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INTRODUCTION
The performance of the track structure 
is highly dependent on the operational 
performance and interaction of ballast 
particles. The dynamic response can be 
investigated from either a macroscopic 
scale (considering the track structure as a 
whole) or the mesoscale (discrete particle 
behaviour). Attempting to instrument an 
individual ballast particle encounters great 
difficulty, in part due to the morphology of 
the material and technological limitations. 
Analytical solutions describing the track 
structure response subjected to complex 
dynamic loading requires convoluted 
solutions. Rucker (1982) concluded that 
attempts to develop three-dimensional 
theoretical models for the vibrations of 
ballast is an extremely difficult, if not 
impossible task. Representative, continuous 
empirical measurements are required to 
understand the fundamental behaviour 
of ballast in the process of promoting 
cost-effective life cycle costs of large-scale 
infrastructure projects. The importance of 
studying granular particle interactions and 
contacts under the influence of quasi-static 
loading conditions – also referred to as the 
“granular fabric” – is well known (Cowin & 
Satake 1979). Audley and Andrews (2013) 
concluded their discussion regarding the 

availability of track deterioration models 
as follows: “It is clear from looking at the 
existing track geometry models that there 
remains a need for better understanding of 
the degradation process to be established, 
which can support the development of accu-
rate models, based on historical data. This 
model needs to be capable of including the 
effects of maintenance models.”

This paper investigates the application 
of a “smart ballast” device – referred to as 
Kli-Pi (derived from the Afrikaans word 
for a small stone) – in the investigation of 
mesoscale ballast dynamics. The representa-
tive dynamic response of a track structure 
was recorded for both a laboratory and field 
experiment – only the results obtained 
from the field test are considered in this 
paper. These measurements included all six 
degrees of freedom (DoF) – three for trans-
lation and three for rotation. Descriptive 
statistics and energy principles were imple-
mented to quantify the performance of the 
ballast response. This investigation provided 
insights into the geometry-dependent 
frequencies, lateral and longitudinal forces, 
indirect quantification of the “granular 
fabric”, longitudinal principal stress rota-
tions (PSR), particle coordination number 
(CN) and evidence of the probabilistic (non-
deterministic) nature of ballast particles.

Measurement of 
probabilistic ballast particle 
dynamics using Kli-Pi
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At first glance the operational performance of ballast appears trivial in its simplicity. However, 
various mechanisms affect the performance of the ballast both on a macroscopic scale and 
discrete (mesoscale) particle level. The importance of experimental studies to establish the 
influence of the granular fabric has been highlighted repeatedly by other researchers. This paper 
describes a method by which quantitative metrics and statistics can describe the probabilistic 
response of railway ballast. The measurements were obtained with the installation of a set of 
customised wireless inertial measurement unit (IMU), referred to as Kli-Pi, in the granular layers 
of a heavy-haul railway line located in South Africa. The results indicate a complex interaction of 
displacement and rotation, in all three spatial dimensions. The high-frequency measurements 
provided approximations of the particle’s kinetic and potential energy (mechanical work) in 
addition to the indirect quantification of changes to the granular fabric. Finally, the descriptive 
statistics of the mechanical work provided an indirect measure of the confinement and 
coordination number of the particle, together with supporting evidence of the underlying 
probabilistic, instead of the expected deterministic response. These results strongly agree with the 
findings of existing literature that has, to date, been confined to theoretical study.
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LITERATURE
The background literature discusses the rel-
evance of ballast in the track structure and 
emerging sensor technologies that enable 
quantitative measurements of the ballast 
particles. Different modelling approaches for 
describing inter-particle contact and behav-
iour – both deterministic and probabilistic 
perspectives – are reviewed, and conclude 
with recent examples of “smart ballast” to 
directly quantify the dynamic ballast prop-
erties subject to quasi-static loading.

Track structure
Most of track maintenance pertains to the 
correction of deteriorating track geometry. 
The action of repeated cyclic loading 
degrades the ballast through inter-particle 
attrition, fouling and weathering of the par-
ticles. Although some of the settlement can 
be attributed to the underlying earthwork 
(subgrade and subballast), most of the track 
settlement is caused by the rearrangement 
and movement of the unbound ballast parti-
cles. Low-frequency components associated 
with the moving load are characterised by 
geometry-dependent features of the train, 
such as inter-axle, inter-bogie and inter-
wagon dimensions. Intermediate frequencies 
are characteristic features of the granular 
layers, with higher frequencies associated 
with track components and rail defects. For 
the investigation of ballast, the frequencies 
of interest are below 250 Hz (Kouroussis 
et al 2015).

Emerging sensor technologies
Different instrumentation technologies have 
been developed, adapted and improved over 
time to measure a wide assortment of track 
components and associated phenomena. 
Although the functional importance of 
ballast is well understood and extensively 
documented, few studies have attempted to 
directly instrument ballast particles. Some 
notable examples are that of Bennett et al 
(1999) with the development of a cylindri-
cally shaped device to measure strain of 
asphalt surfacings, and Nejikovsky and 
Keller (2000) with the on-board measure-
ment of lateral acceleration. Straser and 
Kiremidjian (1998) developed wireless 
monitoring systems for civil structures. Any 
attempts to instrument a ballast particle 
directly are met with difficulty, owing to 
the irregular morphology and freedom of 
movement about multiple degrees of free-
dom (DoF). Only the particles located at the 
surface, which is not of interest, are suited 
for visual study. Recently, Lamas-Lopez et al 

(2017) investigated the potential replace-
ment of  traditional LVDTs (linear variable 
differential transformers) altogether using 
accelerometers (Bowness et al 2006; Graizer 
2010; Kempe 2011). The peak-to-peak 
displacement accuracy was reported as 20% 
over a wide range of train velocities.

