in rubber content.

Lower particle size of TDA, Large-scale monotonic and cyclic 
triaxial tests to evaluate the permanent deformation behavior.

[40] (2024) Fresh and recycled slag 
ballast

− − An increase in maximum ballast size raised the BBI by more than 10 %; recycled 
ballast reduced the BBI by upto 7 %.

Cyclic and post-cyclic monotonic Large-scale triaxial tests to 
evaluate the permanent deformation behavior.

[41] (2024) Fresh Granite Ballast, 
(CR)

0–15 % 9.5–19 mm Lower BBI < 0.1 after adding 5 % or more 
rubber. Track vibrations 
were minimized by 60 % for TDA-10 % by volume compared to conventional 
ballast.

Lower particle of TDA, Large-scale monotonic and cyclic triaxial 
tests, field prototype study.

[42] (2024) Quarried gneiss 
granular aggregate, CR

10 % 0.8–3 mm 3 to 7 mm Crumb rubber content at 10 % by mass is nearly double that at 10 % by volume. Packing tests to evaluate segregation, differences in % mass and % 
volume addition crumb rubber

[43] (2023) TDA 100 % 6.4–12.7 mm Rubber aggregate enhances energy dissipation but reduces peak stress. Small-scale cyclic simple shear tests and bender element tests to 
evaluate the shear modulus and damping ratio

[44] (2022) Well-graded sand and 
gravel, TDA

0–100 % 11–12 mm 5–6 mm 2–3 
mm

TDA chips enhance the sub-ballast strength, while TDA granules negatively 
affect it. Recommended optimum tire content of 20 %.

Particle size of TDA limited to 12 mm, Large-scale monotonic and 
cyclic triaxial tests.

[45] (2022) Fresh basalt ballast, CR 10 % 12.5–25 mm 4.75 to 9.5 
mm

The prominent effect of smaller-size crumb rubber in affecting the damping 
properties of degraded ballast.

Particle size of TDA limited to 25 mm, Drop-weight impact loading 
tests to evaluate the damping, stiffness and degradation properties

[46] (2021) Coal fouled ballast 0–40 % 9–26.5 mm (gradation of 
coal foul ballast)

Ballast shear strength and dilatancy decrease with higher normal pressure and 
fouling.

Monotonic large scale direct shear tests.

[47,48] (2019) Fresh granite ballast, 
TDA

0–10 % 20–63.5 mm Adding 5 % rubber caused about 10 % reduction in shear resistance and 
modulus, but increased damping ratio by over 15 %.

Large-scale monotonic and cyclic direct shear tests.

[49,50]
(2018,2017)

TDA 100 % 75–100 mm (Type A) 
150–300 mm (Type B)

The shear modulus of Type B TDA (maximum 2,386 kPa) decreases with higher 
shear strains, similar to natural granular soils but with lower magnitudes.

Larger particle size of TDA. Large-scale cyclic simple shear tests 
(with cyclic strain limit ranging from 0-10 %) and large-scale direct 
shear tests.

[29,51] (2016) Dolamite ballast, TDA 0–30 % 19–63.5 mm Based on the combined effects on shear strength and settlement behavior, 10 % 
TDA is proposed as optimal.

Ballast deformation behavior and particle breakage were assessed 
through cyclic loading tests in ballast box.

[52] (2015) Fresh granite ballast, 
CR

0–30 % 8–22.4 mm Crumb rubber content of 10 % is optimal, as higher amounts (20–30 %) can 
worsen track geometry, whereas 10 % reduces ballast breakage without 
increasing settlement.

Ballast box tests to evaluate the influence of the quantity of crumb 
rubber

[53]
(2005)

Fresh ballast − − Ballast experiences severe breakage at low confinement (≤30 kPa), whereas 
slight increases in confinement notably reduce particle degradation.

Large scale triaxial tests and developed ballast breakage index to 
evaluate degradation under cyclic loading
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quarries. In the last three decades, igneous or metamorphic rocks like 
granite have been the preferred choice for ballast because of their su
perior durability over sedimentary rocks [25]. However, the limited 
availability of high-quality ballast in many countries [25,26] has 
prompted them to use alternatives such as limestone [25], recycled 
materials from foamed glass [27], ballast with tire derivatives 
[16,28,29], and geosynthetic reinforced ballast [30–32]. Additionally, a 
trend has been increasing to conserve high-quality raw materials by 
incorporating recycled materials [33,34]. Indraratna et al., [35] indi
cated that incorporating a rubber tire assembly into the load-bearing 
substructure and adding tire arc segments along the track shoulders 
increased the ballast layer’s confinement, thereby reducing settlements 
and lateral displacements. Numerous studies [4,11,15,17,35–37] have 
been undertaken to examine various innovative strategies for utilizing 
recycled industrial wastes, such as tire derivatives, coal wash, plastics, 
and glass, aiming to mitigate track degradation and elevate overall 
performance. The findings from these studies suggest that modified 
ballast with tire-derived aggregates (TDA) consistently shows improved 
performance. Table 1 presents a comprehensive review [29,38–53] of 
the findings and implications derived from relevant studies, detailing 
various ballast and TDA materials. It specifically addresses the impact of 
the percentage of TDA addition and its particle size on the mechanical 
properties of these modified ballast materials. This systematic review of 
recent literature contributes to a deeper understanding of the factors 
influencing the performance of ballast materials in this context. Notably, 
adding waste tire chips reduces particle breakage compared to pure 
ballast. However, the stress–strain behavior observed from the static and 
cyclic loading tests indicated that TDA addition significantly decreased 
the peak shear stress, internal friction angle, dilation, and interface 
shear stiffness [47]. While most studies [28,29,52,54,55] used TDA sizes 
between 8 and 24 mm, Song et al. [47] used particle sizes between 8 and 
63.5 mm for TDA in the ballast mix. Anjos et al. [42] observed aggregate 
segregation in the case of smaller sizes of crumb rubber. In particular, 
they observed increased segregation of smaller-sized crumbs at the 
bottom due to cyclic loads. This indicated that the use of a larger particle 
size of TDA could reduce the particle segregation at the bottom of 
modified railway ballast material.

Railway traffic exerts compressive as well as shear loads on the 
ballast and subgrade. Vertical and shear stresses in the ballast tracks are 
interconnected, influencing each other in complex ways [56]. High 

