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Shape analysis of railway ballast
stones: curvature-based calculation
of particle angularity

Bettina Suhr@® ¥, William A. Skipper® X RogerLewis® *& KlausSix@ ¥

Particle shape analysis is conducted, to compare two types of railway ballast: Calcite and Kieselkalk.

Co—e Z<te o =8t LSfUf L —frcofixts L dde%ocy. Zot. oY% R f—fa Zf84-F7 -t
<o e LSFUf—f ottt —ece%o X THFEE FOESFedt it 22—y o fee
a vast amount of information (e.g. curvatures) which can be used for shape analysis and angularity
DSt f—cteA =t f——"F FYPLfffS Tt Stfo—et—etSy " — % SZ> —ts—fta 1
test cases. In this work, two new curvature-based angularity indices are introduced and compared to one
from the literature. Analytical test bodies with shapes ranging from spherical towards cubic are used for
fave— "7 f—ec,«Zc—> —te—& Sted\ofe fFoe N fFZEZf— f"—<u.. . <f2Z72525—T%t
one out of three evaluated angularity indices seem to be suited to characterise angularity correctly in all of
the above tests: the newly introduced scaled Willmore energy. A complete shape analysis of the scanned
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and direct shear tests were presented for the same ballast types.

Shape analysis in the literature. e shape of particles forming a granular material strongly in uence its

bulk behaviour. To be able to model particle shiagmulations using the Discrete Element MethodERD),

shape analysis can yield helpful insights. In recent years, particle shbisehas strongly bene ted from
advances in measurement techniques, considerably increasing the amount of informdableaVaaditional
measurement techniques such as callipers, sieve analysis or photography are now complemented by 2.5D and :
measurements, see for exampi@ening up new ways to analyse shape. Particle shape is usually investigated on
three di erent scalegorm, angularityroundnesandtexture Additionally,overall shape parametessst, which
correlate to more than one of the above scales.

To characterisparticle formso-called 1D form factors are used. For their calculation the particle’s longest,
intermediate and shortest axés [, andS respectively) are sought, 3&& di erent de nitions and measure
ment/calculation approaches. From this information, several form factors can be cd)adéfer an overview.

Widely used factors include elongat®n I/L and atnessf S1. Many of the other form factors correlate
with elongation or atness, sée

Angularity and roundneswe two di erent concepts to investigate particle shape. e most acknowledged
de nition of roundness was proposed by Wati&llbut also other shape descriptors for roundness exifosee
2D data of'* for 3D data. In all aforementioned approaches, only convex areas of the particle are considered fo
roundness computation. If a particle has concave parts, including edges and corners, then these caede expe
to increase particle interlocking, which in uences the bulk behaviour of granular materials (e.geot atdiar
test). As the particles considered in this work show pronounced corners and edges in concave areas,isoundnes
not considered as an advantageous shape descriptor for these materials.

erefore, angularitywill be investigated in this work, as it considers all corners and edges of a particle.
Approaches to characterise angularity from 2D data, i.e. images, can be f&thorih where several methods
are compared. Di erent types of 3D measurements were usefitirand®. e developed angularity index it?
includes the integrated mean curvature and is similar to the one introduced later in this Wak.dngularity
index was introduced, where the area of the particle’s edges and corners is divided by the titaiuptatie
area. is index will be considered later for comparison.

Were—f7 $£Sc<..ZF teif .S o, & fRXwe-atewadvnid THIEE e SFZicfR T SI¥iZ
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Textureis traditionally analysed from black/white or gray-scale pictures, i.e. 2D d&tfgrseomparison of
di erent approaches. 1, a 3D surface texture index for 3D voxel meshes was developed .

In the literature, someverall shape parametersist. Sphericity is a frequently used shape parameter and
in the literature it was sometimes used to describe particle form. As sthttidsins misleading, as spheric
ity can be in uenced not only by form, but also by roundness/angularity or roughness. e same cdd be sa
about ellipseneds or ellipsoidnesd Di erent approaches to characterise shape can be found in the literature,
such as a Fourier-based approdchn approach using inertia tensor and inertia montéras approach using
Proper Orthogonal Decompositiéh an approach where a akiness index was de ned for railway Balksd
an approach where two convexity indices were introciiced

In this work,two curvature-based angularity indigeb be introduced and compared to one angularity index
from the literature. All three angularity indices use mean curvature values calculated from 8B (gesérated
from 3D scan data). Firstly, the plausibility of the three indices will be checked on anabttisatiies evolving
in shape from a sphere towards a cube; the indices methods of operation will be analysed witke bistatur
grams. Secondly, 3D scans of two types of railway ballast will be used for the evaluaithred imgularity
indices. In a nal plausibility check, the angularity indices will be testsde if they can distinguish between
the meshes of angular ballast stones and the meshes of rounded stopeperswill conclude with a complete
shape analysis of the scanned ballast stones, i.e. evaluation of form, roughness, hadapesfattors from
literature and a correlation analysis.

The broader picture. e choice of material being considered is motivated by the authors’ previous wéfk. In
the same two types of railway ballast were investigated in uniaxial compression and direct sheat¢estpe¥Whi
imental results of the direct shear test were very similar, clear di erences could be seen in the uniaxial compressiol
tests (data availaBfp. DEM simulations presented?used the same simple particle shapes (clumps of three
non-overlapping spheres) for both types of ballast. While it was not possibtanteprése the simpli ed Hertz
Mindlin contact law such that the simulation results of both compression and direct shear testsvatingith the
experimental measurements, this was successfully done for the Conical Damage contact law. e CorsEigal Da
contact law was originally introduced¥rand a detailed description of a slight modi cation can be fouffd in

is work can help to answer important questions, that arise f@ddnDo di erences in particle shape contrib
ute to the di erences in the materials’ bulk behaviour? Are these di erences mainly caused by di erences in the
material properties? Is it reasonable to model both types of ballast with th@aditle shape (as doné)?
Texture, and respectively roughness information, cannot be modelled in DEM via partic|doshafiébe con
sidered in the contact law applied.

