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Abstract. The use of high quality aggregate mixture, proper technological parameters of laying and compacting as
well as the required thickness of the mixture ensures railway sub-ballast layer properties. In this paper gradation, den-
sity and water permeability of 49 produced random samples of aggregate sub-ballast (ASB) mixture which were taken
from the stockpile in the plant and from the uncompacted railway layer are investigated. The statistical parameters of
the ASB mixture quality indicators and histograms with theoretical curves of normal distribution are presented as well.
Their conformity to normal distribution was tested through the use of skewness, kurtosis, Pearson, Shapiro-Wilk and
Kolmogorov-Smirnov methods. Regression analysis was employed to determine the dependence of standard deviation
of percent passing on the mean percent passing through the sieves. In this paper a new method of determining the homo-
geneity of ASB according to the variation of gradation using the maximum standard deviation value of this dependence
was employed. The minimum size n was calculated with the permissible relative error of 5%, 10%, 15% and 20%. The
obtained research findings revealed that due to segregation processes the homogeneity of ASB mixture from the point of
its production to application has decreased by about 38%.

Keywords: railway track, aggregate sub-ballast (ASB), gradation, water permeability, mixture density, stockpile, layer,

homogeneity, normal distribution, sample size.

Introduction

Each transport mode involves interaction of vehicles,
transport infrastructure, freight and traffic participants.
Beside positive results of this interaction there are also
negative effects: traffic accidents and environmental pol-
lution (Podvezko, Sivilevi¢ius 2013). In railway transport
the quality of passenger transportation depends on the cri-
teria describing the train elements and the technical state
of the railway track (Maskelitinaité, Sivilevicius 2014;
Sivilevi¢ius, Maskelitinaité 2014). The railway track bal-
last, sub-ballast and railway bed under the effect of traffic
loads, climate and ambient air factors undergo deforma-
tions causing changes in the track quality index (TQI)
(Bai et al. 2015; Arasteh Khouy et al. 2014a; Xu et al.
2011).

Bing and Gross (1983) presented a model that could
be used to predict how the track quality, measured in
terms of track quality indices, changes as a function of
causal parameters, such as traffic, track type and main-
tenance.

Substructure instability can be caused by weak sub-
grade soils, ballast breakdown, poor-quality ballast, thick-

ness of the ballast and top formation layers. Sources of
ballast fouling consist of ballast particle degradation, in-
filtration of fine foreign particles from the track surface,
sleeper wear as well as sub-ballast and subgrade infiltra-
tion (Selig, Waters 1994).

According to Shahu ef al. (1999), Soliman and Shal-
aby (2014) there are two factors affecting the railway
track life cycle. Subgrade modulus was found to have
the greatest influence on overall track responses. The
next most important factors affecting the overall track re-
sponse were sub-ballast depth, rail moment of inertia, and
tie spacing. The subgrade stresses decreased as the sub-
ballast depth increased, reducing the tie deflection and
sub-ballast strain significantly and indicating an overall
track improvement, which was also reflected in the im-
provement of the track modulus.

The dynamic behaviour of ballasted track with and
without tyre-derived aggregate (TDA) as sub-ballast layer
was assessed using the impulse—response (IR) test. The
obtained results were represented in three different kinds
of velocity—time, velocity—distance and velocity—frequen-
cy curves. It was proved that TDA with the particle size
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of 5-50 mm and the thickness of 200 mm reduced by
6—47 dB in vertical vibrations with the dominant frequen-
cy range of 32—63 Hz (Esmaeili, Razaei 2016).

In flexible pavement structures, stiffness of unbound
granular layers and subgrade soil significantly contrib-
ute to the overall performance of the pavement system.
The stiffness of pavement unbound materials is widely
characterised by the resilient modulus which is obtained
from repeated load triaxial (RLT) tests. Although pave-
ment unbound materials are usual in partially saturated
conditions and experience seasonal moisture content and,
therefore, suction variations in the field, their stiffness
is conventionally characterised using the total stress ap-
proach (Salour, Erlingsson 2015).

The research was conducted with railroad ballast,
biaxial geogrid, nonwoven geotextile, and geocomposite
inclusions placed at the ballast-subballast and subballast-
subgrade interfaces. The investigation revealed that ge-
ogrid and geocomposite dual-layer reinforcement at the
ballast-subballast interface outperforms single-layer re-
inforcement when reducing settlement (Indraratna, Nim-
balkar 2013; Mishra et al. 2014).