vertical stresses may enhance friction between ballast particles, aiding 
in shear resistance. However, if vertical stresses become excessive, they 
can wear down the ballast, weakening its shear resistance. A compre
hensive understanding of prior research studies [47,57–60] indicates 
that evaluating the deformation behavior of ballast materials requires 
large-scale laboratory experiments. These experiments include large- 
scale direct shear tests [46–48,50,61,62], large-scale triaxial tests 
[57–59,63–65], ballast box tests [22,57], and prototype testing 
[23,24,63,66]. In addition, Los Angeles abrasion (LAA) tests 
[26,67–69], and Micro-Deval abrasion (MDA) tests [26,67] are per
formed to evaluate the degradation of ballast materials. Table 2 sum
marizes the application methods of these large-scale tests and their 
dimensions, which range from a minimum of 300 × 300 × 100 mm to a 
maximum of 800 × 500 × 100 mm. Most research [17,39,57,59,70] on 
fine and coarse-grained materials and ballast-TDA mixtures has focused 
on compression behavior involving various uniaxial and triaxial 
compressive tests. The direct shear test is widely used to reveal various 
properties of granular and fine materials. Monotonic large-scale direct 
shear and triaxial tests evaluate ballast material’s shear strength char
acteristics [47,58,61]. Cyclic triaxial tests, on the other hand, are used to 
evaluate the resilient and permanent deformation behavior of ballast, 
focusing on shear stiffness, dissipated energy, and damping ratio 
[71,72]. Besides, monotonic and cyclic direct shear tests are also used to 
assess the frictional characteristics, compressive behavior, interface 
shear stiffness, and damping ratio [47]. Over the years, numerous lab
oratory tests have been established to estimate the resilience and 
deformation behavior of both fine-grained and coarse-grained materials. 
Notably, cyclic triaxial and cyclic simple shear tests are frequently used 
in laboratories to evaluate the cyclic behavior of fine-grained materials. 
The cyclic triaxial test is extensively used to assess the cyclic behavior of 
coarse-grained ballast materials because it allows for the consolidation 
of specimens under isotropic or anisotropic conditions, thus simulating 
In situ ground conditions [73]. Alternatively, the cyclic simple shear test 
also provides a more realistic representation of stress conditions in the 
horizontal plane characterized by maximum shear stress, closely 
matching those at the In situ ground conditions [43,73,74].

The primary concern of this research is the lack of high-quality 
ballast material, as highlighted by existing studies [25,26]. Given the 
growing reliance on low-durability limestone ballast in regions with a 
limited high-quality ballast material, a thorough analysis of its 

Table 2 
Summary of large-scale laboratory tests performed in literature for the mechanical characterization of ballast material.

Large-scale experimental tests in 
Laboratory

Test Type Dimensions Measurements References

Triaxial Test Static and cyclic Dia-300 mm, H-600 mm Permanent axial deformation, volumetric strain, resilient modulus, 
damping ratio and BBI

[36,53,58]

Cyclic and post-cyclic 
monotonic

Permanent axial deformation, shear modulus, damping ratio, 
friction angle, fouling index

[40]

Cyclic Dia-300 mm, H-600 mm Dynamic characteristics of tyre derived aggregates [65]
Static and cyclic Dia-305 mm, H-610 mm Permanent axial deformation of dry and wet ballast [59]

Direct Shear Test Static (LxWxH) 500x500x350 
mm

Stress–strain, friction angle, cohesion, BBI [48]
Static and cyclic Stress–strain, friction angle [47]

Interface shear modulus, Damping Ratio
Static (LxWxH) 450x450x300 

mm
Friction angle, Interface efficiency factor, BBI [30]

Static (LxWxH) 600x700x550 
mm

Shear and deformation characteristics [62]

Cyclic Simple Shear test Cyclic (LxWxH) 
3048x1219x1400 mm

Shear Modulus and Damping ratio [49]

Ballast Box Test Track Process Simulation 
(TPSA)

(LxWxH) 800x600x600 
mm

Lateral deformation, shear and volumetric response [71]

Cyclic (LxWxH) 300x700x450 
mm

Lateral deformation, shear and volumetric response [22]

Plate Load test Static (LxWxH) 800x600x400 
mm

Ballast settlement and stiffness, BBI [17]

Impact tests Impact Loading Dia-300 mm, H-560 mm Vertical and lateral deformation, Impact forces, BBI [24]
Dia-240 mm, H-500 mm Degradation and morphological indices [3]

Stiffness and Damping [45]
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properties and potential improvements from the addition of waste tire- 
derived aggregates is essential. In this regard, the present study is 
focused on evaluating the deformation properties and mechanical 
degradation of these modified materials through a comprehensive series 
of mechanical tests. The objective of this evaluation is to contribute to 
the existing research knowledge regarding the shear strength, defor
mation, and degradation characteristics and potential applications of 
these materials in railway infrastructure. Railway ballast experiences 
complex loading from train movements, including vertical and shear 
forces, which impact its deformation behavior. As discussed in Tables 1 
and 2, researchers have successfully characterized ballast shear strength 
and deformation properties using static and cyclic triaxial tests, ballast 
box tests, and direct shear tests, providing valuable insights into ballast 
performance. There exists a significant need for further research into the 
cyclic shear behavior of railway ballast, which is vital for a thorough 
understanding of deformation behavior and material degradation. 
Additionally, it is important to highlight that the shear modulus derived 
from cyclic direct shear tests primarily reflects the interface shear 
stiffness and may not accurately represent the overall shear stiffness of 
the ballast materials. Addressing these aspects could enhance our un
derstanding and improve the performance of railway ballast. This study 
introduces a novel experimental approach by implementing large-scale 
cyclic simple shear testing for railway ballast material to analyze the 
shear response of recycled limestone ballast-TDA mixtures under 
repeated loading cycles. Unlike conventional cyclic triaxial shear tests, 
cyclic simple shear testing replicates the shear stresses that ballast ex
periences due to cyclic wheel-rail interactions. These shear forces 
contribute to ballast degradation, track misalignment, and differential 
settlement, making their accurate assessment of modified ballast 
behavior and mitigating maintenance costs. A novel large-scale cyclic 
simple shear apparatus has been designed and developed in the 
geotechnical laboratory at the Slovenian National Building and Civil 
Engineering Institute (ZAG), Slovenia, to evaluate the cyclic shear 

behavior of ballast materials. The presented research primarily focuses 
on cyclic shear loading and unloading, evaluating the material’s 
response to repeated shear strains, as well as its stiffness and damping 
behavior. In addition, monotonic direct shear tests were performed to 
explore the influence of the TDA content on the shear strength charac
teristics of fresh and recycled limestone-based ballast. Furthermore, this 
study presents the evaluation of ballast degradation using the ballast 
breakage index (BBI), Los Angeles abrasion (LAA), and Micro-Deval 
abrasion (MDA) tests. The findings provide insights into the deforma
tion and degradation properties of reused limestone-based ballast and 
TDA mixed reused ballast material, promoting sustainability in railway 
infrastructure.

Objective and scope of the study

The primary objective of this study is to evaluate the mechanical and 
shear characteristics of limestone-based reused ballast (RB) material by 
adding shredded waste tire-derived aggregates (TDA) with particle sizes 
ranging from 22.4-50 mm. The objectives include 1) assessing the shear 
strength characteristics of reused ballast (RB) and the potential changes 
in TDA mixed reused ballast material (TDRB), 2) analyzing the defor
mation properties from cyclic simple shear tests, including shear stiff
ness and damping properties of RB and TDRB mixtures, 3) evaluating the 
particle breakage of RB and TDRB mixtures induced from the cyclic 
simple shear from ballast breakage index (BBI), and 4) assessing the 
ballast degradation from Los Angeles abrasion (LAA), and Micro-Deval 
abrasion (MDA) tests. The stress–strain response, internal friction 
angle, dilation behavior, shear stiffness, and damping ratio of RB and 
TDRB were analyzed to understand the influence of TDA. Additionally, 
monotonic direct shear tests were conducted on the freshly sourced 
limestone-based ballast material (NSB) and a mixture of freshly sourced 
ballast with 5 % TDA (TDNSB-5 %) to assess its shear strength charac
teristics compared to RB and TDRB mixtures. Finally, the optimal 
combination of TDRB ballast mixture for railway track application was 
recommended.