Future work will include measurements of material properties for both tffeslast, i.e. Young's modulus
and particle-particle coe cient of friction. ere is/will be freely available datasets with shaplysis?, material
parameters, measured principal experimé&nisniaxial compression tests and direct shear test) for both types
of railway ballast. is data set, which will allow analysis of the material bulk behaviourdnegaarticle shape
and material properties, as well as providing all relevant information to develop DEM modesfpiaetion and
validation strategies.

c...fe Tf-f

Railway ballast. In this work, two di erent types of railway ballast “Calcite” (stems from apand
“Kieselkalk’, also known as Helvetic Siliceous Limestone, (stems from Switzerland) wasetbrRliel@se note
that the Calcite ballast does not consist of the mineral calcite: CaS@®Dballast types are two out of ve types
tested at Graz University of Technology at the Institute of Railway Engineering andofr&tgmomy in the
project “LoadLabs” (project partners: Deutsche Bahn (DB), Austrian Federal R{MaB)s Swiss Federal
Railways (SBB) and Schweizerische Sudostbahn (SOB)téraftRailway Engineering and Transport Economy:
Graz University of Technology), $één German, abstract available in English). In a previous Papempres
sion tests as well as direct shear tests for these two types of ballast were é&nducted

In this paper, 3D scans of single stones of both types of ballast were taken (data*3vaslabkens were
taken using the Fusion FAROARMith an attached laser scan arm, the resolution of the scans can be considered
to be 0.01mm. e scanning method is as follows: a stone was xed onto a scanning stage and the upper part of
the stone was scanned. en, the stone was turned over with the upper end then being xed thus alewing t
lower part to be scanned. Each of these two scans yielded a point clpad of the stones surface. Due to local
irregularities sometimes holes occurred in these point clouds. Both parts of the stone’s surface ecbusialign
the global registration algorithm built into the Geomagic studio so ware, and a triangekh of the stone’s
surface was generated. e scanning and mesh generation process took about 1h per stone. e generated meshes
were cleaned in an automated process using the open-source so ware MéshLab

Some examples of Calcite and Kieselkalk stones together with meshes of their scanned versions can be se
in Fig.1. e sieve size curves of both types of ballast can be foutid @mmaximal sieve size was 64 mm. e
sizes of the bounding boxes of each scanned stones can be found in thé'd&ta seich type of ballast, 25
stones were scanned. e stones were chosen by one of the authors randomly. In the conaltisionitseill be
addressed if the number of scanned stones is high enough to support the drawn conclusions.

"—<n...<fZZ> "' —e1 Astpreiafish flescébed, this paper deals with the characterisation of particle
angularity. To be able to test methods developed later in this paper, it is advantageousite ttwrgngular
ballast stones to relatively round stones, such as river pebbles. As such data isliet emailded objects are
created for test purposes by smoothing and simplifying the scanned meshes. Several availabléonethed
the open-source so ware Meshl%8were combined. To allow comparison between the original stones and the
arti cially rounded ones, the same stones as inJFge shown in Fi@ in their rounded versions.

SCIENTIFIQREPORTY (2020) 10:6048 ——"+a4 T'<c&4'"% wWvaAwWVy~ ezw{s~@VXVE|X~X}ae ™


https://doi.org/10.1038/s41598-020-62827-w

www.nature.com/scientificreports/

(@) (b) © (©)
Figure 1 Examples of ballast stones together with meshes of their scanned veasants ) Calcite, €) and

(d) Kieselkalk. To give an impression of the stones’s size, the longdsbéttigir bounding box is givera)(
L 3zmm,p)L 4€Emm,L 5Emm,d)L 5Imm.

(a) (b) (© (d)

Figure 2 Examples of arti cially rounded meshea): énd p) Calcite, ¢) and () Kieselkalk. Compare with
Fig.1 for original scanned meshes.

Characterisation of angularity
*%o—Z f"<—> <o T3 Whercharatteiising angularity or roundness, it is common in the literature

to calculate single value angularity indices. While it is convenieatit@e all information from a 3D mesh to a
single number, it is even more important that this number makes best use of the available informdtibe
curvature at each mesh vertex is calculated to identify corners. en, the ratio between the surface area associ
ated with these corners and the total surface area is de ned as the angudax, thus the calculated curvature
values are not directly used.

is work aims to introduce a curvature-based angularity indekich: makes best use of the available-infor
mation from the 3D mesh, assigns high values to angular particles and low values to round particles, and is eas
to calculate. roughout this work the mean curvaturd, will be used, which is the mean value of the twe prin
cipal curvatures,, k. At a point on a surface, these principal curvatures can be understood as the maximum and
minimum values of curvature of the intersection of the surface with all normal planes on this point (i-e. curva
tures of plane curves). To construct an angularity index, two integrals over curvature values mijdoed:dghe
total curvaturet,, and the Willmore-energwy.. e particle surface area is denoted Byand the mean curvature
byH. en, total curvature and Willmore energy are de ned as:

t; AH da 0
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2
W, R H<da @

e unit of the total curvature is metres. Total curvature is similar to the inverse of the shape pararmeter in
duced irt® where the curvature is calculated from the particle suré@oastructed by spherical harmonic series.
e use of spherical harmonic series for particle shape analysis has the advaftaging able to distinguish
between di erent multi-scale elements of shape: form, angularity and t&tdoavever, it demands a large
amount of computer memory and computational time. erefore, the approach presented Wwaich is easier to
calculate, is chosen. In di erential geometry,Wimore energy is a measure of the bending enefrgysurface
and it is dimensionless.

Both total curvature and Willmore energy can be easily calculatedivé provided information by
state-of-the-art so ware tools. In this case, the open-source so ware PyMesised. At each vertex of the
meshy;, the vertex area is denotedAjyand the mean curvature at the vertexdhyAs the curvature is constant
over the vertex area, the integrals in Efsaifd @) reduce to simple expressions:

N

te P AH 3
N

W DA H? @

Both total curvature and Willmore energy can be scaled, such that they are dimensionlesalahébegu
sphere. us, the following scaling is introduced, whegedenotes the radius of the surface equivalent sphere.