Geosynthetics was used on railway test sections
where different forms of sub-ballast reinforcement were
employed, which reduced the compressibility of the sys-
tem. Reduced breakage of the ballast material and great-
er abrasion resistance were observed in the test sections
with geosynthetics and the use of a thicker, more durable
geotextile would have been more appropriate (Fernandes
et al. 2008).

Another alternative technical solution is to use hot
mix asphalt (HMA) layer between the ballast and sub-
grade, which acts not only as a flexible layer reducing
stress on the track subgrade, but also operates as a sealant
which blocks water penetration into the subgrade and the
bedrock (European Asphalt Pavement Association 2003).

Bituminous mixtures could be used as an alternative
material for sub-ballast layers. Thus, some recommen-
dations to model this material are included. Bituminous
mixtures consist of a combination of aggregates and hy-
drocarbon-based binders, where the latter form continu-
ously fills these envelopes with the aggregates. Individu-
ally, the behaviour of the aggregates is elastoplastic and
that of the binders is viscoelastic. However, when com-
bined, the resulting bituminous mixtures are considered
viscoelastoplastic materials. This solution might bring
relevant advantages in terms of subgrade protection and
life cycle: to track differential settlement and dynamic
performance (Gallego ef al. 2013; Teixeira et al. 2009,
2010; Lopez Pita et al. 2004).

Optimal gradation of sub-ballast aggregate mixture
can be selected by using constrained and unconstrained
optimization models for the design of hot mix asphalt
(HMA) mixture gradation based on the gradation of min-
eral constituent (Sivilevicius et al. 2011).

A theoretical model of unsaturated soil is presented
by Monnet and Boutonnier (2012). It takes into account

the following three main components of soil: air, water
and soil particles. It uses the principle of effective stress
on four different domains: unsaturated with air in contin-
uous phase (Domain D1), unsaturated with air occluded
in contact with the particles of soil (Domain D2), unsatu-
rated with air bubbles (Domain D3) and saturated with air
dissolved into water (Domain D4).

The dynamic response of a vehicle running on the
track structure with irregularity profiles is predominantly
due to the vibration of the bogie at lower frequency than
fundamental frequencies of the track structure. The dy-
namic effects of high-speed load on ballasted track have
been studied using a simplified 2D finite-element model,
which neglects lateral effects and considers a discrete
model for ballast and subgrade. Another model is a full
3D finite-element model with continuum elements for
ballast and subgrade and infinite elements to consider the
shape effects of aggregate particles on assembly behavior
in the boundary (Nguyen ef al. 2014).

The discrete-element method (DEM) provides more
realistic results compared with those of continuum analy-
sis for unbound construction materials such as railroad
ballast (Huang, Tutumluer 2014; Nguyen ef al. 2014).

Classical and numerical methods were discussed by
Shoaei et al. (2012) and Guler (2014) with respect to the
two-layered deformations and their behaviour under load.
One of the methods is Artificial Neural Network (ANN)
which is an advanced interpolation tool capable of pre-
dicting different soil characteristics.

The Bayesian model for rail track geometry degra-
dation allows assessing the evolution of uncertainty as-
sociated with degradation parameters throughout the rail
track life cycle. Prior probability distributions were fitted
to track geometry degradation, showing that Log-Normal
distribution is the most suitable distribution to model de-
terioration parameters (Andrade, Teixeira 2012).

Arasteh Khouy ef al. (2014b) and Vale et al. (2012)
reported that execution of tamping is highly dependent
on the track condition data and there is no well-structured
track degradation analysis that helps to plan maintenance
in the long term. Evaluation of the standard deviation
for the longitudinal level at which tamping is executed
indicates that the execution of tamping is not optimally
planned.

This research aims to systematize the required prop-
erties of railway sub-ballast layer and the factors deter-
mining them, to study the actual variation of gradation,
density and water permeability of KG1 (in German: Ko-
rngemisch) mixture used for laying railway sub-ballast,
to determine distribution normality and to estimate mini-
mum representative sample size, when sampling is car-
ried out in the locations where the mixture is produced
and laid.