The introduction of inertial navigation 
systems and units (IMU), together with the 
advancement of micro-electro-mechanical 
system (MEMS) manufacturing techniques, 
have led to the development of high-
performance sensors in miniaturised form 
factors. Woodman (2007) defines inertial 
navigation as: “… a self-contained navigation 
technique in which measurements provided 
by accelerometers and gyroscopes are used to 
track the position and orientation of an object 
relative to a known starting point, orientation 
and velocity.” A rigid IMU system provides 
the ability to describe the body frame (of 
the sensor), relative to the global reference 
frame, through the measurement of three 
orthogonal accelerometers and three ortho-
gonal gyroscopes. The linear accelerations 
and angular velocities are measured by the 
accelerometers and gyroscopes respectively. 
MEMS manufacturing technologies refer to 
the construction of miniaturised IMUs using 
traditional semiconductor and integrated cir-
cuit (IC) fabrication techniques (Nathanson & 
Wickstrom 1965). The typical construction 
and operation of such a device are discussed 
in detail by Lemkin and Boser (1999).

Deterministic mechanics 
of granular materials
Traditionally, investigations of granular 
materials, particularly numerical models, 
laboratory and field investigations, have 
been from a deterministic point of view. 
The combined probabilistic response of the 
particle matrix manifests as macroscopic or 
deterministic effects and properties such as 
stress, permanent strain and confinement.

The transfer of load from the sleeper 
to the ballast produces the same effects as 
with triaxial compression (Li et al 2015). 
The middle of the ballast layer experiences 
a reduction in vertical stress compared to 
the ballast directly beneath the sleeper, but 
with higher levels of confinement. The lowest 
layer of ballast, near the subballast interface, 
develops tensile strain incrementally as the 
number of load cycles increases. These par-
ticles tend to spread and rearrange, resulting 
in the development of voids. The substantial 
influence of particle breakage on the 
permanent strain was highlighted by Lobo-
Guerrero and Vallejo (2006). Cundall and 

Strack (1979) explored the effect of particle 
rearrangement on the distribution of princi-
pal stresses using numerical models. Typical 
ballast maintenance activities further disturb 
the particle arrangement and interlocking 
where the lateral and longitudinal resistance 
are reduced by up to 60% and 40% respec-
tively (Tutumluer et al 2006). Furthermore, 
the long-term rate of permanent deformation 
(Lekarp et al 2000) and cumulative perma-
nent deformation (Gräbe & Clayton 2009) is 
highly dependent on the development of PSR. 
The most unfavourable stress combination 
occurs approximately at the subballast inter-
face depending on the Young’s modulus of 
the subgrade and ballast. Gräbe and Clayton 
(2009) describe the PSR as a combination of 
three distinct mechanisms:
1. Longitudinal PSR is positioned between 

two adjacent sleepers for shallow depths 
and single-axle combinations.

2. Transverse PSR is present at the discon-
tinuous sleeper ends.

3. The depth of influence of PSR correlates 
with the axle count per bogie.

Micromechanics of granular 
materials
The deterministic or continuum approach 
to analysing soils and granular media is 
generally employed to model the response 
to loading using theories of elasticity and 
plasticity. For the investigation of discrete 
particle media, however, analytical solutions 
and new instrumentation technologies are 
required if the micromechanics of mesoscale 
behaviour are to be better understood. The 
two most popular numerical methods are 
finite element modelling (FEM) and discrete 
element modelling (DEM). The complexity 
of obtaining realistic results stem from the 
significant number of particles present and 
the small time-step required for convergence. 
To complement the theoretical investigations, 
the use of miniaturised, MEMS-based sensor 
technologies has recently been explored. Few 
comprehensive, constitutive relationships 
exist that accurately describe the complexi-
ties involved with a discrete medium, thus 
the wide implementation of FEM and DEM.

Cundall and Strack (1979) pioneered the 
theoretical establishment of DEM modelling. 
Discrete modelling has the advantage of 
simulating the relatively large displacements, 
rotations and contacts occurring within the 
matrix. A comprehensive, two-dimensional 
DEM analysis by Zhang et al (2016) inves-
tigated the dynamic ballast behaviour for 
high-speed railway applications. The largest 
stresses and accelerations were concentrated 



Journal of the South african institution of civil engineering Volume 63 Number 1 March 2021 13

within the first 200 mm of ballast where 
peak frequencies were observed in the region 
below 100 Hz and in the 150–300 Hz range. 
A dimensionless scalar value of β relates the 
ratio of the principal stress of a particle to 
the average of the three principal stresses. 
When the displacements of these particles 
are graphed for a moving load, a circular 
pattern of movement is produced. The 
spectral frequency densities with the greatest 
amplitude were observed to be a function 
of the inter-axle and inter-bogie spacing of 
the train. Other studies improved upon this 
research with the implementation of more 
representative non-convex particle geometry 
(Wilke et al 2016) generated from photo-
grammetric laser scanning (Indraratna et al 
2011; Mvelase et al 2012) of the particles.