Materials and laboratory testing program

The recycled ballast material, sourced from the Slovenian railway 
network, was initially derived from limestone [25]. To ensure it was 
clean before testing, the selected recycled ballast was initially washed 
and dried, followed by sieving with appropriate sieves to obtain the 
particle size gradation. The 100 % recycled tire-derived aggregates 
(TDA), supplied by a local company, were primarily sourced from the 
tires of heavy vehicles. These tires were shredded into rubber aggregates 
after removing the fibers and thin steel wires. Fig. 1(a) presents the 
gradation curves of the RB, NSB, and TDA materials. The reused ballast 
(RB) was obtained from existing railway tracks, which resulted in 
distinct morphological differences compared to newly sourced ballast 
(NSB). RB particles were more rounded and had smoother surfaces due 
to previous operational loading and abrasion, while NSB particles 
retained sharper edges and rougher textures. The particle size distribu
tion of TDAs ranges from 22.4 to 50 mm, with a mean particle size (D50) 
of 35 mm. This indicates that TDAs were relatively larger compared to 
those used in previous studies, as shown in Table 1. The larger size was 
intended to prevent rubber particle segregation in the mixtures, similar 
to the usual particle size of ballast material. Accordingly, the overall 
particle size distribution curves of the TDRB and TDNSB-5 % mixtures, 
as shown in Fig. 1(b), were in accordance with the gradation recom
mended for ballast material by European standards [75]. The TDRB 
ballast mixtures for monotonic and cyclic tests were manually prepared 
by mixing recycled ballast with TDA in proportions ranging from 0 % to 
10 % by mass. Adding the TDA content by over 10 % by mass can 
significantly increase the volume of the rubber material in the ballast 
mixture. This may lead to reduced stiffness in the ballast system, causing 
unacceptable settlements [29,54,55]. Therefore, in the present study, 

Fig. 1. Gradation curves a) RB, NSB, and TDA b) TDRB and TDNSB- 
5% mixtures.
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the highest percentage of TDA by mass proportion was limited to 10 % 
by mass. Table 3 summarizes the initial and relative density values of the 
RB and TDRB mixtures. The relative densities of the TDRB and TDNSB 
mixtures were estimated using their corresponding pure ballast speci
mens as reference points. The RB specimen showed the highest initial 
density (1553 kg/m3), followed by NSB (1463 kg/m3), while TDRB-10 % 
had the lowest initial density at 1293 kg/m3. The reused ballast samples 
underwent oven and air-drying to ensure dryness before preparing the 
specimens for monotonic and cyclic shear tests.

Large-scale direct shear test

The schematic illustration of the setup dimensions and loading 
arrangement of the large-scale direct shear test setup is shown in Fig. 2
(a). The monotonic direct shear tests for each specimen, RB, TDRB-3 %, 
TDRB-5 %, TDRB-7 %, TDRB-10 %, NSB, and TDNSB-5 % were per
formed at four different normal pressures: 50, 100, 200, and 300 kPa. As 
shown in Fig. 2(b)-()–(d))–(, the samples were prepared in two split 
boxes (top and bottom), with each box having dimensions of 600 × 300 
× 200 mm (L × W × H). The specimens within these boxes were com
pacted to achieve their respective densities, as detailed in Table 3. The 
displacement transducer, attached to the lower frame (Fig. 2(e)), 
enabled the measurement of the relative displacement between the 
bottom and top split boxes. The monotonic shearing process was carried 
out at a constant speed of 2.5 mm/min, continuing until either failure 
occurred or a maximum shear displacement of 10 cm was achieved. 
Special care was taken in measuring displacements and shear loads to 
ensure precise evaluation of recorded data across the full range of dis
placements. Each test involved measuring vertical and horizontal forces 
to calculate shear and normal stress, along with horizontal and vertical 
displacements. Through these tests, the relationships between shear 
stress and horizontal displacement, as well as vertical and horizontal 
displacement during shearing, were established to evaluate the behavior 
of RB, TDRB, NSB, and TDNSB-5 % mixtures. Moreover, these mea
surements were used to calculate the internal friction angle of all the 
tested samples.

Large-scale cyclic simple shear tests

The multi-functional large-scale testing equipment shown in Fig. 3
consisted of a uni-directional moving base, a frame setup for applying 
normal and horizontal loads, hydraulic vertical and horizontal actua
tors, load cells, and advanced data acquisition systems. Key features 
include a 100 mm displacement capacity for the movable base and a 
load measurement range of 0–200 kN for normal and horizontal loads, 
with the added capability to apply and measure cyclic displacements 
and loads with the capability of measurements at large strains and small 
strains ranging as small as 10− 4 %. This versatile setup supports various 
tests, such as large-scale triaxial, direct shear, and cyclic simple shear 
tests. Cylindrical specimens are usually preferred in triaxial tests 
because their symmetrical shape allows for uniform stress distribution 
and consistent application of confining pressure and axial load [73]. 
However, for large-scale shear tests cylindrical samples present chal
lenges due to the less defined shear plane, which complicates the 
application of uniform shear stress. Therefore, rectangular specimens 
were chosen for large-scale simple shear tests in this study, as they 
provide a well-defined and consistent shear plane, facilitating the uni
form application of shearing. In developing the dimensions, laminar 
confining frames, and loading setup for the cyclic simple shear tests, the 
following considerations were prioritized: First, the height of the 
laminar box should be designed large enough to support large-scale 
testing of ballast specimens. Accordingly, the overall dimensions of 
the specimens for cyclic simple shear tests were selected based on the 
research knowledge obtained from the extensive review, as shown in 
Table 2. The adopted dimensions were 400 × 400 × 540 mm (L × W ×
H). Second, the thickness of the laminar confining frames had to be 

Table 3 
Initial and relative densities of ballast materials.

Sample TDA content % by mass Initial Density Relative Density

% kg/m3

RB 0 1553 1
TDRB-3 % 3 1480 0.95
TDRB-5 % 5 1410 0.91
TDRB-7 % 7 1348 0.87
TDRB-10 % 10 1293 0.83
NSB 0 1463 1
TDNSB-5 % 5 1373 0.94

Fig. 2. Illustration of (a) Direct shear test (a) Front view (b) Top view (c) 
Sample preparation (d) shearing of 10 cm.

Fig. 3. Schematic illustration of the cyclic simple shear test setup.
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sufficient to allow for distinct shearing at each plane and ensure the 
evaluation of more precise shear deformations even at low-frequency 
loading. Hence, the thickness of each frame was considered 3 cm. 
Lastly, the top loading arrangement is needed to promote sliding and 
should eliminate the probable tilting of frames during the shearing 
process. To accommodate this, the movement assisting girder was 

provided at the top, as illustrated in Fig. 3. The gap between the laminar 
frames was provided with flexible Teflon sheets to ensure smooth sliding 
between the frames and, with the assistance of the moving assistant 
girder, eliminate the tilting of the frames. All these considerations 
ensure that the equivalent shear-beam deformation mode can be sus
tained. While Teflon sheets were employed between the frames to 
reduce friction, a minor residual frictional component may inevitably 
exist. The consistent experimental conditions across all tests suggest that 
any residual friction was minimal, uniform, and, therefore, unlikely to 
significantly affect the comparative evaluation of the tested ballast 
mixtures. The developed large-scale cyclic simple shear test setup, as 
shown in Figs. 3 and 4(a), comprises 18 rectangular aluminum frames, 
each having dimensions 420 × 420 × 30 mm (L × W × H), resulting in a 
total height of 540 mm. The inner side-to-side distance of the frame was 
400 mm. As shown in Fig. 4(a), the inner wall of the laminar box was 
installed with a fabric membrane to prevent the loss of fine particles 
during the test.