1. Sub-ballast properties

The aggregate sub-ballast (ASB) layer, situated under
the track superstructure (under the crushed stone ballast
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layer), is a constituent part of subgrade intended for con-
structing a stable superstructure with a long-term service
life. The sub-ballast (Fig. 1) is laid from KG1 mixture,
which helps to protect subgrade (foundation) from the
impact of moving load pressure on the track superstruc-
ture, also to protect frost-susceptible soils from frost im-
pact, and water-susceptible soils from precipitation and
capillary water (Apsauginio... 2013).

Rail
I Sleeper I
. Ballast
A, Sub-ballast
' Sub-grade s

Natural ground

Fig. 1. Railway track structure

To serve the abovementioned functions, ASB mate-
rial must meet the requirements given in Figure 2. The
conformity of sub-ballast to its intended purpose and also
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2. Requirements to ASB mixture and its production

2.1. Uniformity coefficient of gradation curve and
the rate of curvature

Uniformity coefficient of aggregate mixture C, describes
the sharpness of gradation curve within the interval from
diy to dgq. The lower uniformity coefficient C,, the
more uniform and better sorted aggregate mixture is.

Uniformity coefficient of the sub-ballast mixture
KG1 is defined by the following formula (1):
= (1)
dio
where d,,, d,, — the grain diameter at 10% and 60%
passing (respectively), mm.

When d;y =0.125 mm and dgy =4 mm, the uni-
formity coefficient C, =32.

The rate of curvature C, describes the shape of gra-

dation curve of KG1 mixture within the interval d, and
d,, and is calculated by the following formula (2):

C, =

E

2
its durability depend on 3 groups of factors: KG1 mixture C - (d30) Q)
properties (quality), sub-ballast laying technology from “dyg-dg ’
KGI1 mixture, control and work acceptance system.
Required properties of the sub-ballast
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I

|

Water permeability

Density

Modulus of elasticity

Particle shape index

Mixture strength

Sub-ballast laying technology

Layer thickness

Layer width

Cross fall

Equipment design and condition

Technological parameters of processes

N N R A A

Deformation modulus of aggregate mixture

Self-control and control

Fig. 2. Required properties of the sub-ballast and factors determining them
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where d, dy,, d,, — the grain diameter at 10%, 30%
and 60% passing (respectively), mm.

Having taken from the curve of arithmetic means of
KGI1 mixture gradation the grain diameters correspond-
ing to 10%, 30% and 60% passing through the sieves, it
was obtained that djy =0.125 mm, d;; =0.5 mm and
dgo =4 mm, C,=0.5. Calculation results show that
ASB mixture according to uniformity coefficient C,
value is good curvature (G) soil (32 > 6), and according
to the rate of curvature C, value (0.5 < 1) it is various
curvature (P) soil (Table 1).

Table 1. Classification of soils by uniformity coefficient and
rate of curvature (LST 1331:2015)

Uniformity ~ Rate of
Description Symbol  coefficient  curvature
C, .
Bad curvature soil B <6 Any
Good curvature soil G >6 1<C.<3
Various curvature soil P <6 <l or >3

2.2. Indicator of ASB mixture gradation variation

In the course of segregation processes the inhomogene-
ity of ASB mixture increases. The variation of gradation
is expressed in terms of standard deviations in percent
passing all the sieves s, . Their values depend on the
arithmetic mean of percent passing the sieves p and on
the homogeneity of the material. The variation of grada-
tion of granular material or aggregate mixture was sug-
gested (Mucinis ef al. 2009) to be determined based on
the max value of percent passing s, - The correlation
s, =f(P), obtained by the experimental research of
gradation, makes it possible to estimate s, of granu-
lar material, taking no consideration of the mesh size of
laboratory sieves. The standard deviation of percent pass-
ing varies depending on their arithmetic mean according
to the regression model:

s, =ya-p’-(100-p)" 3)

where a, b, ¢ — respective unknown parameters of the
model which determine the shape of the curve and its
asymmetry; s, — the standard deviation of percent pass-
ing through any sieve, %; p — the arithmetic mean of
percent passing through the given sieve, %.

The model (3) shows that the highest s, is rep-
resented by the grains the content of which makes about
50% of the mixture mass.