1

[ H da
4 leg A (5)
1 2

W = H4d

7 a0 ©®)

For comparison, the angularity indgy introduced i®, will also be considered in this work. For its calcula

tion, the radius of the largest inscribed sphefe, has to be calculated. Also, a modi ed mean curvatlres
used for its calculation. All elements of the mesh with a higher curvature than the inscribedsptesyarded
as edges or cornetg.is calculated as follows:

kil Tkl
H
2 ™
NA max(O, sgn (Hi rmlw))
' A ®)

us, the sum of the surface area of these edges and corners is divided by the total area, which givearitye angu
indexl,. To use the largest inscribed sphere’s radius for edge and corner detection is convenient as itaavoids int
ducing a threshold for curvatures. However, in this approach particle shape in uences the anguardypu
tational e ort for this index is higher than for the two other indices, as the largest inscribed sphebe mus
calculated rst. e I, index assigns 0 to a sphere and higher values for more angular particles, where the maximal
value is 1. An example of an arti cial shape wjth 1is given iA° as a starlike shape, which is composed of
many spikes, while having a relatively large valyg of

Plausibility check: analytical test bodies. To check the ability of the introduced angularity indices to
measure particle angularity, test bodies will be introduced. ese test bodies have a shapggygrzand evolve
from a sphere towards a cube. ey are obtained by transforming the coordimatafsa unit sphere to hold:

1
3 p
X P 1
(2 ©

p 2describes a sphere. With increasirie test body tends towards a cube, as can be seer8iftiége test
bodies are “unit spheres” in th8 space).
With increasingp, the angularity of the test bodies increases, which should be re ected by an angularity index.
To visualise how the three di erent angularity indices work,&ghows a histogram of the mean curvature for
both a rounded test body (p 3) and a more angular one (p9). In this histogram, the mean curvature values
are weighted by the corresponding vertex area. e curvature values of the rounded test bo8ydpe distrib
uted between 0 and 2 and the biggest area of this body has a curvature of 1. In contrast, the moestdmguiyar t
with p 9 has a high amount of (nearly) plane areas with curvatures nearly 0 and corners and edges are com
posed of curvature values up to 3.
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(a) (b) (d)

Figure 3 Test bodies with shape paramegeGoloured by mean curvature in the range of 0 te)Sphere:
p 2Gp 3@p S@p 20

weighted histogram
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Figure 4 Weighted histograms illustrating the di erent angularity indices for two test bod)ese@n
curvatureH: histogram weighted by vertex ardy,qcaled total curvaturg,; (c) scaled Willmore energyy,
(d) 1, angularity index frortf.

e calculation of the scaled total curvature is analysed in the weighted histograms #bHig the upper
plot, the used weights are the curvature multiplied by the vertex area, i.e. the summang)ofr&fe(lower
subplot, the cumulative histogram is additionally weighted with the scalitogSac the scaled total curvature.
is histogram visualises a discretisation of the integration in E5), (ith its nal values equal to the values of
the scaled total curvature for the two test bodies. From this plot it can be seeoumétthire values contribute
most to the calculation af. For the rounded test body, 3, the low curvatures (below 1) contribute almost half
to the total values af. In contrast, for the more angular test bgaly, 8, the main contribution td, comes from
the higher curvatures. Nevertheless, both test bodies are assigned a similar value just slightly ahmesthebec
loss of contributions at a certain curvature is nearly compensated by the increase at otheesurvat

Figure4c shows the analogue plots for the scaled Willmore energy. In the upper subplot, théi@vei@liﬁ
used and in the lower subplot the cumulative histogram ighiedl byH?> A/(4 ). Again, the integral in
Eq. 6) is visualised, so that the nal value of the cumulative histogram equals the Wluw¥ature values
below one are weighted less by the quadratic scaling ihd@igd values above one are weighted more, when
compared to the linear scaling in Hg). erefore, nearly at parts of the particle surface contribute very little to
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angularity of test bodies

23 5 7 9 15 20
shape parameter p

Figure 5 Comparison of scaled total curvature, scaled Willmore energy and angularity,jificen'® on test
bodies.

W,, while the curvatures of corners and edges are weighted more. e resulting values of the scaled=Willmor
energy re ect well the di erence in angularity between both test bodies.

In the upper part of Figtd, the weighted histogram for the visualisatiofh,aé shown. e weights used are
the vertex area divided by the total surface area of the particle. e curvature of the largesehsptiere,
1r,e 1, is also shown as a dashed line. Additionally, both test bodies are shown with areas d tighatur
thanl/r,,s, coloured red. For the calculationlgf all vertex areas belonging to curvatures biggerltingg, are
summed up and divided by the total surface area. is is shown in the lower subplot, where the weighted cumu
lative histogram of all curvatures greater than 1 is shown. is angularity index makes no di eren@ebdtve
area of the rounded test body, which has a curvature slightly above 1, and the corners and edggslaf thstan
body. As a consequence, the more rounded test body is assigned a higher angularity index thdartkesangu
body:l,(p 3) Od4andi,(p 9) 03