Some authors have suggested that the 
driving force behind the rearrangement, 
orientation and dynamic response of 
granular media is the manifestation of the 
maximisation of the system’s entropy (Cowin 
& Satake 1979). This statistical foundation 
suggests a possible amalgamation between 
the measured deterministic response and 
proven probabilistic characteristics exhibited. 
Rothenburg and Kruyt (2009) concluded 
that the best descriptor of the inter-particle 
contact forces, angles and displacements 
is with the use of statistics, not simplified 
laws of mechanics. The observed particle 
displacements, for identical contact angles 
(the corresponding conditional probability), 
are merely the outcome or realisation of 
some independent random variable. The 
shape of the probability distribution func-
tion (PDF) was derived using techniques to 
maximise the available entropy (Kruyt & 
Rothenburg 2002). Depending on the average 
coordination number (CN) of the particles, 
the PDF is either Gaussian-shaped for dense 
systems (5.5 < CN < 6) or exponentially 
shaped (4 < CN < 5). Makse et al (2000) 
observed similar results to that of Kruyt and 
Rothenburg (2002). Kitamura (1980) sum-
marises his findings as follows: “Furthermore, 
it is shown that the discontinuous motions 
largely contribute to the deformation process 
of particulate material, and the method to 
quantitatively estimate the discontinuous 
motions is proposed based on the probabilistic 
considerations for the motions of particles.”

Smart ballast
The fusion of recent research applications 
involving smart sensor technologies and 
ballast particles is collectively referred to as 
“smart ballast” instrumentation. Zhai et al 
(2004) provides one of the earliest examples 

of instrumenting field ballast with a uniaxial 
MEMS accelerometer, in combination with a 
theoretical model. Good agreement between 
the results was found. The resonant fre-
quency of the ballast accelerations was found 
to be between 80 Hz and 100 Hz. Aikawa 
(2009) supplemented this method with an 
additional, secondary accelerometer to derive 
angular velocities. Rotations exhibited identi-
cal frequencies to that of the accelerations 
with more rapid attenuation. Only vertical 
accelerations were measured. Li et al (2015) 
reported a similar range of resonance fre-
quencies in-between 50 Hz and 210 Hz. Milne 
et al (2016a) utilised several wireless, minia-
turised smart ballast particles to investigate 
aerodynamic effects on the granular media 
for train velocities exceeding 400 km/h.

The most recent and noteworthy example 
of smart ballast is the development of 
“SmartRock” by Liu et al (2016a). The wire-
less internal unit containing the electronics 
is surrounded by a 3D printed exoskeleton, 
measuring only 60 × 60 × 60 mm in size. 
The unit transmits the IMU measurements 
wirelessly using a Bluetooth interface. The 
maximum sampling frequency is reported 
as 64 Hz which can resolve the peak-to-peak 
translational and rotational accelerations. 
Short-term testing of 500 loading cycles illus-
trates the complexity in the rearrangement of 
the SmartRock in the surrounding granular 
matrix. A decrease in lateral stiffness was 
observed at the edge of the sleeper resulting 
from the decrease in resistance to movement. 
Additional research was carried out to move 
the SmartRock to different positions beneath 
the sleeper (Liu et al 2016b) together with the 
influence of geogrids installed within the bal-
last (Liu et al 2016c). The SmartRock proved 
vital to measure the mesoscale effects associ-
ated with different geometric and material 
variables. The main conclusions reached 
were the increased amplitude of rotation by 
positioning the SmartRock at the edge of 
the sleeper, the significant reduction in the 
movement with an increase in depth, and the 
complex interaction between the measured 
translation and rotation.

KLI-PI DEVELOPMENT
A detailed design methodology outlining 
the desired functionality and performance 
characteristics of an improved smart ballast 
prototype, to meet the required objectives of 
the study, was established. The methodology 
incorporated the design, construction and 
calibration of the instrument. The smart 
ballast prototype, named “Kli-Pi”, was 

successfully developed (Figure 1) and cali-
brated for this research project (Broekman 
& Gräbe 2018). The calibration procedure 
provided comparable instrumentation 
performance compared to that of Milne et 
al (2016b). The name Kli-Pi is derived from 
the Afrikaans word for small rock to convey 
the miniaturised rock or ballast-shaped ana-
logue. The key performance characteristics 
of Kli-Pi can be summarised as follows:

 Q High-performance, Linux-based 
microprocessor and MEMS IMU 
(H3LIS221DL Motion Sensor).

 Q Sampling rate of 3 000 measurements 
per second, divided evenly among 
the 6 DoF (tri-axis accelerometer and 
 tri-gyroscope). The data for each axis of 
each sensor is thus recorded at 500 Hz.

 Q Programmable full scale of ±16 G and 
±2 000 degrees per second (DPS) for the 
accelerometer and gyroscope respectively.

 Q High-strength, non-convex, 3D printed 
PLA (Polylactic Acid) exoskeleton for 
ample environmental protection.