2.3. Water permeability of ASB mixture

Water permeability & of the sub-ballast mixture KG1 de-
pends on the average size of voids. It is also affected by
the size and shape of grains and the ratio of grains of
different size. Water permeability of the mixture is de-
termined according to the LST CEN ISO/TS 17892-11
(2005) methodology. When testing this property of KG1
mixture, the water permeability of the mixture of de-

stroyed structure is determined under constant pressure
and certain hydraulic gradient. Water passes through the
sample in a laminar flow. During the test the volume of
water passing through a sample during certain time is
measured.

Water permeability (m/s) is expressed as the veloc-
ity of water flow in aggregate mixture and is calculated

by the formula:
k= ("_lj nﬂ’ (4)
A-t) hy

where: g — the cross-sectional area of the piezometric
tube, m?; [ — the sample’s height during the test, m;
A — the cross-sectional area of the sample, m2; t —
the interval between measurements, s; 4, the piezomet-
ric head at the start of the selected interval, m; 4, the
piezometric head at the end of the selected interval, m.

Water permeability is prescribed by the LST CEN
ISO/TS 17892-11 (2005) and shall be k <1-10° mys. If
slag is used, it shall be k£ < 1107 m/s .

3. Experimental research
3.1. Production technologies and transportation

When screening the quarried gravel it is difficult to se-
lect such technological parameters which would allow to
obtain aggregate mixture of wide range gradation (from
0 to 32 mm of particle size) suitable for laying the sub-
ballast layer. Due to the variation in raw material (quar-
ried grave 1) gradation, the mixture may contain a lack or
excess of fractions of certain size; therefore ASB mixture
is produced from several (up to 4) fractions of different
size and blended at the required mass ratio in a techno-
logical facility.

ASB mixture, used for laying railway sub-ballast,
is produced in a special stationary continuous facility
(Fig. 3). Aggregates of different gradation are loaded by
the shovel to separate acceptance hoppers. Based on the
selected optimal gradation of KG1 mixture, separate ag-
gregate fractions are dosed in flows in different masses.
The height of the unloading end of a transporter belt is
fixed in such a way that the falling down KG1 mixture
minimally segregates and partly in a gravitational way
mixes in a newly formed stockpile. At the end of a trans-

a) b)

Fig. 3. ASB mixture production facility containing four different
materials and fraction groups in dosing bunkers: a — loading
ramp to the acceptance hoppers; b — ASB mixture production
plant
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porter belt initial segregation processes occur. As a rule,
course-grained aggregate fractions fall down to the bot-
tom of a stockpile, and fine-grained fractions accumulate
in the centre of a stockpile.

During the technological process (Fig. 4) the ASB
mixture is continuously produced and stored in the 1’st
cone-shape stockpile. The mixture is loaded from the
stockpile to the trucks, transported to the construction
site and unloaded on subgrade. The unloaded mixture is
spread by a grader in a layer of required thickness and is
then compacted.

Dispenser metering Transporter 1'st stockpile Loading

hoppers elt
T ME EC>(¥,:>

2'nd stockpile
(interim}

@¢A$d¢Q

Fig. 4. The scheme of KG1 mixture transportation and use

Laying Railway layer

In the course of all technological operations the mix-
ture undergoes segregation. When loading or blending the
grains of different size, the homogeneity of ASB mixture
can worsen or get better.

3.2. Sample size

To determine the properties of ASB mixture, in 2014, its
samples were taken from two different locations of the
technological process: a stockpile and a railway layer
(Fig. 4). Table 2 gives the number of samples for which
three properties were determined. All individual samples
were tested by standard laboratory methods. For each
ASB mixture property the parameter of position (arith-
metic mean) and variation (standard deviation) was de-
termined. Histograms and theoretical curves of normal
distribution were constructed. The data distribution con-
formity to normal (Gaussian) law was checked.

100
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Percent passing
P I B ST - |
o o o o o o o
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0125

0.25

3151

Sieve size, mm

Fig. 5. Gradation of individual samples of railway sub-ballast
layer

Table 2. Number of ASB samples taken from different
locations of the technological process

Sample size for the indicator

Slzgggg:lg Gradation Mixture Wate.r .
D% dens1ty permeability,
i p, M g/m k, m/s
Stockpile 14 14 14
Railway layer 35 35 35
Total 49 49 49

3.3. Results of gradation variation in KG1 mixture

Having determined gradation of all individual ASB mix-
ture samples (n = 49), taken from different locations, the
results of gradation variation were obtained (Fig. 5).

