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ABSTRACT: The incorporation of crumb rubber (CR) among ballast aggregate is characterized as an 
advantageous way to considerably lessen the degradation rate of granular particles. Meanwhile, there 
is uncertainty about the proper drainage performance of the mixture whenever the ballast aggregate 
is further degraded. The present study evaluates the drainage capability of degraded ballast aggregate 
in which disparate percentages and sizes of discarded granulated rubber particles are incorporated. To 
provide degraded aggregate, the impact loading test under controlled conditions is implemented on fresh 
railway ballast. Afterward, the large-scale constant head permeability test is carried out on prepared 
mixtures of degraded aggregate and CR particles. The results confirm that the effect of CR size on the 
drainage potential of degraded ballast combined with discarded CR particles is more than the influence 
of CR percentage. Also, the nonlinear trend line observed between the applied hydraulic gradient and the 
water flow velocity approaches the conventional linear trend line represented by Darcy’s law whenever 
the smaller-sized CR particles are incorporated into the most degraded ballast aggregate. As expected, 
a higher level of degradation of aggregate decreases the hydraulic conductivity of ballast specimens, 
meanwhile, the permeability is yet considerably more than the acceptable limit even for specimens 
subjected to the significant level of degradation combined with the smaller-sized crumb rubber particles.
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1- Introduction
Degradation of railway ballast aggregate is characterized 

as one of the most crucial deteriorations related to the 
ballasted railway tracks. Ballast aggregate subjected to the 
applied repeated loads experiences pulverization of particles 
in contact with each other as well as splitting of single particles 
[1, 2]. Meanwhile, the impact loads induced owing to wheel 
flats, rail corrugations, and transition zones further accelerate 
the occurrence of degradation phenomenon [3]. The ballast 
degradation unfavorably influences the performance of this 
granular course of railway track. As reported by Rohrman 
et al. [4], the abraded ballast demonstrated lesser particle-
particle contact. Likewise, Jia et al. [5] observed weaker 
interlock between particles for recycled ballast which 
further exacerbated the settlement of the granular layer. To 
diminish this distress observed in the track substructure, 
different procedures have been developed. The utilization of 
rubberized materials like crumb rubber (CR) and tire-derived 
aggregate (TDA) is characterized as a conventional method 
to decelerate the process of degradation of the ballast course.

Drainage capability of the ballast course is characterized 
as a crucial physical property of utilized granular material. 
Schmidt et al. [6] utilized the constant head permeability 
test to figure out the detrimental efficacy of degradation 

on permeability. As expected, further increment of the 
fouling index led to lower values of hydraulic conductivity. 
Meanwhile, the incorporation of CR particles can decrease the 
permeability of perevious media like ballast material. In this 
relation, Masad et al. [7] observed that the addition of rubber 
particles to sand led to lower values of permeability coefficient. 
Also, Li et al. [8] observed a decrement in the permeability 
of sand-rubber mixtures by the further increment of rubber 
particles. In relation to the rubberized ballast, Koohmishi and 
Azarhoosh [9] assessed the drainage performance of fresh 
ballast aggregate combined with discarded crumb rubber 
particles. The results exhibited that the higher percentage of 
CR along with smaller-sized particles led to the reduction of 
the permeability of the mixture.

Generally, the results of various investigations corroborate 
that the CR particles can effectively lessen the level of 
degradation of ballast aggregate. Also, the mixture of fresh 
ballast and discarded crumb rubber demonstrates sufficiency 
in drainage level [9]. However, researches have been 
primarily limited to fresh ballast aggregate. As expected, the 
incorporation of fine-grained CR particles between coarse 
aggregate can adversely influence the permeability of the 
mixture whenever the granular material is further degraded. 
Therefore, detailed studies are deemed momentous to analyze 
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the drainage performance of mixture of ballast and discarded 
rubber particles under degraded conditions which are perused 
herein. Indeed, the present study discerns the effect of size 
and percentage of CR particles on the hydraulic conductivity 
of degraded ballast material combined with crumb rubber 
particles. Conventionally, the manufactured ballast material 
derived from the fresh railway ballast is utilized to conduct 
laboratory testing [3]. Likewise, index tests like LAA are 
established to generate the degraded particles [10-14]. As 
new procedure in the present study, the large-scale impact 
loading test is implemented on fresh ballast aggregate in 
order to generate degraded material. The testing method can 
more effectively simulate field loading conditions.

Scope of study
The main objective of the present study is to figure out 

the hydraulic conductivity of degraded ballast aggregate 
in which crumb rubber particles have been incorporated 
among granular particles. Hence, degraded ballast material 
derived from subjecting fresh aggregate to impact loading are 
combined with various percentages of CR particles, and then 
the permeability test is conducted on prepared specimens to 
analyze the deleterious effect of CR on the drainage potential 
of the ballast course.