A er discussing the mode of operation of the three di erent angularity indices, they will now be eddtwat
all test bodies, as shown in FigBoth the scaled total curvature and the scaled Willmore energy assign 1 to a
sphere and higher values to the more angular test bodies as shape parametases. e scaled total curva
ture assigns 1 to a sphere and 1.065 to the most angulardgstittop  2C. is narrow range of values makes
the results hard to interpret. In contrast, the scaled Willmore energy @f th&C test body is 6.3. For the
authors, this naturally wider range of the scaled Willmore energy does t better to the intuéneslived angu
larity of the test bodies. In the third subplot of Fighel, index is shown. By construction, it assigns 0 to the
spherefp  2). en, the quite rounded test bodyp 3, is assigned the highégtvalue. With increasing angu
larity of the test bodies thg value deceases. e reason for this behaviour is that tliredex does not make use
of the modi ed mean curvature itself but only uses identify the area of edges and corners.g-or 2( the
edges and corners have a small area but a high curvature; this is not re ectdg inglthe e area of edges and
corners is part of the roundness characterisation usétiand, but here local curvatures or locally tted spheres
are considered directly for roundness computation. erefore, the roundness de nition developesliccess
fully classi es the angularity of analytical test bodies. e behaviour seen fror), tinéex so far is opposite to
the expected behaviour of an angularity index.

c.feetT efeSted ""ta'"' ...FTeece% f%baf thissectionr,fthé dhgwtarity of the two
types of ballast will be investigated and compared to the arti cially rounded meshes. Forpgbgepthie 3D
scans presented in the previous Section will be used (25 scans for each type of ballastg Bigh &pttial res
olution of the scans, information of the stones’ texture and roughness is also included in tihg teanigular
meshes. As the angularity of the stones will be characterised via the local curvaterstooéty it is advisable
to remove roughness/texture information from the me$h&%s, In'®, a feature preserving smoothing algorithm
is applied. eir meshes show a noise-like type of roughness, which is successfully removed by the smoothing
algorithm, while preserving sharp edges and corners nitgertant to keep in mind that the chosen smooth
ing method and the amount of smoothing will strongly in uence the curvatures computed lateisdtated
high-curvature features are excluded from roundness ctatipn by considering high local curvature together
with a large relative connected area. In this paper the scanned stones show a maredstexttire with sharp
rills, which should be removed, see Bafor an example stone. As the rills are partially connected, th®det
proposed iAt could not be applied. Also, the authors could not achieve removal efkthestvia smoothing,
although several smoothing algorithms available in MesKadre applied. fhand® roughness/texture of the
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(d) (e) (®

Figure & Example of mesh simpli cation levels and arti cially rounded meshes. Meshes coloured by mean
curvature in the range of0 £ and 1: ) cleaned meshb) CSE1,d) CSE2,d) CSE3,d) CSE4,f{ rounded
mesh.

Calcite 16600 | 7300 4000 1800 6800
Kieselkalk 19600 | 8700 4800 2100 7700

Table 1. Median number of elements of: the meshes using four di erent levels of mesh simpli cation and the
arti cially rounded meshes.

meshes is removed by reduction of the number of vertices/facets forming the mesh. As’sthiedritount of
reduction (number of facets in the reduced mesh) massively in uences the computed curvatures. Moreover, the
chosen method for mesh simpli cation can be expected to in uence the results as well.

In this work, the tollapse_short_edges " algorithm from PyMest#f will be used for mesh simpli

cation, denoted as CSE. e CSE algorithm tries to collapse all edges of a given mesh that are shorter than a
given threshold, and aims to be feature preserving. From the simpli ed meshes theunvature is calculated,
allowing the evaluation of the three angularity indices. e question of how much a mesh should be simpli ed
will be discussed next.

Four levels of mesh simpli cation will be considered in this work, denoted by CSE1 to CSE4. As the CSE algo
rithm cannot reduce meshes to a given number of elements, the number of elements in the simpli ed meshes will
vary between di erent meshes; in Tablhe median values are given. In the literafiaadt® use meshes reduced
to 1500 elements for their angularity calculation, which would roughly correspond to the CSE4 lew. Figur
shows for one example stone: the scanned (cleaned) mesh and the four di erent mesh siongiecals. All
meshes are coloured by the mean curvature and the aforementioned rilled texture is increasingly asrthe
mesh is simpli ed. As an additional test for the angularity indices, the angular meBhesasimpared to the
arti cially rounded meshes. e median number of elements for these arti cially rounded meshes are given in
Tablel and for comparison, the arti cially rounded mesh is also shown ir6Figure7 shows the computed
angularity indices for all scanned meshes at di erent levels of mesh simpli cation and the arti cialtiec
meshes. To visualise the calculated angularity values for each group of meshes, boxpéatsHeeeyshe
median value is shown with a line, the central 50% of the data is enclosed in the box (values between the 25th ar
75th percentile). e so-called whiskers extend to (the last datum below/above) 1.5 times the spread of this cen
tral 50% (interquartile range). Values outside of the whiskers are considered outliers and are plottedratith sep
markers. In Fig7a the scaled total curvature is shown for the meshes of Calcite and Kieselkesk thtein
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Figure 7. Comparison of di erent degrees of mesh simpli cation and arti cially rounded meshes for di erent
angularity indices:d) scaled total curvaturg; (b) scaled Willmore energyy, () I, angularity index frortf.

angular (" rounded | t, angular W, rounded | W, angular Ia rounded | I,

la 1.04 2a 1.00 la 4.36 2a 1.57 la 0.42 2a 0,34
1b 1.05 2b 1.03 1b 4.99 2b 1.74 1b 0.49 2b 0.26

1c 1.14 2c 1.13 1c 6.31 2c 2.55 1c 0.30 2c 0.21
1d 1.07 2d 1.06 1d 5.33 2d 1.87 1d 0.31 2d 0.21

Table 2. Comparison of angularity indices evaluated for angular meshes (CSE4 simpli ed) showt anBig.
rounded meshes shown in F&y.

di erent levels of simpli cation, and the arti cially rounded meshes. In the computealues, little in uence of
the mesh simpli cation is seen, i.e. its range of values overlaps strongly for the least and most simpkgd mesh
Moreover, the arti cially rounded meshes are assigned similar/same values as the angelarim&able, t,
values of the angular (CSE4 simpli ed) and rounded meshes shown id Big$2 are given. e rounded
meshes 2c and 2d are assigned higher angularity values than the angular meshes 1a and 1b. ereftee, the sca
total curvature is considered a bad indicator of particle angularity.