A rather wide field of variation in gradation curves
of ASB mixture samples (Fig. 5) shows that the sub-
ballast layer material is inhomogeneous. Histograms of
the distribution of percent passing through all laboratory
sieves, theoretical curves of normal distribution and the
estimated statistical parameters of position and variation
(Fig. 6) differ.

20 Sievesize 0.02 mm 15-| Sievesize 1.0mm 7/ 20+ Sieve size 31.5 mm
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Fig. 6. Histograms of the ASB mixture percent passing, theoretical curves of normal distribution and statistical indicators
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Table 3. Gradation variation in ASB mixture

D. Navikas et al. Determination and evaluation of railway aggregate sub-ballast gradation and other properties variation

Statistical indicator

Percent passing through the sieves (mm)

0.02 0.063 0.125 0.25 0.5 1 2 4 8 16 31.5 45
Mean 2.89 575 10.10 1936 30.51 4271 5272 6120 7096 8297 9506 99.64
Standard deviation 1.68 1.70 239 4.66 4.1 402 525 612 636 654 557 1.25
Coefficient of variation ~ 58.1 29.6 237 241 13.5 9.4 10.0 10.0 9.0 7.9 5.9 1.3

Fine particles (from 0.02 mm to 0.063 mm) have a
positive (right-side) asymmetry, since most of them get
into histogram intervals (classes) situated to the left of
the arithmetic mean.

Based on the mathematical model (3), from means
p and standard deviations s, , given in Table 3, corre-
lation regression equation s, = f (67) of these statistical
indicators was obtained and its determination coefficient
R* =0.909 (Fig. 7) showing that the variation in s, is
by about 91% determined by variation in ¢ and only
9% of variation in s, depends on other parameters not
considered in the model.

Ta. — HLlHe _ 018 16
5, = 40,032 7% (100-5);" g
B18* = 0909 —~ 3.5
iE .
g 0,25 /E '\"
g3 - N
s ¥ 04 1 N
5, P
] o /
4 B 612 B36 654 \
53 nE S0
g ) )= B6 g1, 524 s.w‘
Ei=]
2 Foam 45
U il 1%5
1 B3 -
ol 4

0 10 20 30 40 50 6O 70 &0 a0 100
Mean percent passing

Fig. 7. Correlation between the parameters of ASB mixture
gradation variation (s, ) and position ( p ) with equation of
homogeneity

3.4. Mixture density and water permeability

Suitability of aggregate mixture for constructing a rail-
way sub-ballast layer is demonstrated not only by its gra-
dation but also by its density and water permeability. The
sub-ballast layer is divided into the layer of low perme-
ability (KG1) and that of increased permeability (KG2)
(Apsauginio... 2013).

The mean density of 49 individual samples of ASB
mixture is 2.112 Mg/m3 (2112 kg/m?) (Fig. 8); whereas
the mean water permeability is 0.6407-107° m/s. The
data obtained showed that the density of ASB mixture
is scattered within a narrow range (variation coefficient
v =3.9%); whereas, water permeability is scattered
within a very wide range (v =176.3% ). The results of
water permeability in ASB mixture contain the outliers
(Fig. 9).

Having excluded three outliers, situated outside the
limits 135, statistical parameters were estimated and a
new histogram was constructed (Fig. 10). They show that

301 Mixture density

N
o
1

Frequency

o
1

1.91 1.97 2,03 2.09 215 221 227 2.33

Intervals

Fig. 8. Histograms of ASB mixture density theoretical curve
of normal distribution and statistical indicators

the arithmetic mean of water permeability decreased al-
most twice (from 0.000000641 to 0.000000365); where-
as standard deviation decreased by 3.4 times (from
0.00000113 to 0.000000331).

When estimating min size of a representative sample
of ASB mixture with respect to water permeability, the
data of Figure 10 was used (Table 6).

3.5. Normal distribution of results

ASB mixture, used for laying the railway sub-ballast, due
to the variation in technological process parameters and
raw-material properties, also due to its segregation in a
stockpile, has certain inhomogeneity. Its inhomogeneity
is indicated by the parameters of variation in its grada-
tion and other properties (standard deviation, variance,
variation coefficient). In order to compare stochastically
distributed samples in terms of variation parameters, it
is necessary to identify if they conform to the normal
(Gaussian) law.