Lackenby et al. [76] have shown that the vertical stress levels 
experienced by ballasted railway tracks can vary significantly, typically 
ranging from 200 kPa to 1250 kPa. This variation is influenced mainly 
by the type of train operating on the tracks, with heavier and faster 

Fig. 4. Pictures of cyclic simple shear test (a) Experimental arrangement (b) Displacement transducer (c) Sample preparation (d) Sample preparation in apparatus (e) 
Degraded material after the test.

Table 4 
Cyclic testing protocol adopted in cyclic simple shear tests.

Stage Loading 
Cycle

Strain Loading 
frequency

Amplitude Loading rate

​ ​ % Hz mm mm/sec
1 1–3 0.0005 0.0167 0.0019 0.000125
2 4–6 0.004 0.0167 0.015 0.001
3 7–9 0.016 0.0167 0.06 0.004
4 10–12 0.065 0.0167 0.24 0.016
5 13–15 0.130 0.0167 0.48 0.032
6 16–18 0.25 0.0167 0.96 0.064
7 19–21 1.00 0.0167 3.83 0.25
8 22–24 2.00 0.0167 7.66 0.51
9 25–27 4.00 0.0167 15.32 1.02
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trains generating greater stress levels. Moreover, Indraratna et al. [77]
reported that maximum cyclic vertical stresses in an experimental track 
section reached 230 kPa, with a peak of 415 kPa due to a wheel flat. This 
finding highlights that wheel defects can significantly increase stress 
levels, leading to accelerated ballast degradation. In this study, cyclic 
shear tests were conducted with normal loads of 50, 200, and 300 kPa, 
which represent the range of typical railway loads. During the strain- 
controlled simple shear tests, shear stress was measured as a function 
of varying strain. The tests were performed at lower loading speeds at 
low strain levels, which increased progressively with higher strains. The 
loading stages 1–10, as summarized in Table 4, present the shearing rate 
varied between 0.000125 mm/sec and 1.02 mm/sec and cyclic shear 
amplitude varied between 0.0019 mm and 15.32 mm, keeping a con
stant duration of 3 mins for each loading cycle. The testing program 
consisted of 15 simple shear tests conducted on RB, TDRB-3 %, TDRB-5 
%, TDRB-7 %, and TDRB-10 % to characterize the effects of vertical 
stress and cyclic shear strain on secant shear modulus and damping 
ratio. Railway ballast undergoes cumulative deformation due to 
repeated train loads. This includes elastic, plastic, and breakage-induced 
deformation, with shear stiffness gradually decreasing as shear strains 
increase. Previously, McCartney et al. [49] conducted large-scale simple 
shear tests for cyclic shear strain amplitudes ranging from 0.1 % to 10 %, 
revealing a less significant change in the secant shear modulus beyond 3 

% shear strain. For instance, in the TDA sample tested at a normal load of 
76.6 kPa, the secant shear modulus at 0.1 % strain was 2400 kPa. This 
value decreased to 560 kPa at 3 % strain, and at 10 % strain, the shear 
modulus was measured at 420 kPa. This indicates that the decrease in 
shear modulus becomes less significant beyond the 3 % strain level. 
Hence, this study was conducted for ten loading stages with cyclic shear 
strain amplitudes ranging from 0.0005 % to 4 %. The constant frequency 
at all loading stages aimed to capture the material’s quasi-static 
behavior at all strains due to cyclic loading, ensuring the reproduc
ibility and comparability of results. The gradual increase of amplitude at 
each stage of the test was expected to simulate the different levels of 
ballast deformation under cyclic shear loading. Further, with the in
crease of amplitude, the loading rate was also increased in each stage to 
mimic different shear force levels exerted by the train movements. This 
approach was adopted to characterize the non-linear elastic behavior of 
ballast observed under cyclic loading, particularly at high strain levels. 
It provides practical insights into ballast performance by quickly 
assessing stiffness and energy absorption. As shown in Figs. 3 and 4(b), 
load cell-1 was used to measure the applied constant normal load, and 
load cell-2 was used to measure the shear load generated due to the 
applied cyclic shear of the specimen. Further, two horizontal trans
ducers were fixed at positions x1 and x2 with a vertical spacing h, rep
resenting the relative displacement measurements at the top and 

Fig. 5. Shear stress vs horizontal displacement curves from the direct shear test for samples a) RB (b) TDRB-3% (c) TDRB-5% (d) TDRB-7% (e) TDRB-10%.
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bottom, respectively, as illustrated in Figs. 3 and 4(b). Accordingly, the 
corresponding shear strains from the applied cyclic shearing were 
calculated using Eq. (1). 

γ =
(Δx2 − Δx1)

h
(1) 

where Δx2 and Δx1, represent the relative displacements between the 
base and at the top, and h is the vertical spacing. As shown in Fig. 4(c)& 
(d), the RB and TDRB samples were prepared in a simple shear box, 

considering their respective densities. Fig. 4(e) displays the particle 
breakage and the accumulation of finer particles at the bottom following 
the cyclic simple shear tests. These degraded samples were subsequently 
used to evaluate the BB Index (BBI).

Results and discussion

Shear strength characteristics

This study presents the shear strength characteristics obtained from 
monotonic direct shear tests conducted on all TDRB mixtures, NSB and 
TDNSB-5 %. Fig. 5(a)-()–(e))–( depicts the curves illustrating the vari
ations in shear stress (kPa) with horizontal displacement for the RB and 
TDRB mixtures. The stress-displacement curves indicate that the TDRB 
mixtures exhibit a lower peak shear stress at each normal loading stage 
compared to the RB sample. This was due to the TDAs in the TDRB 
mixtures acting as a flexible, low-friction filler, reducing the direct 
contact and friction between gravel particles. Consequently, this reduces 
the TDRB material’s shear resistance, leading to a lower peak shear 
stress under the same normal stresses compared to the RB sample. 
Moreover, materials undergo significant elastic and plastic deformation, 
reorganization, and breakage at higher displacements. Fig. 6(a)&(b) il
lustrates the comparisons of stress-displacement curves for RB, NSB, and 
TDNSB-5 %. The peak stresses of NSB were found to be higher than that 
of RB because the NSB materials were newly sourced, possessing good 
angularity and greater frictional resistance between the granular parti
cles. Further, the results presented in Fig. 5(a)-()–(e))–( and Fig. 6(a)& 
(b) clearly demonstrate that ballast breakage was caused by shearing, as 
evidenced by the sharp drops (stick–slip behavior) observed in the 
stress-displacement curves. The TDRB mixtures displayed stick–slip 
behavior with TDA content ranging from 0 to 7 %. The higher per
centage of TDA, such as 10 %, displayed more stable curves, which 
suggests a reduction in stick–slip behavior and less abrupt stress re
leases. Sadeghi et al. [38] presented the stress-displacement curves for 

Fig. 6. Shear stress vs horizontal displacement curves from the direct shear test for samples (a) NSB (b) TDNSB-5%.