e scaled Willmore energy is plotted in Figh (for better visualisation three outliers of Calcite CSE1 between
25 and 35 are not shown). A strong decrease in the scaled Willmore energy can be seen with increasing mes
simplification (i.e. decreasing number of elements)sTheans that the meshes’ roughness/texture, which
should be removed by the mesh simpli cation, has a big in uence on the obtained results. For all levels of mesh
simpli cation, the median of the calculated values is higher for Kieselkalk than for Calcite efjdhevange
of values overlaps nearly completely for both types of ballast for all levels of mesh simpli casoif.the
scaled Willmore energy is used to characterise particle angularityerence can be seen between Calcite and
Kieselkalk ballast stones. Comparing the angular and the roundésnéise calculated values are separated
completely. is can also be seen in Tal@deWith the results obtained so far, the scaled Willmore energy seems to
be well suited for use as an angularity index.

e angularity index, |,, is evaluated as well and shown in Figlt can be seen that increasing mesh simpli
cation reduces the calculatég index. e same dependency on the meshes’ roughness/texture that was seen
with the scaled Willmore energy can be observed, but to a reduced extdptingex characterises Calcite as
slightly more angular than Kiesekalk. Both the scaled Willmore energhaindndex give very similar results
for Calcite and Kieselkalk for all levels of mesh simpli cation. erefore, it can be concluded ttiatypes of
ballast have similar angularity. A drawback oflfhiedex is seen when angular meshes are compared to the arti
cially rounded meshes; the range of the computed values overlaps clearly. An example in giveg,iwfiatde
the rounded mesh 2a is assigned higher angularity than thesamgeshes 1c and 1d. ¢, index uses the
modi ed mean curvature only to identify areas of edges and corners, but not for the calculétitseif.
erefore, a clear separation between rounded and angular meshes fails. For very rounded particlesr e.g
pebbles, thé, index may better separate angular and round particles. Summarisimgirttiex had problems
with classifying the angularity of analytical test bodies, as well as angular andrmesthes. us, it is not
considered a suitable angularity index in this work.

From the analysis presented above, it is hard to conclude which is the optimal level of meshtgmpk ca
level CSE4 is close to the amount of simpli cation found in the literatufeasd® For a more detailed under
standing of the mode of operation of theangularity index, Fig shows similar information for the CSE1 sim
pli ed, CSE4 simpli ed and arti cially rounded meshes thiaig.4 shows for the test bodies. Weighted histograms
are shown, which contain the information for all 25 scanned meshes of one type of railway babastiS®the
scattering between the histograms of one type of railway ballast the following plotimg ssfchosen. In every
bin 25 values exist (belonging to the 25 scans per ballast type). e median of these values is shown as a line-plot
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Figure 8 Comparison of CSE1 and CSE4 simpli ed angular meshes to arti cially rounded meshes for Calcite
and Kieselkalk scans. Shown is a summary of weighted curvature histograms, where weightscctarvéspon

(a) CSEL1 Calciteb] CSE4 Calcitec) rounded Calcite,d) CSE1 Kieselkalkg)(CSE4 Kieselkalkf)(rounded
Kieselkalk.

e range covered by the central 50% is shown with a dark shaelgtdngle, while the minimum/maximum of all
values is shown with a light shaded box. is representation loosely connects a histogram and a box plot. Due to
the used weights, it can be seen how much each curvature bin contributes to the scaled Willmore energy

Figure8a,dshow the results for CSE1 simpli ed meshes for Calcite and Kieselkalk, respectively. -e histo
grams scatter quite a lot for both types of ballast. For Calcite some curvature values reach up to 8%. In Fig.
these results are cut for improved readability. As the curvature values are squared in thenegiffve curva
tures increase the angularity value. For both Calcite and Kieselkalk the main consibutiencalculation ¥,
stem from curvatures around 0.5. As described before: the quadratic weighting of the curvature maps reduces th
contribution of nearly at areas and increases the contribution of edges and cormeadwgher curvature. is
also explains the dip at the bins with nearly zero curvature.

Figure8b,eshow the analogue plots for CSE4 mesh simpli cation level for Calcite and Kieselkalk respectively.
e scattering of the results is reduced by the mesh simpli cation. e contributions from negativevatures is
reduced considerably for both types of ballast. Moreover, the main contributions in thatazioof\, stem
from curvatures around 0.25, where curvatures above 0.5 are negligible. e CSE1 méstwsat texture
information, which is almost completely removed in the CSE4 meshes. During the simpli cation, the curvature
at edges and corners is reduced, thus the main contributions in thiatafcafi\, move closer towards zero (for
both negative and positive curvatures). e loss in texture information corresponds to a more narfawev®
tures occurring.

e corresponding plots for the arti cially rounded meshes are shown in Bt In this representation, sev
eral di erences can be seen between angular and rounded meshes. e rounded meshes show nearly no contribu
tion from negative curvatures. Negative mean curvature is related to either concave areées poisésldese
areas are thus almost completely removed by the applied simpli cation and sngootéihods. e rounded
meshes clearly show less scattering than the angular meshes. eir main contributions to tiatical ©f\,
stem from curvatures around 0.1 while values above 0.25 contribute very little. is shows that the curvature o
edges and corners was successfully reduced by the rounding procedure.

is analysis con rms that the scaled Willomore energy seems to be well suited to characteritaian

As previously seen in Figsand8 shows that no distinct di erences can be seen in the angularity of Calcite
and Kieselkalk.

Evaluation of classical shape descriptors
In this section, both types of railway ballast will be compared using classical shapeofadtsiibing form,
roughness and mixed quantities like the sphericity and the convexity index.