0.000007

0.000006 n=49,n'=46

Outliers
0.000005

0.000004

0.000003

0.000002

Water permeability, m/s

0.000001

@
0000000 - 0.00° Qo0 o gonnooom (%]
0 10 20 30 40 50

Number of sample unit

Fig. 9. A scatter diagram of ASB mixture of KG1 type water
permeability with the outliers
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Fig. 10. Histogram of water permeability without outliers and
statistical indicators

When testing random sample for normality, skew-
ness (Skew) and kurtosis (Kurt) as well as the following
methods: Kolmogorov-Smirnov (KS) (Conover 1999),
Shapiro-Wilk (SW) (Miller 1986; Madansky 1988; Raza-
li, Wah 2011; Shapiro, Wilk 1965), Pearson (xz) are used.

Table 4 gives the results of testing the conformity to
normal distribution through the use of different methods.

The results of testing the conformity of empirical
(experimental) data distribution to normal distribution
(Table 4) show that according to five methods the most
properties of KG1 mixture meet Gaussian distribution
(Table 4, marked by “+7).

Considering the sample size n = 49, shown in Ta-
ble 3, the values of standard deviation skewness (s )
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(Sivilevicius, Vansauskas 2013). The values of skew-
ness sy multiplied by 3, which are 1.699, respective-
ly, is lower than s, values estimated from the measure-
ment data given in Table 3, except a 45 mm sieve. The
standard deviation values of kurtosis s;,, multiplied by 5
are 3.340 and are lower than Ku values estimated from
the measurement data given in Table 3, except a 45 mm
sieve. With respect to Kolmogorov-Smirnov (KS), Sha-
piro-Wilk (SW), and Pearson (y2), this data reasonably
leads to the conclusion that the materials are distributed
according to the normal law.

4. ASB mixture homogeneity change

4.1. Differences in the gradation of the produced and
laid KG1 mixture

During loading and transportation the arithmetic means of
percent passing of sub-ballast mixture through the control
sieves undergoes changes (Fig. 11). Due to mechanical
factors the material gets finer. Comparing the KG1 mix-
ture samples taken from a stockpile and from a railway
layer, it is clear that the arithmetic means of stockpiled
samples with the fractions from 2 mm to 31.5 mm were
higher than those of the samples taken from a railway
layer, and with fractions from 0.02 mm to 1 mm, on the
contrary, the arithmetic means of samples taken from the
layer were higher.

Higher values of percent passing of fine fractions
(up to 2 mm), determined in the KG1 mixture samples
taken from the railway sub-ballast layer show that in the
technological process of loading and transportation the

and kurtosis (s, ) were estimated by methodology — mixture has a tendency to become finer. However, the

Table 4. Conformity of data distribution to the reguirements of normal distribution

Methods of normal distribution testing

Parameter Sk Conclusion Ku Conclusion  KS  Conclusion SW  Conclusion 1 Conclusion

0.02  1.443 - 1.338 + 0.000 + 0.000 + 60.5 +

0.063  1.296 - 1.620 + 0.000 + 0.000 + 63.4 +

® 0125 0.003 + -1.012 + 0.200 + 0.246 + 15.5 +
2 025 0.9 + -0.852 + 0.057 + 0.138 + 25.6 +
; 0.5 0.215 + -0.486 + 0.200 - 0.729 + 20.4 +
S 1 -0.261 + 0.449 + 0.200 - 0.703 + 37.7 +
2 2 -0.781 + 0.981 + 0.200 - 0.046 + 61.5 +
§ 4 0985 * 1.256 + 0.091 - 0.019 + 38.1 +
2§ 8 -1.177 - 2.108 + 0.069 + 0.005 + 42.9 +
5 16  —0.714 * 0.656 + 0.012 + 0.057 + 485 +
315 -0.734 + 0.734 + 0.000 + 0.000 + 37.7 +

45 -3.269 - 9.323 - 0.000 + 0.000 + 282.6 -
Density 0.713 + 1.948 + 0.000 + 0.000 + 140.6 -
;Z*r‘:ﬁreabﬂity 3.851 - 15.677 - 0.000 + 0.000 + 126.8 -

Note: The critical values of normal distribution testing by different methods: triple standard deviation of skewness: 3sy =1.02;
five-times standard deviation of kurtosis: 5sy, =3.340; Kolmogorov-Smirnov: d s =0.194 ; Shapiro-Wilk: w, =0.947 ; Pearson:
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Fig. 11. Conformity of the average gradation of ASB mixture
type KG1 samples, taken from different locations, to the
technological requirements

mean gradation of the mixture after it became finer met
the technical requirements of DIN — Taschenbuch 113
(1998a, 1998b), since its curve was ranging within the
upper p, and lower p; limits (Fig. 11).