Fig. 7. (a) Variation of internal friction angle with TDA (%) addition.

Table 5 
Friction angle comparison of ballast materials.

TDA 
Content

Friction angle

Present study Present study Song et al. (2019) 
[42,43]

Sadeghi et al. (2025) [34] Sadeghi et al. (2025) [34] Qi et al. 
(2024) [35]

(%) Reused limestone ballast +
TDA size 22.4–50 mm

Fresh limestone ballast +
TDA size 22.4–50 mm

Fresh ballast (granite) +
TDA size 8–63.5 mm

Fresh ballast (igneous 
rock) + TDA size 30 mm

Fresh Ballast (igneous 
rock) + TDA size 5 mm

RIBS (triaxial 
tests)

◦ ◦ ◦ ◦ ◦ ◦

0 46.6 50.2 38.7 48.5 48.5 56
3 45.5 − − 44 (TDA − 2.5 %) 48.2 (TDA − 2.5 %) ​
5 44.5 44.5 34.6 43.3 48 54
7 41.4 − − 38.4 45 ​
10 41 − 29.5 37 (TDA − 7.5 %) 44 (TDA − 7.5 %) 51.3
15 − − − 35.5 (TDA − 12.5 %) 43 (TDA − 12.5 %) 48.5
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various ballast mixtures with TDA sizes varying from 1-30 mm, indi
cating a stick–slip behavior with large TDA particle sizes. Further, they 
asserted that larger TDAs behave more like ballast grains, experiencing 
and transmitting larger shear forces, leading to more pronounced 
stick–slip behavior. In contrast, smaller-sized TDAs are primarily 

utilized for filling voids rather than for a significant role in transmitting 
shear forces, which results in a more uniform stress distribution, thereby 
minimizing sudden force-slip events. Similarly, researchers [47,48]
observed stick–slip behavior with the addition of 5 % TDAs with 8–63.5 
mm size to the ballast mixtures. Further, the RB material in the present 

Fig. 8. Vertical displacement vs horizontal displacement curves from the direct shear test for samples (a) RB (b) TDRB-3% (c) TDRB-5% (d) TDRB-7% (e) TDRB-10%.

Fig. 9. Vertical displacement vs horizontal displacement curves from the direct shear test for samples (a) NSB (b) TDNSB-5%.
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study showed a reduced stick–slip behavior compared to TDRB, NSB, 
and TDNSB-5 %, which can be attributed to the degradation of the 
granular particles from previous use. The significant rounding and 
degradation of these particles decreased interlocking, leading to fewer 
abrupt stress drops. Moreover, the stick–slip behavior in NSB material 

arises from fresh particles with sharper edges and higher angularity, 
resulting in stronger interlocking and abrupt force redistributions. The 
particle gradation of TDAs, which range from 22.4 to 50 mm, was like 
those of reused ballast material. This implies that larger TDA particles 
significantly participate in the shear interlocking and transmitting the 

Fig. 10. Shear stress vs shear strain curves from the cyclic simple shear test for RB samples (a) RB at normal stress 50 kPa, (b) RB at normal stress 200 kPa, (c) RB at 
normal stress 300 kPa.

Fig. 11. Close-up view of shear stress vs shear strain curves of RB samples (a) RB at normal stress 50 kPa and 0.0005 % strain, (b) RB at normal stress 200 kPa and 
0.0005 % strain (c) RB at normal stress 300 kPa and 0.0005 % strain (d) RB at normal stress 50 kPa and 0.25 % strain, (e) RB at normal stress 200 kPa and 0.25 % 
strain (f) RB at normal stress 300 kPa and 0.25 % strain (g) RB at normal stress 50 kPa and 2 % strain, (h) RB at normal stress 200 kPa and 2 % strain (i) RB at normal 
stress 300 kPa and 2 % strain.
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shear forces in the TDRB mixtures.
The internal friction angle for all tested samples was estimated from 

the obtained peak shear stresses and the applied normal stresses using 
the Mohr-Coulomb failure criterion. Fig. 7 shows the internal friction 
angle results for TDRB and TDNSB mixtures with different TDA contents. 
The friction angle for RB, without any TDA content, was observed to be 
φ = 46.6◦. The internal friction angle (φ) decreased from 46.6◦ to 41◦

with an increase in TDA content from 0 % to 10. In the case of TDRB-5 %, 
the friction angle was around 44.5◦, which was not a significant 
decrease. Meanwhile, the friction angle for NSB without TDA content 
was 50.2◦, higher than that of the RB sample. Table 5 presents the in
ternal friction angle comparisons of various TDA mix ballast materials 
obtained from the current and previous studies. The comparison shows 
that adding TDA to RB mixtures had a minimal effect on friction angle 
compared to TDNSB mixtures. Notably, the friction angles for TDRB-5 % 
and TDNSB-5 % were identical, highlighting a more pronounced 
friction-angle reduction in TDNSB-5 % relative to NSB. This observation 
aligns with findings by Song et al. [47,48] and Sadeghi et al., [38], who 
reported a substantial decrease in friction angles (from 38.7◦ to 34.6◦

and from 48.5◦ to 43.3◦, respectively) with the addition of 5 % TDA 
compared to fresh ballast. These findings suggest that incorporating 
TDAs has a more pronounced effect on lowering the friction angle of 
TDNSB compared to TDRB mixtures.

Fig. 8(a)–(e) presents the horizontal and vertical displacement var
iations of the RB sample and TDRB mixtures. The dilatancy and 
contractive behavior from these curves were interpreted based on the 
vertical displacement: dilatancy is shown by a positive vertical 
displacement, reflecting the upward movement of the samples, whereas 
negative displacement values indicate sample contraction. Fig. 8(a) 
shows that the RB sample demonstrated dilatant behavior across all 
normal loads. Initially, contractive behavior was observed under higher 
normal stress; however, the RB samples displayed dilative behavior as 
shear progressed. This observation aligns with findings reported by 
Indraratna et al., [77] indicating similar dilatant behavior in large-scale 
triaxial tests conducted on railway ballast. Additionally, they noted that 
dilation, or volumetric increase, occurs in ballast specimens subjected to 
monotonic loads at various confining pressures. The TDRB mixtures, on 
the other hand, displayed both dilatant and contractive behavior 