Form. 1D shape descriptors, or form factors, are widely used to characterise particle form. e jsdaigje
est, intermediate and shortest axes are sought, usually these axes are de ned to be perpendetilare\iie
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Figure @ Comparison of particle form and size) boxplot of particle sizes for Calcite and Kieselkb)k, (
elongation over atness.

several ways to compute these values, séeherg a bounding box of minimum volume is calculated for the
scanned meshes, using the Matlab &ddeus the axes are perpendicular). With these three axes, mostly denoted
asL, I, S, the two most important form factors can be computed: elongationt/L and flatness  g/1.
Moreover, many other form factors exist that Lisk, <, see e.g. In?, seven di erent form factors were evaluated
and all of them were found to correlate strongly with either elongation or atness. ergiiofhis work only

L, I, Sas well as elongation and atness, will be evaluated. Rigah®ws the results of the minimum bounding

box calculation for Calcite and Kieselkalk meshes. While the overall size of both types of ballest igsimil
Kieselkalk stones have slightly larger valuek fordl. In Fig.9b, elongation is plotted over atness for both
Calcite and Kieselkalk. Regarding atness and elongation, no distinct di erences can be seen in particle for
between Calcite and Kieselkalk. e plot also contains dashed lines at 2/3 along the axes to distinguésh betwe
the four di erent classes of sh&peisualised with drawn boxes. Less than half of the plotted values lie in the
upper right corner, denoted by Zingg as “spherical’. Most stones are classi ed to be “ bgji.athess and
elongation values are positioned in the upper le corner of the plot. Only four stones are “ at and columnar”
(lower le corner) and the rest are “columnar” (lower right corner).

Roughness. Roughness values are calculated, in an automated procedure, fronatiesl 3® scans. For

each mesh, 642 points are considered for roughness computation. To identify these points, a sphere with 64
vertices (continuously distributed over its surface) is generated and the spherical coordinategiotgsaver
calculated. e corresponding polar and azimuth angles are used to identify the closest point cdrthed

meshes with the same polar and azimuth angles. en, the roegh is calculated using all points in a 2.5 mm
radius. A plane is tted through all points within this radius in a leasaszs sense. e deviation from this
planed;, is used to calculate the roughness vgjue,

1 N 2
sl N i 11 (10)

In this way 642 roughness values are computed for each mesh. In the described algorithm, the underying geom
etry of the mesh is not checked. is means that roughness is also calculated at nan-dl@as, where the
geometry of the stone (e.g. edges and corners) contributes most to the compugtienedbre, for each stone
only the 10 smallest values are considered.

e calculated roughness’ for Calcite and Kieselkalk arevaiin Fig.10. e resulting values for Kieselkalk
scatter less than the values for Calcite. Also, Kieselkalk shows smaller roughness values theonGslciteg
the median of their values. In general, roughness calculation using 3D scanned datatiimabt@rause the
number of points used for tisgcalculation varies. From the results obtained, it seems that Kieselkalk has a lower
roughness than Calcite. Nevertheless, additional measurements would be needed to ensureréiaionerp

Overall shape parameters. In this subsection, the particles’ sphericityand convexity index, will be
evaluated, both of which are frequently used shape descriptors. For the calculatiemicitys the particle vel
ume,V, is used to calculate the surface area of a sphere with equal volume. is value is then divided balthe actu
particle surface areA,
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Figure 10 Comparison of roughne5§for Calcite and Kieselkalk.

336 V2IA (11)

us, the sphericity is equal to one for a sphere and decreases for less spherical objects. Irttine, lgpheric
ity was sometimes used to describe particle form. As stdfelisns misleading, as sphericity can be in uenced
not only by form but also by roundness/angularityaighness. If the particle volume is imaginet¢oxed,
then changes in roundness or roughness will cause changes in the particle surface and thus lead to di erent
sphericity. erefore, sphericity is better understood as an overall shape parameter, thanfadtor.

e convexity index is de ned as the ratio between the volume of the particle’s convex hull and the ‘particle

volume. e convex hull is the smallest convex shape, which completely encloses the particle. [derare/ek
ity index is equal to one for convex particles and greater than one for general shapes.

¢ V(conve hull)/V( particle) (22)

For the calculation of sphericity and the convexity index, particle \wamd the volume of the convex hull is
calculated by Meshla®and particle surface is obtained as the sum of the area of all triangles in the mesh. e
convex hull of the particles is calculated via PyReBigurell shows the calculated sphericity and convexity
index values for Calcite and Kieselkalk meshes. Little di erence can be seen between both types of lohllast regar
ing the spericity. From the scanned stones, the Calcite sampdinsahe most spherical stones witlvalues
nearly 0.85, while the Kieselkalk sample contains lbescg stones with nearly 0.6. e median of is almost
identical for both types of ballast. Regarding the convexity index, shown IriEigoth types of ballast show
values in the same range and the median values almost coincide. Only one outlier of Kieselkalk is more concav
than the other stones considered. To get a visual impression of the calcuaigcvalues, Tabl8 gives the
values for the meshes shown in Eige outlier in the convexity values of Kieselkalk is the mesh in Fig.

Correlation analysis. Particle form, angularity, roughness are investigated separatelyy @sdtseen as
di erent scales and/or dimensions of shape. With a correlation analysis,can check whether htedaslcape
descriptors are really independent from each other or not.

Considered shape descriptors are: the form factors elongatiah atnessf, the scaled Willmore energy
as angularity indeg for roughness, and andc as overall shape parameters. For this analysis, it is necessary to
choose one roughness value per stone so the median of the 10 calculated values is 12shsag correla
tion matrix between the evaluated quantities based on Pearson conretaioients. For improved readability,
the correlation of a quantity with itself is not plotted. Pearson correlation coe cieatseasitive to linear rela
tions between two quantities and range frofto 1, distinguishing between negative and positive correlation.
Non-linear correlations will be missclassi ed by the Pearson coe cient. An additional visuatti@pensured
that this was not the case.

Low correlations can be seen between ®rinangularityV, and roughnes'sl. erefore, it can be concluded
that these dimensions of shape were successfully separated in the shape analysis. bapepdrametersand
c are correlated to a moderate extent. is correlation was also reported in the litetandecating that these
parameters are not independent from each other and it might be enough to investigate only one of thewmApart f
this correlation, only one, betweerandf is established (to a weak extent). e lack of correlation betvegen
angularity and roughness show that for the considered particles none of the in uences %tedeel jmesent.