2- Testing procedures
2- 1- Large-scale impact loading test

To produce degraded ballast material, large-scale impact 
loading test was utilized. The testing apparatus was previously 
manufactured to simulate the degradation process of ballast 
aggregate subjected to impact loads as reported in Koohmishi 
and Palassi [15]. A cylindrical mold with a diameter of 240 
mm is used to accommodate the ballast material. The hammer 
with the weight of 50 kg is employed to apply impact load on 
the tested specimen so that the falling height of drop weight is 
adjusted to 420 mm. The assembly is anchored to the concrete 
base by provided base plate (characterized as rigid subgrade). 
Meanwhile, to simulate the flexible subgrade condition, a 
sand layer of 50 mm thickness is included between the tested 
specimen and the base plate. 7 loading steps are established 
to better simulate the degradation process of ballast aggregate 
in which 40 blows are implemented throughout each loading 
stage.

2- 2- Large-scale constant head permeability test
In the present study, large-scale constant head 

permeability test is utilized to assess the competence of 
hydraulic conductivity of degraded ballast aggregate in which 
the CR particles are infiltrated. The two main components of 
the developed apparatus include the main reservoir as well 
as the water tank. The former is employed to accommodate 
the 300 mm thickness of large-sized ballast specimen by the 
provision of the diameter of 450 mm. The latter is used to 
apply a defined hydraulic head on the provided sample. Wide 
ranges of hydraulic heads are applied on tested specimens 
which consequently lead to the establishment of various 
levels of hydraulic gradient.

3- Results and discussions
3- 1- Experimental results

Various conditions were provided to implement large-
scale constant head permeability test on degraded ballast 
aggregate combined with different percentages and sizes 
of discarded crumb rubber particles. The degraded ballast 
aggregate manufactured by applying 7 loading steps of drop 
hammer impact test on prepared samples over two distinct 
subgrade conditions. Fig. 1 depicts the water flow velocity 
with applied hydraulic gradient for established linear and 
power models, respectively. Generally, the variations 
confirm that the linear relationship described as Darcy’s 
law can effectively consider the water flow regime through 
provided media. Indeed, the degradation of aggregate along 
with the incorporation of crumb rubber particles leads to the 
suitability of the establishment of laminar flow conditions. It 
is evident that extremely degraded aggregate combined with 
fine-grained rubber particles (2-4.75 mm) clearly follows 
laminar flow condition.

Generally, there is a major concern about drainage 
potential of ballast aggregate combined with CR particles 
whenever the granular material tolerates further degradation 
under applied loads. The value of 0.01 cm/s is normally 
discerned as a tolerable level of permeability of ballast 
course [16-18]. Fig. 2 illustrates the variation of k (based on 
Darcy’s law) with FI for different characterized conditions 
to further elaborate the influence of CR size and content 
on the permeability of degraded ballast material combined 
with discarded crumb rubber particles. The given figure 
corroborates that the hydraulic conductivity of material is still 
more than the acceptable level even under extreme conditions. 
Meanwhile, the infiltration of external fine materials from 
surface can accelerate the reduction of permeability of ballast 
layer and inhibit drainage. Indeed, fines from abrasion of 
aggregate are larger-sized particles with higher weight so 
that the permeability of granular media is less drastically 
influenced. Paiva et al. [13] observed the same results by 
conducting hydraulic conductivity test on degraded aggregate 
derived from LAA test.

4- Conclusions
Based on the results obtained, the following conclusions 

are drawn:
- Nonlinear trend line seems to be more appropriate in the 

case of less degraded ballast. Meanwhile, the establishment 
of the linear trend line (known as Darcy’s law) can effectively 
consider the water flow through provided granular media 
whenever the aggregate is further degraded.

- As expected, further degradation of ballast aggregate 
leads to the measurement of lower values of hydraulic 
conductivity. Increment in loading steps of impact testing as 
well as provision of rigid subgrade results in a higher level of 
degradation.

- Both utilization of smaller-sized and higher content 
of discarded crumb rubber particles lead to a decrease in 
permeability. Meanwhile, the size of CR particles is observed 
as a more influential parameter so the smaller-sized particles 
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Experimental results 

Various conditions were provided to implement large-scale constant head permeability test on degraded ballast 
aggregate combined with different percentages and sizes of discarded crumb rubber particles. The degraded ballast 
aggregate manufactured by applying 7 loading steps of drop hammer impact test on prepared samples over two distinct 
subgrade conditions. Fig. 1 depicts the water flow velocity with applied hydraulic gradient for established linear and 
power models, respectively. Generally, the variations confirm that the linear relationship described as Darcy’s law can 
effectively consider the water flow regime through provided media. Indeed, the degradation of aggregate along with the 
incorporation of crumb rubber particles leads to the suitability of the establishment of laminar flow conditions. It is 
evident that extremely degraded aggregate combined with fine-grained rubber particles (2-4.75 mm) clearly follows 
laminar flow condition. 