Fig. 12. Shear stress vs shear strain curves from the cyclic simple shear test for samples (a) RB at normal stress 50 kPa (b) RB at normal stress 200 kPa (c) RB at 
normal stress 300 kPa (d) TDRB-5 % at normal stress 50 kPa (e) TDRB-5 % at normal stress 200 kPa (f) TDRB-5 % at normal stress 300 kPa (g) TDRB-10 % at normal 
stress 50 kPa (h) TDRB-10 % at normal stress 200 kPa (i) TDRB-10 % at normal stress 300 kPa.
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depending on the applied normal stresses. As shown in Fig. 8(b), the 
TDRB-3 % sample exhibited dilatant behavior under normal stresses of 
50 kPa and 100 kPa. However, at higher normal stresses of 200 kPa and 
300 kPa, the negative vertical displacement values indicated contractive 
behavior. Likewise, with increasing TDA content, the TDRB samples 
transitioned from dilatant to contractive behavior, as presented in Fig. 8
(c)&(d). Researchers [47,48] made similar observations, indicating that 
as normal stress increased from 50 kPa to 150 kPa, the behavior of the 
TDA mixed ballast material changed from dilation to compression. 
Moreover, with 10 % TDA content, contractive behavior was observed 
across all applied normal stresses, as shown in Fig. 8(e). This indicates 
that the higher TDA content significantly influenced the mechanical 
behavior of the TDRB mixture, allowing the material to compress more 
readily under shear instead of dilating. As observed, the reduction in the 

frictional angle of TDRB mixtures indicates that the presence of TDAs 
decreases the frictional resistance between particles. Consequently, 
there is reduced inter-particle movement or sliding, which usually 
causes dilatancy. The mixture starts to behave less like a dense, inter
locked granular material and more like a compressible matrix, with 
TDAs cushioning the gravel particles. The TDAs deform and absorb part 
of the shear stress, decreasing the material’s overall tendency to expand. 
Therefore, as TDA content increases, the TDRB mixture exhibits char
acteristics like a composite material with greater compressibility. 
Furthermore, Fig. 9(a)&(b) illustrate the horizontal and vertical 
displacement variation curves for the RB, NSB, and TDNSB-5 % samples. 
The results indicate that NSB showed higher dilatancy than the RB 
sample, which is expected given that NSB is a newly sourced material. 
This behavior can be corroborated by its increased shear strength 
characteristics. However, with the addition of 5 % TDA to NSB, a change 
from dilatant to contractive behavior was observed, akin to the TDRB 
mixtures.

Cyclic simple shear test results

Cyclic simple shear tests were conducted on RB and TDRB mixtures 
under constant normal loads of 50, 200, and 300 kPa. These large-scale 
experiments were focused on determining the secant shear modulus and 
damping ratio variations under cyclic loading conditions. Under strain- 
controlled conditions, shear stresses were measured, and cyclic loading 
was applied to generate cyclic shear hysteresis curves.

To evaluate repeatability and reliability of the large-scale cyclic 
simple shear test methodology, two sets of tests were initially conducted 
on reused ballast (RB) material under three normal stresses: 50 kPa (RB- 
Test 1 & 4), 200 kPa (RB-Test 2 & 5), and 300 kPa (RB-Test 3 & 6). All 
tests (RB-Test 1 through 6) were performed under strictly controlled 
sample preparation and identical loading conditions to ensure proce
dural consistency. Fig. 10(a)-()–(c))–( present the cyclic stress–strain 
curves from repeated tests. The results demonstrate a high degree of 
consistency between the paired tests, with closely matching shear 
modulus and damping ratio at 4 % strain, confirming the accuracy and 
repeatability of the testing approach. However, minor deviations in 
stress–strain curves observed at larger strain levels indicate potential 
particle rearrangement, leading to variations in shear resistance without 
proportional changes in shear strain – an effect more pronounced under 
higher normal stresses.

Additionally, Fig. 11(a)–(f) display stress–strain responses at selected 
strain levels – 0.0005 %, 0.25 %, and 2 %, representing low, interme
diate, and high strain ranges, respectively. The strong agreement across 
repeated tests and strain levels confirms the robustness of the test setup 
and validates its applicability for characterizing the behavior of all 
TDRB mixtures.

The cyclic shear stress–strain relationships for RB, TDRB-5 %, and 
TDRB-10 % are depicted in Fig. 12(a)-()–(i))–(, showing differences in 
hysteretic loops during cyclic shear loading, both with and without TDA 
content. Fig. 12(a)-()–(c))–( highlights the cyclic stress–strain curves for 
RB samples tested at strain levels from 0.0005 % to 4 % under normal 
loads of 50 kPa, 200 kPa, and 300 kPa. The peak shear stresses observed 
at 4 % strain were lower compared to those of TDRB-5 % at normal loads 
of 200 kPa and 300 kPa. In addition, Fig. 12(d)-()–(f))–( displays a larger 
area under the curves at each strain level for TDRB-5 %, reflecting 
higher energy dissipation due to the 5 % TDA content. However, with a 
further increase in TDA content to 10 %, peak shear stresses and energy 
dissipation were reduced, as shown in Fig. 12(g)-()–(i))–(. Further, at a 
normal stress of 50 kPa, these figures indicate that the hysteresis loops 
are symmetric about the origin for RB, TDRB-5 %, and TDRB-10 %. 
According to McCartney et al. [49], the relationship between shear 
strain and stress exhibits nonlinearity and symmetry about the origin, 
like the hysteresis loops observed in this study. For TDA-100 %, they 
reported a peak shear stress of 18 kPa at 4 % shear strain under a normal 
stress of 57 kPa. In comparison, in the current study, peak shear stress 

Fig. 13. Variation of shear modulus with shear strain at normal stress (a) 50 
kPa (b) 200 kPa (c) 300 kPa.
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values at 4 % shear strain for RB, TDRB-5 %, and TDRB-10 % were 35 
kPa, 38 kPa, and 24 kPa, respectively at a normal stress of 50 kPa. 
Further, in the present study, a sharp drop in stress at 4 % strain limits 
for TDRB-5 % was observed, like RB samples, at normal stresses 200 kPa 
and 300 kPa. However, this behavior was not exhibited in TDRB-10 % 
samples. This behavior can be corroborated with the stress-displacement 
curves in Fig. 5 (e) TDRB-10 %, where no significant stick–slip effects 
were observed. Adding 10 % TDAs by mass significantly increased the 
volume within the simple shear box, where the particle size was like 
ballast. These findings suggest that TDRB-5 % provides an optimal 
balance between ballast interlocking and rubber flexibility, whereas 
TDRB-10 % behaves more similarly to the 100 % TDA reported by 
McCartney et al. [49], reducing interparticle friction.

Shear modulus variation
The results were further analyzed to explore the relationship be

tween shear modulus with shear strain. The shear modulus was calcu
lated as the ratio of the difference in maximum and minimum shear 
stresses to the corresponding difference in shear strains at each strain 
level. Fig. 13(a)-()–(c))–( shows the variation in shear modulus with 

shear strain for different sample configurations, indicating that TDRB-5 
% had a higher shear modulus across all applied normal loads. Song 
et al. [47] reported that the interface shear stiffness obtained from cyclic 
direct shear tests decreased with the addition of TDA content in fresh 
ballast material. However, in the present study, the shear modulus of RB 
was found to be lower compared to TDRB-5 % and, in some cases, like 
shear modulus of TDRB-3 % and TDRB-7 %. To better understand these 
differences, the percentage change in shear modulus values for various 
TDRB mixtures with different TDA contents was calculated in relation to 
the base value of the RB samples, as described in Eq. (2). 