 Q Sufficient battery capacity to provide a 
two-month standby time or ten hours of 
continuous data acquisition.

 Q High-bandwidth, in-situ wireless com-
munication using a Wi-Fi connection 
for the transfer of data (post-recording) 
over a local area network (LAN).

The 500 Hz sampling rate, or 2 ms between 
successive readings, provides the abil-
ity to accurately integrate the data using 
numerical methods. A second-order 
Lagrange interpolation polynomial was 
used to approximate the discrete data 
points and is referred to as super-sampling. 
Following the super-sampling operation, 
Simpson’s method is employed to numeri-
cally integrate the array of data. The linear 
acceleration and rotational velocity were 
integrated using this method to obtain the 
displacements and rotations for the three 
orthogonal axes of measurement. Due to the 
influence of electromagnetic interference, 
only the gravitational vector was employed 
in the alignment of the body vector’s z-axis 
with that of the global frame. The installa-
tion method ensured that the lateral axes of 
the body frame were aligned with that of the 
global frame. For both the installation and 
experimentation procedure, the following 
coordinate system was used:

 Q Longitudinal | parallel to the direction 
of the rails | IMU x-axis or roll (φ)

 Q Lateral | parallel to the long axis of the 
sleepers | IMU y-axis or pitch (θ)

 Q Vertical | parallel to the gravitational 
vector | IMU z-axis or yaw (ψ)
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EXPERIMENTAL PROCEDURE
A full-scale field trial was conducted to 
investigate the representative dynamic 
response of the ballast. The aim of the 
experiment was to replicate the typical 
characteristics and operating behaviour of 
field conditions for heavy-haul conditions. 
Figure 2 illustrates the instrumentation 
configuration together with the depth of 
the instrumentation. The experiment was 
carried out during December 2017 near the 
Komati Power Station / Broodsnyersplaas 
(26°04’32.9”S 29°30’17.8”E). This primary 
rail artery is used for exporting coal from 
the surrounding mines in the Mpumalanga 
Province of South Africa. Gräbe and 
Clayton (2009) summarised the track 
specifications and dimensions. The track 
consists of equidistantly spaced (650 mm) 
concrete (PY) sleepers using a standard 
Cape gauge of 1 067 mm. The ballast 
depth is 300 mm with the subballast and 
subgrade material extending to a depth 
of 900 mm. This rail corridor started 
service in 1976. The direction of travel 

coincided with an increase in the gradient 
and a decrease in train velocity as the train 
passed the static reference measurement 
point. The granular layers were saturated 
following short bouts of rain during the 
preceding week. Additionally, during 
retrieval of the instruments, the water table 
was positioned approximately 100 mm 
above the subballast interface.

The section was instrumented with a 
total of four Kli-Pis. For ease of installation 
and retrieval, the Kli-Pis were installed 
directly beneath one of the sleepers in the 
shoulder ballast section (Figure 3). This 
position also minimises the disturbance 
to the ballast matrix. Furthermore, this 
position is synonymous with the expected 
location where significant rotation (Liu et al 
2016b) and PSR (Gräbe and Clayton 2009) 
would be measured in addition to the influ-
ence of overlapping stress frusta from the 
dual-wheel axle configuration. The ballast 
stones were carefully placed back in position 
by hand after the installation process to 
ensure adequate interlocking of the particles 

surrounding the instruments. During sub-
sequent retrieval of the instruments, it was 
noted that the orientation remained unal-
tered. The Wi-Fi access point (denoted AP) 
used for communicating with all the Kli-Pis, 
was positioned directly above the vertically 
aligned column of instruments to ensure 
a reliable connection. The user interface 
was situated a safe distance away from the 
track using an Ethernet interface. The data 
presented was obtained from the passage 
of six class 10E locomotives (21 ton/axle) 
and 100 loaded wagons (estimated 20 ton/
axle), representing a period of approximately 
100 seconds.

The software language of choice was 
Python for its versatile set of available 
libraries and wide implementation in the 
research community. Python was used for 
both the calibration of the IMU and the 
analysis of the large data sets to extract 
meaningful data as efficiently as possible. 
The analysis workflow consisted of filtering 
methods (Butterworth filtering), numerical 
approximation and integration methods, 

Figure 1 Kli-Pi 3D printed shell / exoskeleton and the internal IMU box containing all the electronics
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frequency domain transformations and peak 
identification. Similar to Lamas-Lopez et al 
(2017) and Milne et al (2016b) a Butterworth 
filter of order 3 with a bandpass of 4-200 Hz 
was selected for the acceleration data. To 
remove the bias present in the rotational 
velocity data obtained from the gyroscope, 
an average measurement over a 3-second 
period (with no trains passing) is subtracted 
(per axis) from the entire dataset. Any other 
calculations derived from these datasets, 
for example the displacement and energy 
metrics and peak-to-peak statistics, are thus 
automatically filtered. Over a two-minute 
period, accounting for all six degrees of free-
dom, 360 000 data samples were generated 
for each Kli-Pi, or 1.44 million for a single 
train passage. For any given degree-of-free-
dom, the 2 000 largest peak-to-peak samples 
were extracted for use in the analysis phase. 
Using Python, graphs illustrating the data in 
both the time and frequency domain were 
implemented in quantifying the dominant 
modes of rotation and translation, together 
with observations of impact loading, rear-
rangement of particles in the ballast matrix 
and ballast resonance.