Conclusions

In this paper, two easy to compute, curvature-based angularity indices are introduced. eimpanice is com
pared to the, angularity index frort. A rst plausibility test is conducted on analytical test bodies ranging in
shape from a sphere towards a cube. en, the angularity of scanned stones made up of two tylbest,of ba
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Figure 11 Comparison of particle overall shape parametaysphericity, k) convexity index.

Figure 12 Scatter plot showing correlations betwegein \/\/es1 andc.

mesh 9

la 0.80 1.19
1b 0.78 1.17
1c 0.64 1.49
1d 0.73 1.21

Table 3. Evaluated , c for meshes shown in Fify.

Calcite and Kieselkalk, is evaluated. Finally, a comparison with arti cially roundeesretgiws that the newly
de ned scaled Willmore energy is most suitable index to characterise particle angularity. Regalciie and
Kieselkalk, none of the considered angularity indices show a clear di erence between the two typey of railwa

ballast.

is paper concludes with a complete shape analysis of the scanned stones for both types of railway bal
last. e shape descriptors evaluated are: 1D form factors (i.e. elongation amekss), angularity, roughness,
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sphericity and the convexity index. For all these quantities, excluding roughness, Calcite andkiedekaty
similar results due to the strongly overlapping valuesekiape descriptors. In this case, the authors consider
the number of 25 scans to be su cient. Even if additional scans were to yield di erent shape descriptor values for
Calcite and Kieselkalk, the 25 scans already measured will still have stronglpiogeviipes. us, additional
scans could change the nding of this manuscript in only a limited way. erefore, no further scaesorsid
ered necessary to support our ndings: It is concluded that Calcite and Kieselkalk are similar in shape.

e same two types of railway ballast were investigated, where measurements and DEM simulations of
uniaxial compression and direct shear test were presented. e experimental results of the directstiveairet
very similar for Calcite and Kieselkalk. In contrast, in the uniaxial compression test clear di erences could be seen
in the sti nesses and slight di erences could be seen in the shape of loading-unloading cycles.

Although the presented particle shape analysis is limited to only 25 stones per ballasiltyps, Gonclu
sions to be drawn regarding the experimental behaviour and DEM simulations of Calcite and Kieselkalk.

1. Asno dierences in the shape of Calcite and Kieselkalk stones were found, it is acceptable to conduct DEM
simulations using the same shape for both materials, as it was éfone in

2. e dierent behaviours seen in Calcite and Kieselkalk in the uniaxial compression test, is most likely not
caused by di erences in shape between the two materials (as no di erence could be found from the investi
gated stones).

3. To describe the observed di erences in the uniaxial compression tests, focus should be laid on parti
cle-particle contact modelling, taking into account di erences in: friction (e.g. due to di erences in rough
ness/texture as observed in this work), material behaviour (Young’s modulus, yield stress, etc.), etc. e
combination of these material parameters will in uence the material’s response both iressimpand
in shear. If both types of ballast di er in more than one material parameter, this is a possiblgierpiina
the experimentally observed behaviour of di erences in the uniaxial compression test, but similarity in the
direct shear tests.

Related work addresses the particle shape modelling process in DEM simiijaiahfuture work further
measurements of material properties of Calcite and Kieselkalk, e.g. Young's modulus and coefGatinto
All obtained data will be made openly available. is information will allow the developnferew strategies for
DEM model parametrisation and validation.

f=f [ fe<Zf,<Zc—>

e datasets generated and analysed during the current study are available in the zenodo.orgyéhosito

Received: 9 May 2019; Accepted: 19 March 2020;
Published: xx xx xxxx

References
1. Jia, X. & Garboczi, E. J. Advances in shape measurement in the digit&lasticleblogy?6, 19-31 (2016).
2. Bagheri, G., Bonadonna, C., Manzella, I. & Vonlanthen, P. On the characterization of size and shajer giarietgsPowder

Technolog®27Q(Part A), 141-153 (2015).

3. Blott, S. J. & Pye, . Particle shape: a review and new methods of characterization andicfasdinentolodds, 31-63 (2008).

4. Wadell, H. Volume, shape, and roundness of roc partieldsurnal of Geologyl0, 443-451 (1932).

5. Wadell, H. Sphericity and roundness of roc particeedournal of Geologyt1, 310-331 (1933).

6. Wadell, H. Volume, shape, and roundness of quartz partecBzsirnal of Geology3, 250-280 (1935).

7. Bullard, J. W. & Garboczi, E. J. De ning shape measures for 3d star-shaped particlesy,3phedoiss, and dimensiofwder
Technolog249, 241-252 (2013).

8. Zhao, B. & Wang, J. 3d quantitative shape analysis on form, roundness, and compabtneS3.Wowder Technolo@p1,
262-275 (2016).

9. Zhou, B., Wang, J. & Wang, H. ree-dimensional spheyicioundness and fractal dimension of sand partiGestechniqués,
18-30 (2018).

10. Nie, Z., Wang, X., Liang, Z. & Gong, J. Quantitative analysis of the three-dimensiotha¢sewf granular particleBowder
Technolog®36, 584-593 (2018).

11. Nie, Z., Liang, Z. & Wang, X. A three-dimensional particle roundness evaluation retimdar Matter20, 32 (2018).

12. Masad, E., Saadeh, S., Al- ousan, T., Garboczi, E. & Little, D. Computations of particle surfacestierasiag optical and
x-ray ct imagesComputational Materials Scier®g 406—424 (2005).

13. Pan, T., Tutumluer, E. & Anochie-Boateng, J. Aggregate morphology a ecting fesfilaasior of unbound granular materials.
In Proceedings of the the 85th Annual Meeting of Transportation eseardiiZBO&).