% change in values =
VTDBM − VBM

VBM
× 100 (2) 

where VTDBM is the result value of the sample TDRB mixture, VBM is the 
result value of the sample reused ballast material. The percentage 
change in shear modulus at shear strains of 0.0005 %, 0.005 %, and 4 % 
is depicted in Fig. 14(a)-()–(f))–(. The positive changes in values signify 
that the TDRB-5 % mixture performed better. However, monotonic 
direct shear tests showed that the peak shear stresses were higher for RB 
but decreased as the TDA content in TDRB mixtures increased. These 

Fig. 14. Percentage change in shear modulus with TDA% at Strain level (a) 0.0005 % (b) 0.004 % c) 0.12 % d) 0.25 % e) 2 % f) = 4 %.
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monotonic direct shear tests were strongly influenced by inter-particle 
friction and interlocking. With higher TDA content, the shear stress 
declines because of reduced inter-particle friction and greater cush
ioning. On the other hand, the cyclic simple shear test involves repeated 
loading and unloading cycles that simulate quasi-static conditions. In 
this test, the shear modulus reflects the material’s stiffness and its ability 
to recover or resist deformation under repeated shear loads, which is not 
the same as the shear stresses measured in the direct shear test. Further, 
at 10 % TDA content, the mixture may become more heterogeneous. The 
distribution of TDA could create pockets or zones within the material 
that behave differently under cyclic shear, leading to a more inconsistent 
and generally lower shear modulus. This variability in stiffness could be 
due to differences in local concentrations of TDA, creating softer regions 
that reduce the overall modulus. The initial increase in shear modulus at 
5 % rubber content suggests an optimal balance where the benefits of 
TDA (like energy absorption and slight cushioning) enhance the TDRB’s 
overall performance. However, as the TDA content continues to in
crease, these benefits reduce due to the increase in the volume occupied 
by these TDAs.

Fig. 15. Illustration of hysteresis loop for the evaluation of damping ratio (RB 
sample at shearing stage-10 and normal stress 300 kPa).

Fig. 16. Variation of damping ratio with normal stress at strain level (a) 0.0005% (b) 0.004% c) 0.12% d) 0.25% e) 2% f) 4%.
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Damping ratio variation
The damping ratio at each strain level was calculated from the hys

teresis damping curves, as shown in Fig. 15, defined as the ratio of en
ergy loss to energy input per cycle, according to Eq. (3). 

Dr =
Alp

4πAts
(3) 

where Dr is the damping ratio, Alp is the area hysteric loop representing 
energy dissipation, Ats is the area of the triangle formed by the peak 
shear stress, and shear strain at each strain level, τf and γf are the shear 
stress (kPa) and shear strain (%) at respective cyclic strain levels, and Gs 
is the secant shear modulus (kPa). Fig. 16(a)-()–(f))–( present the 
damping ratios for each sample at various shear strain levels. The 
evaluated damping ratio was high at low strains, decreased at inter
mediate strains, and increased again at higher strains. The RB and TDRB 
mixtures at lower strains experience smaller deformations, primarily 
dissipating energy through inter-particle friction and subtle particle 
rearrangement. The enhanced damping in the TDRB mixtures was due to 
micro-scale interactions, where particles can move, slide, and dissipate 
energy efficiently. As strain rises, these mixtures begin to enter a non- 
linear deformation regime. In this phase, the particles become more 

tightly packed, restricting their ability to move or slide freely. Conse
quently, energy dissipation decreased, and the material showed a stiffer 
response. The stiffening at intermediate strains reduces inter-particle 
sliding, resulting in a lower damping ratio. After this, the system tran
sitioned into a non-linear elastic regime, where increased particle 
movement at higher strains facilitated more efficient energy dissipation. 
McCartney et al. [49] reported similar findings, noting higher damping 
ratios at low strains, a decrease at intermediate strains, and an increase 
at high strains in cyclic simple shear tests of 100 % TDA. Furthermore, 
these results are consistent with one of Feng and Sutterer’s [78] tests on 
granulated rubber. TDAs function as a soft buffer, enhancing energy 
dissipation by allowing small particle movements and deformations 
within the ballast. At higher strains, the TDA’s flexibility permits greater 
deformation while the ballast maintains structural integrity. This results 
in improved energy absorption and a higher damping ratio. TDRB-5 % 
was found to be the optimal ballast mixture for energy dissipation, while 
3 % TDA content was insufficient to affect the material’s damping 
properties. Researchers [35,36], based on cyclic triaxial tests, observed 
that the damping ratio varied from 0.7 to 0.3 as the TDA content (with 
particle sizes of 9–13.5 mm) decreased from 15 % to 0 % in ballast 
material under an effective confining pressure of 60 kPa. However, in 
the present study, at higher percentages (such as 7 % and 10 %), the 

Fig. 17. Percentage change in damping ratio with TDA% at (a) 0.0005% (b) 0.004% c) 0.12% d) 0.25% e) 2% f) 4%.
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TDAs with larger particle sizes (22.4–50 mm) start to dominate, soft
ening the composite and decreasing its stiffness. In addition, energy 
dissipation at higher TDA content declined as the formation of indi
vidual pockets reduced the energy absorption from large cyclic de
formations effectively.

Fig. 17(a)–(f) shows the percentage change in the damping ratio at 
shear strains of 0.005 % and 4 %. The enhanced damping and shear 
modulus in the TDRB-5 % mixture indicate that using an optimal 5 % 
TDA content improves the performance of the modified ballast material. 
According to Esmaeili et al. [51], tests on the damping ratios of ballast 
materials yielded different outcomes from the shear tests. Their cyclic 
uniaxial tests revealed that ballast with 5 % TDA exhibited the lowest 
damping ratio of 0.098, while the damping ratios for ballast with 0 % 
and 10 % TDA were 0.202 and 0.434, respectively. These results indicate 
that incorporating TDA tends to increase the damping ratio of ballast. 
However, in the present study, it was observed that beyond 5 %, TDA 
content with larger particle size (22.4–50 mm) did not contribute 
further to energy dissipation or load transfer; instead, it started to un
dermine the granular structure of the ballast, reducing both shear 
modulus and damping.

Ballast breakage under cyclic shear loads

Several breakage indices have been developed to evaluate ballast 

breakage after monotonic and cyclic tests of ballast material [31,38,79]. 
This study used the ballast breakage index (BBI) defined by [53] to 
assess the ballast breakage under cyclic shear tests. The results of the 
monotonic direct shear tests, as illustrated in Figs. 5 and 6, clearly 
demonstrate that ballast breakage occurs during the shearing process, 
evident from the sharp drops in stress–strain curves. Furthermore, it is 
noteworthy that the extent of particle breakage is generally more pro
nounced in direct shear tests, as the samples are subjected to higher 
displacements or pushed to failure. Hence, this study evaluated the 
ballast breakage index (BBI) after the cyclic simple shear tests, repre
senting the long-term behavior of ballast material with strains limited to 
4 %. The estimation of the BBI for the samples is presented in Fig. 18(a). 
This figure depicts the particle size distribution (PSD) for the samples 
prior to testing, as well as the PSD for the degraded samples following 
the cyclic shear test conducted at a normal load of 300 kPa. The arbi
trary boundary line of maximum breakage was used to quantify the area 
between the curves, and accordingly, the BBI was estimated according to 
the equation provided in Fig. 18(a). Each set of data was evaluated 
individually to facilitate a comprehensive analysis of the effects of TDA 
content on the BBI of the TDRB mixtures. The presented results indicate 
that the area between the PSD curves before and after the test decreased 
as the TDA content increased, as shown in Fig. 18(a)-()–(e))–(. This 
showed a decrease in the ballast degradation with the increase in TDA 
content from 3-10 %, which led to a decrease in the BBI for the TDRB 