DISCUSSION OF THE RESULTS
With the introduction of Kli-Pi, the experi-
ment performed aims to augment existing 
literature and provide new insights into 
the mesoscale behaviour of ballast under 
the influence of quasi-static loading. These 
results are divided into discussions sur-
rounding the typical displacements and 
rotations for both the time and frequency 
domains, mechanical work and energy 
methods, concluding with the statistical 
descriptors for the interpretation of these 
metrics. The focus of the discussion is 
based on the results from the field test.

Time domain features
Figure 4 illustrates the displacement in the 
vertical or z-axis for all the Kli-Pis with the 
periodic 4-axle configuration of the wagons 
clearly visible; each wagon is denoted by the 
bracket with each of the axles numbered. 
Impact loading occurs at approximately 
31.5 s, whereby the peak-to-peak displace-
ment amplitudes are significantly larger 
(for all the Kli-Pis) compared to the pre-
ceding or successive loading patterns. The 
largest typical peak-to-peak displacement 
is associated with Kli-Pi 4 attached to the 
sleeper, measuring approximately 350 μm 
(peak-to-peak), reducing with depth. The 
peak-to-peak displacements measured 

among all the instruments show significant 
variance over time. This is also true for the 
longitudinal (x) and lateral (y) axes, though 
the magnitude thereof is substantially 
smaller. Even though the displacement 
reduces on average with depth, an anomaly 
occurs for Kli-Pi 3 and Kli-Pi 2 which are 
positioned beneath the sleeper and in the 
middle of the ballast layer respectively. 
The average vertical displacement (z-axis) 
was measured as 109 μm and 104 μm for 
Kli-Pi 3 and Kli-Pi 2, respectively. This 

net-zero displacement can be explained by 
the overlapping of stress frusta of the wheel 
loads occurring in-between the positions 
of Kli-Pi 2 and Kli-Pi 3. The discontinuous 
nature of the particles accommodates this 
strain discontinuity, where the particles 
beneath the sleeper experience lower levels 
of confinement. Reorientation or partial 
suspension of the particles is possible, 
effectively inducing heaving of the ballast. 
The measurement of mesoscale behaviour 
limits any simplified approach to quantify 
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the stress and strain of the material. This 
provides supportive evidence for the mech-
anism driving the periodic changes on the 
ballast matrix as noted by Cundall & Strack 
(1979). For the comparative laboratory test, 
the same phenomenon was not observed.

Figure 5 illustrates the rotation about 
the longitudinal or x-axis for all the Kli-Pis. 
The rotational response exhibits more 
uniformity than that of the displacements, 
although the magnitude is staggered about 
depth. As expected (Gräbe & Clayton 
2009), the longitudinal PSR is visible when 
considering the relatively large peak-to-peak 
rotation of Kli-Pi 1 situated within the 
subballast-ballast interface (0.02 degrees). 
The influence of the sleeper’s transverse PSR 
in proximity of Kli-Pi 3 is also illustrated, 
with the magnitude even larger than that of 
Kli-Pi 1 with a peak-to-peak amplitude of 

0.05 degrees. Kli-Pi 2 and Kli-Pi 4 positioned 
within the middle of the ballast layer and 
on the surface of the sleeper respectively, 
hardly exhibit any rotational response. For 
the laboratory tests, significant variations 
occurred over the duration of the test where 
both the magnitude and preferred axis of 
rotation changed throughout the test, simi-
lar to the observations of Liu et al (2016a) 
with SmartRock. For the field test, however, 
the peak-to-peak rotations increased rapidly 
during the initial reorientation after the 
installation, stabilising after approximately 
20 seconds.

Frequency domain features
Fast Fourier Transformations (FFTs) 
highlight the dominant frequencies associ-
ated with the passage of the locomotives 
and wagons. This information provides 

insights into the geometry of the train, 
sleeper-ballast resonance and horizontal 
forces. For the vertical deflection (z-axis) of 
Kli-Pi 3, positioned beneath the sleeper, the 
distinction between the locomotives and 
wagons is clear (Figure 6). For the first few 
seconds, the movement and reorientation of 
the Kli-Pi are represented as a broad range 
of frequencies with varying intensities. 
Thereafter, each discrete frequency can 
be linked to the inter-bogie, inter-axle and 
inter-wagon frequencies or a more complex 
combination thereof, as explored in detail 
by Milne et al (2017) and Ju et al (2009). 
During the passage of the locomotives, a 
distinct band of frequencies in the region 
of 125–150 Hz was observed and correlates 
with the ballast-sleeper resonance noted 
by Zhang et al (2016). The bogie passage 
and car bogie bounce are particularly 
pronounced between the 5 Hz and 10 Hz 
band of frequencies (Kouroussis et al 2015). 
The impact load noted before (Figure 4) is 
illustrated by the broad range of frequencies 
at the 32 s mark. The largest proportion of 
the energy remained concentrated along the 
vertical direction (z-axis), parallel to the axis 
of loading. Near the end of the train passage, 
an increase in the density of the spectra is 
observed, likely as a result of an increas-
ing level of compaction of the instrument 
within the surrounding ballast matrix.