14. Xiao, J., Zhang, D., Wei, . & Luo, Z. Sha edown behaviors of railway ballast under cyclic [Badstguction and Building
Materials155 1206-1214 (2017).

15. Al- ousan, T., Masad, E., Tutumluer, E. & Pan, T. Evaluation of image analysis techniquestftyingaggregate shape
characteristicgConstruction and Building Materig?§, 978-990 (2007).

16. Lee, J. . J., Smith, M. L., Smith, L. N. & Midha, P. S. A mathematical hegrphpproach to image based 3d particle shape
analysisMachine Vision and Applicatiod$, 282—-288 (2005).

17. Yang, X., Chen, S. & You, Z. 3d voxel-based approach to quantify aggregate angusaritgcantextureglournal of Materials in
Civil Engineerin@9, 04017031 (2017).

18. Garboczi, E., Liu, X. & Taylor, M. e 3-d shape of blasted and crushed roc s: From 2038 mmPowder Technolo@9, 84—89
(2012).

19. ong, D. & Fonseca, J. Quanti cation of the morphology of shelly carbonads saing 3d image&eotechniqué8, 249-261
(2018).

20. Le Pen, M., Powrie, W., Zervos, A., Ahmed, S. & Aingaran, S. Dependence of shape on particle size for a criwhgdeaagai
Granular Matterl5, 849-861 (2013).

SCIENTIFIQREPORTY (2020) 10:6048 ——"+a4 T'<c&4'"% wWvaAwWVy~ ezw{s~@VXVE|X~X}ae ™



www.nature.com/scientificreports/

21. Sun, Y., Indraratna, B. & Nimbal ar, S. ree-dimensional characterisation of particle size ard'shbpllastGeotechnique Letters
4,197-202 (2014).

22. Mollon, G. & Zhao, J. Fourier-Voronoi-based generation of realistic samples for discrete mddgHimglar materialGranular
Matter 14, 621-638 (2012).

23. Latham, J.-P., Munjiza, A., Garcia, X., Xiang, J. & Guises, . ree-dimensional pdréipke acquisition and use of shape
library for DEM and FEM/DEM simulatiorMinerals Engineeririgfl, 797—-805 (2008). Discrete Element Methods (DEM).

24. Ouhbi, N., Voivret, C., Perrin, G. & oux, J.-N. 3d particle shape modelling and optimization througdr prtpogonal
decompositionGranular Matterl9, 86 (2017).

25. Anochie-Boateng, J. ., omba, J. J. & Mvelase, G. M. ree-dimensional laser scanning techniquetify qugregate and ballast
shape propertie€onstruction and Building Materia&8, 389—398 (2013).

26. ozici, J., Tejchman, J. & Mrdz, Z. E ect of grain roughness on strength, volume changisaethdissipated energies during
guasi-static homogeneous triaxial compression using OE#hular Matterl4, 457-468 (2012).

27. Suhr, B., Marschnig, S. & Six, . Comparison of two different types of railway ballast in commedsilirect shear tests:
experimental results and DEM model validati@nanular Matter20, 70 (2018).

28. Suhr, B. & Six, . Compression tests and direct sheaoftego types of railway ballast [data sktlps://doi.org/10.5281/
zeno0do.142374R018).

29. Har ness, J., Zervos, A. Le Pen, L., Aingaran, S. & Powrie, W. Discrete element simulation of railway bélilegtetiguiessure
e ects in triaxial testsGranular Matterl8, 1-13 (2016).

30. Suhr, B. & Six, . Parametrisation of a DEM model for railway ballast under di erent load3rasegar Matterl9, 64 (2017).

31. Suhr, B., Six, ., Sipper, W. A. & Lewis, . 3D scans of two types of railway badlading shape analysis information
[dataset] https://doi.org/10.5281/zenodo.368952020).

32. Berghold, A. Wir ungsweise von unterschiedlichen Gleisschotterarten mit und ohnel&ttweslhlungZEVrail 1-2, 140 (2016).

33. Cignoni, Petal MeshLab: an Open-Source Mesh Processing Tdelirbgraphics Italian Chapter Confere{23908).

34. PyMesh-Geometry Processing Library for Pyittpe://github.com/PyMesh/PyMed2018).

35. orsawe, J. Minimal bounding bduttp://www.mathwor s.com/matlabcentral/ leexchange/18264-minimal-bounding-box
(2008).

36. Suhr, B. & Six, . Simple particle shapes for DEM simulations of railway ballast:cie aeshape descriptors on pac ing
behaviourGranular Matter22, 43 https://doi.org/10.1007/s10035-020-100€2020).

Acknowledgements

The authors gratefully acknowledge funding of the Austrian Sciermu (FWF) for the project ORD 85-

VO: An Open Data Pilot for the validation of Discrete Element Models. e publication was written at Virtua
Vehicle Research GmbH in Graz and partially funded by the COMET K2 - Comp€emees for Excellent
Technologies Programme of the Federal Ministry for Climate Action (bmk), the Federal Ministry for Digital
and Economic A airs (bmdw), the Austrian Research Promotion Agency (FFG), the ProvinceatBtytihe
Styrian Business Promotion Agency (SFG).

Author contributions
K.S. and R.L. conceived the experiments, W.A.S. conducted the experiments, B.S. and K.S. analysed the rest
and developed the presented methodology. All authors reviewed the manuscript.

Competing interests
e authors declare no competing interests.

Additional information
Correspondenceand requests for materials should be addressed to B.S.

Reprints and permissions informatioris available atww.nature.com/reprints

Publisher’s noteSpringer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional a liations.

Open Accesdhis article is licensed under a Creative Commons Attribution 4.0 International

| icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre
ative Commons license, and indicate if changes were made. e images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, kifjit//creativecommons.org/licenses/by/4.0/

© e Author(s) 2020

SCIENTIFIGREPORTY

(2020) 10:6048 ——"+a4 T'<c&4'"% wWvaAwWVy~ ezw{s~@VXVE|X~X}ae ™