Fig. 18. Ballast Breakage Index a) RB (b) TDRB-3% (c) TDRB-5% (d) TDRB-7% (e) TDRB-10% (f) BBI variation with TDA (%) addition.
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mixtures. Fig. 18(f) illustrates the effect of TDA content on the BBI, 
demonstrating a decline from 15 % to 7.5 % as the TDA content in
creases from 0 % to 10 %. Notably, increasing the TDA content up to 5 % 
leads to a substantial reduction in BBI (from 15 % in RB to 9.75 % in 
TDRB-5 %). However, beyond a 5 % concentration, the changes in 
ballast behavior are minimal, as indicated by BBI values of 8.5 % for 
TDRB-7 % and 7.5 % for TDRB-10 %. Indraratna et al., [35] noted that at 
a 5 % TDA content with particle sizes ranging from 9.5 to 19.5 mm, the 
rubber particles functioned as void fillers, which helped to reduce 
ballast abrasion and breakage. The TDA particle size in the current study 
was larger (ranging from 22.4 to 50 mm), allowing the rubber aggre
gates to serve as a protective shield between the ballast particles, 
thereby minimizing interparticle abrasion. This action causes a notice
able decrease in ballast breakage at 5 % TDA content. However, 
increasing the TDA content further does not substantially decrease the 
BBI, as the formation of isolated TDA and granular pockets limits the 
TDA’s impact on interparticle breakage. Sadeghi et al. [38] observed a 
similar trend, where using larger TDA particles (30 mm) effectively 
minimized particle breakage during cyclic direct shear tests. Further
more, they found that a lower content of TDA with larger particle size 
increased the BBI compared to fresh ballast material. Additionally, they 

observed that smaller TDA particles resulted in increased particle 
segregation at the bottom due to cyclic loading. Summarizing the BBI 
observations from the present study, incorporating larger TDA particles 
at an optimal 5 % content helps mitigate forces that would otherwise 
cause ballast breakage at higher strains. This enhances the structural 
integrity of the ballast while still ensuring effective energy dissipation.

Ballast material degradation

The degradation of RB and TDRB ballast mixtures was assessed 
through LAA and MDA tests, with results compared to understand the 
effect of TDA content. Several international railway standards have 
established limits for ballast degradation based on LAA tests. These 
include Germany (BS EN 13450: 8.7–23 %), the USA (AREMA: 25–40 
%), Australia (AS 1141: 25 %), Canada (CN: 20–30 %), the UK (BS EN 
13450: 20 %), and India (IRS-GE-1: 30–35 %) [26]. These standards 
indicate that the maximum allowable LAA value for rail tracks with 
regular passenger and freight transport is 40 %, depending on the ballast 
class or rock source. Additionally, some standards specify limits for MDA 
tests, such as the UK (BS EN 13450: 7 %) and Iran (IR 301: 10–14 %). 
Fig. 19(a) shows that the LAA value of RB was 33 %, attributed to the 
limestone, a ballast rock material prone to higher degradation [69]. Guo 
et al. [26] observed that larger ballast particles generally have higher 
LAA values, lower wear resistance, and increased shear strength. 
Notably, adding TDA reduced LAA values below 30 %; however, 
increasing TDA content beyond 5 % had no significant impact. This can 
be attributed to a similar phenomenon observed in ballast breakage, 
where higher TDA content leads to the formation of individual pockets, 
resulting in more significant localized crushing compared to TDRB-5 %. 
The effect of TDA content on material degradation in the MDA test, as 
shown in Fig. 19(b), indicates a decline in MDA values from 9.5 % to 
7.25 % for RB and TDRB mixtures with 3–10 % TDA. Unlike LAA vari
ations, MDA values exhibit a consistent decrease with increasing TDA 
content. This can be attributed to the reduced degradation of ballast 
particles in water, where the MDA test smoothened their surfaces while 
the LAA test induced crushing.

Conclusion

The study presents the improved performance of reused limestone- 
based ballast material mixed with TDAs as a potential alternative to 
freshly sourced limestone ballast materials, aiming to reduce their de
pendency on railway infrastructures. A series of large-scale shear tests 
were performed to evaluate the behavior of RB and TDRB mixtures 
compared to the newly sourced ballast. In addition, the study demon
strates the development of a novel large-cyclic simple shear apparatus to 
evaluate the shear modulus and damping ratio from the hysteresis 
behavior obtained from the cyclic shear for ballast materials. This 
innovative testing method provides a fresh perspective on evaluating the 
deformation properties of ballast material for potential railway appli
cations. In addition, BBI, LAA and MDA tests were employed to evaluate 
the ballast material degradation. The key findings from this analysis are 
summarized below: 

1. The RB material has shown lower shear strength than the NSB ma
terial. With the addition of TDA content, the friction angle of the 
TDRB mixtures was reduced. However, the reduction of friction 
angle for the TDRB-5 % (FA = 44.5◦) mixture compared to RB (FA =
46.6◦) material was 5 %, which was insignificant. TDAs have shown 
a more pronounced impact on reducing the internal friction angle of 
fresh ballast materials.

2. The increase in TDA content in TDRB mixtures to 10 % reduced 
friction angle, shear modulus, and damping ratio, indicating that 
higher TDA content with larger particle size may compromise the 
mechanical properties of the recycled ballast mixture.

Fig. 19. (a) LAA variation with different TDA% (b) MDA variation with 
different TDA%.

S. Lenart and S.R. Karumanchi                                                                                                                                                                                                              Transportation Geotechnics 52 (2025) 101586 

17 



3. The TDRB mixtures demonstrate a lower ballast breakage index and 
reduced abrasion losses compared to RB, indicating their potential to 
improve the durability and service life of railway tracks.

4. Adding 5 % TDA by mass to reused ballast mixtures was optimal for 
improving shear modulus with minimal decrease in the shear 
strength characteristics.

5. The TDRB-5 % mixture demonstrated superior damping properties in 
cyclic simple shear tests, indicating its capability to absorb and 
dissipate energy more effectively under cyclic loading conditions.

6. Using waste tire-derived aggregates for modifying recycled ballast 
material provides a sustainable approach to improving ballast per
formance and aligns with the environmental objectives of recycling 
industrial waste materials.

In summary, the findings from large-scale cyclic simple shear testing 
have contributed new understanding of ballast behavior under cyclic 
shear loads. It is recommended that reused ballast combined with 5 % by 
mass TDAs can notably enhance composite material performance, 
improving damping capacity, reducing degradation, and a relatively 
smaller reduction in shear strength.

Funding Information

LIAISON (HORIZON-CL5-2022-D6-02-06, GA 101103698). The 
Slovenian Research Agency (ARIS), Program group P2-0273.

CRediT authorship contribution statement

Stanislav Lenart: Writing – review & editing, Validation, Supervi
sion, Resources, Project administration, Methodology, Investigation, 
Funding acquisition, Formal analysis, Data curation, Conceptualization. 
Siva Ram Karumanchi: Writing – original draft, Visualization, Vali
dation, Software, Methodology, Investigation, Formal analysis, Data 
curation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support provided by LIAISON 
(HORIZON-CL5-2022-D6-02-06, GA 101103698), and The Slovenian 
Research and Innovation Agency (ARIS) Program group P2-0273. The 
authors would like to thank the Ministry of Infrastructure, Directorate of 
Infrastructure of the Republic of Slovenia (DRSI), for their support 
during the project and Slovenian Railways – ŽGP for the provision of 
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