With the passage of the locomo-
tives, the amplitude of the longitudinal 
displacements (x-axis) during this narrow 
time frame exceeded that of the vertical 
displacements (z-axis) by more than 50% 
(Figure 7). This effect can be linked to the 
transfer of tractive forces from the locomo-
tive onto the track, inducing a short-lived, 
oval-shaped translation pattern (Zhang 
et al 2016). Barely any longitudinal forces 
(x-axis) are present during the passage of 
the wagons. The transfer of longitudinal 
(x-axis) and lateral forces (y-axis) dimin-
ishes with depth, although the reduced 
influence of these forces was recorded by 
Kli-Pi 1. These forces,  however, remain 
significant, which is usually absent form 
uniaxial cyclic loading typically employed in 
laboratory experiments.

The FFT of the rotational response about 
the x-axis of Kli-Pi 3 (Figure 8) appears simi-
lar to that of the deflection with the density 
profile strongly concentrated around the 
discrete spectra associated with the train 
geometry. This is indicative of a response 
that is strongly linked to the macroscopic 
response of the substructure instead of the 
mesoscale particle behaviour as with the 
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Figure 6 Frequency domain deflection: z-axis of Kli-Pi 3
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displacements. The negative gradient of the 
spectra with the progression of time for all 
the FFT-based figures is a direct result of the 
decreasing train velocity over time, owing to 
the positive track gradient.

Mechanical work and 
energy methods
Considering that the motion of the Kli-Pi 
was quantified about all three spatial 
dimensions, application of kinetic and 
potential energy principles is a cogent 
analysis method. The assumption can be 
postulated whereby the position of the 
Kli-Pi, over a relatively long period of time, 
remains unchanged. Even though the 
filtered data represents a relative position 
(zero-centred data), the assumption is that 
a constant position before and after the 
passage of the train represents an absolute 
datum. The total work associated with the 
Kli-Pi consists of both kinetic (UK) and 
potential energy (UP) components. The 
angular moment of the Kli-Pi is ignored 
owing to the difficulty associated with the 
calculation of the moment of inertia and the 
small rotation angles. The work generated 
by the potential or gravitational field is 
equal to the negative change of the potential 
energy of a rigid body (Stewart 2012). Also, 
following from Newton’s  second law of 
motion, the mechanical work exerted on a 
rigid body can be shown to equal the change 
in the kinetic energy. If the total energy is 
to be conserved for a Kli-Pi moving along 
a path C, given by a function r (t), through 
a conservative force field F , Equation 1 
must hold:

∫c
 ⎫

⎪
⎭
1
2

m∆V 2 – m∆hzg⎫
⎪
⎭
dr  = 0 (1)

Where:
 ∆V = change in body velocity vector
 ∆hz =  change in body elevation with 

respect to the potential field
 m =  mass of the body (400 g for every 

Kli-Pi)
 g = gravitational constant

The total energy associated with any one 
of the Kli-Pis can be expressed as a func-
tion of time. The total energy is illustrated 
over a short period of time (Figure 9) in 
addition to the isolated kinetic (Figure 10) 
and potential (Figure 11) energy over the 
entire duration of the test. Note that the 
kinetic energy always attains a positive 
magnitude, whereas the potential energy 
is either positive or negative depending on 

the position relative to the datum. Figure 9 
illustrates a consistent pattern whereby the 
peak-to-peak magnitude of the total energy 
decreases with depth for most of the passing 
axles. The mean peak-to-peak magnitude 
for Kli-Pi 4 positioned on the sleeper, over 
the entire duration of the test, is 0.639 mJ, 
reducing to 0.287 mJ for Kli-Pi 1 in the 
subballast (Table 3 on page 22). The total 
energy associated with Kli-Pi 2 and Kli-Pi 3 
is nearly identical owing to the overlapping 
stress frusta. For the first few load cycles 
(Figure 10), the kinetic energy highlights 
the initial reorientation and movement of 
the installed instruments in combination 
with the significant lateral and longitudinal 
locomotive traction forces adding to the 

overall energy composition. Thereafter, 
the kinetic energy constitutes only a small 
portion of the total energy, except for the 
impact load near 31.5 s and another smaller 
impact load closer to the end of the test 
at 99 s. This explicit distinction between 
the kinetic and total energy provides a 
clear illustration of the presence of impact 
loads. The potential energy (Figure 11) 
contributes the largest proportion of the 
total energy. Like the kinetic energy graph, 
the increased axle mass of the locomotives 
is represented by larger amplitudes, followed 
shortly thereafter by the repetitive wagon 
axles with a small degree of variation. The 
standard deviation of the total energy (peak-
to-peak) reduces from 0.633 mJ for Kli-Pi 4 
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to 0.219 mJ for Kli-Pi 1. The significance of 
the statistical characteristics of this metric 
follows in the next section.