 

 
(a)  

 
(b)  

Fig. 1. Comparison of two different trend lines applied on variation of water flow velocity with hydrau-
lic gradient, a) Linear relationship (laminar flow regime), b) Power law relationship (non-laminar flow 

regime)
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considerably reduce the permeability (by 45%).
- The highly degraded ballast aggregate combined with 

the smaller-sized CR particles (characterized as the most 
severe condition) yet demonstrates an acceptable level of 
hydraulic conductivity.

References
[1]  T.R. Sussmann, M. Ruel, S.M. Chrismer, Source 

of ballast fouling and influence considerations for 
condition assessment criteria, Transportation Research 
Record, 2289(1) (2012), 87-94.

[2] D. Li, J. Hyslip, T. Sussmann, S Chrismer, Railway 
geotechnics, CRC Press, (2015).

[3] T.N. Ngo, B. Indraratna, C. Rujikiatkamjorn, Improved 
performance of ballasted tracks under impact loading by 
recycled rubber mats, Transportation Geotechnics, 20 
(2019) 100239.

[4] A.K. Rohrman, H.F. Kashani, C.L. Ho, Effects of natural 
abrasion on railroad ballast strength and deformation 
properties, Construction and Building Materials, 247 
(2020) 118315.

[5] W. Jia, V. Markine, Y. Guo, G. Jing, Experimental and 
numerical investigations on the shear behaviour of 
recycled railway ballast, Construction and Building 
Materials, 217 (2019) 310-320.

[6] S. Schmidt, S. Shah, M. Moaveni, B.J. Landry, E. 
Tutumluer, C. Basye, D. Li, Railway ballast permeability 

and cleaning considerations, Transportation Research 
Record, 2607(1) (2017) 24-32.

[7] E. Masad, R. Taha, C. Ho, T. Papagiannakis, Engineering 
properties of tire/soil mixtures as a lightweight fill 
material, Geotechnical testing journal, 19(3) (1996) 297-
304.

[8] B. Li, M. Huang, X. Zeng, Dynamic behavior 
and liquefaction analysis of recycled-rubber 
sand mixtures, Journal of Materials in Civil 
Engineering, 28(11) (2016) 04016122.

[9] M. Koohmishi, A. Azarhoosh, Hydraulic conductivity 
of fresh railway ballast mixed with crumb rubber 
considering size and percentage of crumb rubber as 
well as aggregate gradation, Construction and Building 
Materials, 241 (2020) 118133.

[10] Y. Qian, E. Tutumluer, Y.M. Hashash, J. Ghaboussi, 
Effects of ballast degradation on permanent deformation 
behavior from large-scale triaxial tests, In ASME/IEEE 
Joint Rail Conference, 45356 (2014) V001T01A022. 
American Society of Mechanical Engineers.

[11] Y. Qian, E. Tutumluer, D. Mishra, H. Kazmee, Behavior 
of geogrid reinforced ballast at different levels of 
degradation, In the 2014 GeoShanghai International 
Congress: Ground Improvement and Geosynthetics, 
(2014) 333-342, Shanghai.

[12] Y. Qian, H. Boler, M. Moaveni, E. Tutumluer, 
Y.M. Hashash, J. Ghaboussi, Degradation-

Fig. 1 Comparison of two different trend lines applied on variation of water flow velocity with hydraulic gradient, a) 
Linear relationship (laminar flow regime), b) Power law relationship (non-laminar flow regime) 
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whenever the granular material tolerates further degradation under applied loads. The value of 0.01 cm/s is normally 
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Fig. 2 Effect of fouling ratio on hydraulic conductivity of degraded ballast combined with different percentages and 
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Conclusions 

Based on the results obtained, the following conclusions are drawn: 

- Nonlinear trend line seems to be more appropriate in the case of less degraded ballast. Meanwhile, the establishment 
of the linear trend line (known as Darcy’s law) can effectively consider the water flow through provided granular media 
whenever the aggregate is further degraded. 
- As expected, further degradation of ballast aggregate leads to the measurement of lower values of hydraulic 
conductivity. Increment in loading steps of impact testing as well as provision of rigid subgrade results in a higher level 
of degradation. 
- Both utilization of smaller-sized and higher content of discarded crumb rubber particles lead to a decrease in 
permeability. Meanwhile, the size of CR particles is observed as a more influential parameter so the smaller-sized 
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