Statistical descriptors
Reviewing both the measurements and 
literature, the underlying probabilistic 
nature of the particle response is clear. 
Descriptive statistics is employed to 
quantitatively compare these results. For 
each dataset, a total of 2 000 of the largest 
peak-to-peak amplitudes was extracted 
to obtain a representative sample for each 
DoF. This number was obtained through 
an iterative process until a representative 
distribution of peak-to-peak amplitudes 
had been extracted. This number is larger 
than the number of passing axles due 

to the stochastic nature of the measure-
ments, especially that of the non-uniform 
displacements, producing a relatively large 
number of peak-to-peak amplitudes that 
need to be accounted for. For each DoF, 
the minimum, mean, maximum, standard 
deviation, coefficient of variance (CoV) 
and skewness statistics were calculated. Of 
all the statistics analysed, the mechanical 
work provided the most representative and 
significant results compared to that of the 
displacement and rotation statistics.

Displacement
Figure 12 illustrates the difference among 
the three spatial dimensions. For any given 
spatial direction, the largest mean peak-
to-peak displacement is associated with 

the sleeper (Kli-Pi 4). A large component 
of the displacement is associated with the 
longitudinal direction (x-axis), caused 
predominantly by tractive wheel-rail forces. 
This longitudinal component, together 
with a slightly smaller lateral component, 
reduces with depth as the force and corre-
sponding displacement dissipates through 
the ballast matrix. Similarly, the vertical 
peak-to-peak displacement reduces sub-
stantially with depth as the stress frusta is 
spread over a larger contact area. As noted, 
the displacements associated with Kli-Pi 2 
and Kli-Pi 3 are nearly equal, owing to 
the overlapping of stress frusta between 
these two locations. Considering that the 
mean displacement is associated with the 
expected outcome of the probability dis-
tribution, isolated events will occur where 
positive or tensile strain is observed at the 
interface that can lead to a rearrangement 
of the otherwise stable ballast matrix.

Figure 13 illustrates the significant influ-
ence of uncontrolled variables, such as the 
amplitude of the applied load, associated 
with the field test. It is intriguing that for 
all the axes the CoV decreases with depth, 
likely due to the dissipation of energy and 
the increasing number of potential pathways 
in the ballast matrix through which the load 
can transfer. The magnitude of the CoV 
is similar among all three axes, with the 
largest measurements associated with the 
longitudinal (x-axis) displacement instead of 
the expected vertical (z-axis) displacement 
associated with the loading vector. The CoV 
associated with the longitudinal direction 
(x-axis) is pronounced only with the sleeper 
and the sleeper-ballast interface.

Figure 14 illustrates positive skewness 
for all the displacement statistics. The data 
is significantly skewed in the longitudinal 
(x-axis) and lateral (y-axis) directions 
compared to the vertical (z-axis) direction, 
primarily caused by the locomotive tractive 
forces. These forces are largely dissipated 
through the sleeper-ballast interface near 
the position of Kli-Pi 3, where after the 
skewness decreases noticeably for the 
instruments positioned at greater depth in 
the ballast.

Rotation
The relationship between the rotation 
statistics and depth of installation is 
less clear compared to the displacement 
statistics. From the time-series data it was 
concluded that the preferred axis of rotation 
is primarily associated with the behaviour 
of the sleeper. The largest mean rotation 
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(Figure 15) is associated with Kli-Pi 3 which 
is prone to transverse PSR resulting from 
the sleeper above, followed by Kli-Pi 1. 
The mean peak-to-peak amplitude for any 
instrument or DoF remains relatively small, 
with only a fraction of a degree rotation 
being measured. This finding was verified 
during the analysis stage, whereby the 
rotational velocity (prior to the integration 
to calculate the attitude or orientations) 
was rarely measured to be greater than one 
degree per second.

The CoV statistics (Figure 16) illustrate 
the rigidity of the sleeper where the CoV is 
relatively small in the longitudinal (x-axis) 
and lateral (y-axis) directions. Comparing 
the two metrics, the difference in magni-
tude of the rotational CoV is significantly 
smaller than that of the displacement CoV 
(Figure 13). A small reduction in the CoV 
with depth is present when comparing Kli-
Pi 3 and Kli-Pi 4.

The skewness metric of the rotational 
measurements is much smaller in magni-
tude compared to that of the displacements 
(Figure 17) – the average skewness statistic 
decreases from a typical value of 5 for the 
displacement skewness to less than 1 for 
that of the rotation skewness, indicating 
a reduced sensitivity for the rotation of 
the particle to be affected by localised or 
mesoscale effects and forces. The reduc-
tion in magnitude of the skewness statistic 
with depth is only valid for the yaw (z-axis) 
vector; the other DoF appears randomly 
distributed. The rotational response is 
more strongly influenced by the macro-
scopic characteristics, which corresponds 
to the frequency domain results (Figure 8); 
the rotational response produced a more 
concentrated spectral density around 
geometry-dependent frequencies compared 
to the that of the displacements.

Mechanical energy
Finally, when considering the mean energy 
of the field test (Figure 18) the variability 
introduced by impact loads, varying axle 
mass and larger particle translations pro-
duces a broad range of metrics – the maxi-
mum peak-to-peak energy (2.699 mJ) is sig-
nificantly larger in proportion to that of the 
minimum (0.032 mJ) and mean (0.639 mJ) 
energy statistics. This variability is also 
apparent when considering the CoV metric 
(Figure 19). For the standard deviation, 
CoV and skewness statistics, a negative cor-
relation exists with depth for the field test, 
exemplifying the probabilistic response of 
the ballast. These phenomena likely stem 
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from both the dissipation of energy and 
the increasing number of load paths with 
depth as the load is distributed. From the 
results presented by Kruyt and Rothenburg 
(2002) it is known that with an increase in 
the confinement stress, the shape of the 
parameter’s PDF shifts from an exponential 
to Gaussian distribution. Correspondingly, 
this should yield a smaller skewness sta-
tistic with depth, which is observed with 
the field test results. This also indirectly 
relates the coordination number to the 
shape of the PDF. The most confined Kli-
Pis, positioned at depth in the granular 
layers, converge towards a skewness value 
of 1.1, which is indicative of an exponential 
distribution. The increase of the skewness 
statistic corresponds with an increase in 
both the standard deviation and CoV.

CONCLUSIONS
The importance of studying and quantifying 
the mechanical behaviour of granular media 
was noted by Cowin and Satake (1979). 
Following the successful development and 
deployment of Kli-Pi, new information 
regarding the dynamic behaviour of ballast 
particles within a representative environ-
ment has been presented. The fundamental 
behaviour of ballast particles on a particle or 
mesoscale was characterised by a probabilis-
tic or non-deterministic response.

Historically, the influence of lateral 
and longitudinal forces, principal stress 
rotation, particle rearrangement and 
spectral frequencies has been confined 
to theoretical discussion and numerical 
investigations. The results presented in this 
paper, however, provide valuable insight 
and supportive evidence for these existing 
theories and formulations.

Few studies account for all the possible 
DoFs apart from the direction of load appli-
cation which is always in the vertical direc-
tion. For this field test, the transfer or large 
longitudinal and lateral forces throughout 
the substructure were measured as increased 
displacements in these spatial directions. 
During the passage of the locomotives, the 
peak-to-peak magnitude of the displacement 
parallel to the primary load direction was 
measured to be smaller than that of the lon-
gitudinal direction where traction forces are 
exerted. Complex, oval-shaped translational 
patterns were observed to extend throughout 
the ballast structure, extending down to 
the subballast interface, as predicted by 
numerical models. Owing to the probabilistic 
response of the ballast, in combination with 
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the overlapping stress frusta of the wheel 
loads, non-uniform strain distribution was 
measured. The variation in the loading, 
material and support conditions in the field 
test significantly amplified the standard 
deviation, CoV and skewness statistics of 
the peak-to-peak displacement, rotation 
and energy measurements. An increase in 
particle confinement was measured as an 
increase in energy density about specific fre-
quencies for both experiments, which agrees 
with the findings of Liu et al (2016b) with the 
implementation of SmartRock.

Finally, the introduction of the mechani-
cal work energy parameter provided the most 
representative information. This provides 
an unambiguous parameter to quantify the 
magnitude and variance of the quasi-static 
loads and confinement characteristics. The 
distinction between the kinetic and potential 
energy highlighted the effects of the depth 
of influence for impact forces, locomo-
tive traction forces and the initial particle 
 rearrangement after the installation of the 
instruments. The minimum, mean and 
maximum work energy statistics illustrated 
a strong correlation with the depth of instal-
lation. The skewness statistic of the Kli-Pi 
installed at the greatest depth converged 
to a value of 1.1. This corresponds with a 
confined granular state where the probability 
distribution function tends towards an 
exponential distribution, corresponding to 
existing literature. The increase of the skew-
ness statistic corresponds with an increase in 
both the standard deviation and CoV.

Test regimes over a longer period should 
be perused with the inclusion of typical 
maintenance and corrective geometry 
activities. The effects of ballast particle 
properties, level of fouling, train speed, 
moisture ingress and the substructure 
condition, all contributing to both the 
macroscopic and mesoscale behaviour, 
have not been investigated or considered 
in the results. Alternative instrumentation 

locations should be included, particularly 
the centre portion of the sleeper and ballast. 
The proof-of-concept to accurately quantify 
mesoscale ballast dynamics in detail has, 
however, been successfully demonstrated.

ADDITIONAL INFORMATION
The following tables provide a summary 
of the field test statistics – statistics of the 
displacement (Table 1), rotation (Table 2) 
and work energy (Table 3).
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Table 1 Peak-to-peak displacement statistics for the field test (all Kli-Pis)

Parameter
Kli-Pi 1 Kli-Pi 2 Kli-Pi 3 Kli-Pi 4

X Y Z X Y Z X Y Z X Y` Z

Mean (mm) 0.036 0.030 0.074 0.031 0.028 0.104 0.041 0.053 0.109 0.106 0.074 0.161

Minimum (mm) 0.008 0.006 0.009 0.007 0.004 0.007 0.007 0.004 0.009 0.013 0.008 0.005

Maximum (mm) 0.162 0.137 0.229 0.155 0.150 0.363 0.292 0.355 0.419 1.027 0.563 0.685

Standard deviation (mm) 0.032 0.028 0.056 0.291 0.298 0.925 0.064 0.073 0.100 0.177 0.117 0.187

Coefficient of Variance 0.881 0.916 0.762 0.925 1.050 0.887 1.574 1.385 0.918 1.666 1.591 1.165

Skewness 4.390 4.028 1.119 4.238 3.230 1.124 9.049 4.972 1.440 6.042 6.656 4.498
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