4.2. Variation parameters and their conformity
to tolerances

Even though the mean gradation meets the set technical
requirements, due to a large variation in the gradation of
individual samples, part of KG1 mixture fails to meet
those requirements (Fig. 13) and can be treated as spoil-
age. There are no statistical tolerances set for KG1 mix-
ture gradiation that would show max deviation in the gra-
dation of an individual sample from the job-mix formula.
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Fig. 12. Diagrams of gradation for samples taken from — a the
stockpile, and b — the railway layer.
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The width of a variation field of individual samples,
taken from the stockpile (Fig. 12a) was smaller than that
of samples taken from the railway layer (Fig. 12b). In-
crease in the gradation variation of KG1 mixture, laid in
railway layer, shows that due to segregation processes the
mixture became not only finer but also less homogenic.

4.3. Homogeneity of the mixture produced in ASB and
in the railway layer

With the help of the theoretical mathematical model
(Eqn (3)) the regression equations of KG1 mixture gra-
dation were obtained from experimental data for sam-
ples taken from the stockpile and from the sub-ballast
layer (Fig. 13). The highest values of standard deviations
S pmax Were obtained for percent passing those sieves the
means p of which make up 50-70%.

The values of determination coefficient R’ approxi-
mately to 1 show that the variation in standard deviation
of percent passing the sieves s, by more than 90% is
determined by the variation in the arithmetic mean p .
Therefore, it could be stated that the obtained regression
equations (Fig. 13) are reliable. The ordinates, estimated
based on these equations, show a strong correlation be-
tween gradation variance and position characteristics of
KGI1 mixture and can be used for determining gradation
variation of samples taken from different locations.
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Fig. 13. Correlation between the statistical parameters of ASB
mixture gradation: a — in a stockpile; b — in a railway sub-
ballast layer
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4.4. Research in the uniformity of variances

Bartlett criterion is relevant only in case the monitored
variables have normal distribution (Table 4).

To check if there is any statistical difference in the
variances of normally distributed properties of KG1 mix-
ture samples taken from different locations (in the stock-
pile and in the railway layer), the Bartlett’s criterion was
used:

/
2.303{k~10g10 52 =Yk logy s,?}

i=1

1 L1 ’

1

)

B:EI
C

where [ — the number KG1 mixture samples analyzed, i.e.
the number of sampling locations (in this research / =2);
k; = n; —1 the number of freedom degrees; n; — the num-
ber of analyzed samples of the i-th sampling location (in

/
this research n; =14, ny =35); k= Zkl» ; s? — the shift
i=1
variance of percent passing through the sieves of the i-th
sampling location; s, — its standard deviation; 52 —the
weighted mean of variances in all samples taken from all
locations (Eqn (6)).
The above criterion is considered suitable for check-
ing the uniformity of variances since the size of samples

is different: n; =14 and n, =35.
KG1 mixture gradation (percent passing)
=4.51% and 5,5, =6.14%, water permeabil-
=3.74-10"m/s and s, =2.87-107 m/s,

pmax pmax
=0.092 kg/m> and s, . =0.081 kg/m’>.

S p max
ity s

density s

pmax pmax

= (6)

the critical g, (t,) value g, (0.05,%0)=3.84.

Comparison of the variances in aggregate percent
passing and mixture density of two locations of techno-
logical process showed that, given the assumed level of
significance « = 0.05, they do not differ statistically, i.e.
they are uniform (Table 5).

5. Minimum representative sample size

To determine gradation or other physical or mechanical
quality indicator of inhomogeneous aggregate mixture,
random subsamples are taken, a minimum number of
which is calculated by the following formula:

t"-o
n= 5 ) (7)
A
where n — the number of samples, 7 — the desired degree
of assurance, or probability of success in obtaining a cor-
rect answer measured in standard deviation units from

Table 5. The results of checking uniformity of variances in
KG1 mixture samples taken from different locations based on
Bartlett’s criterion

Standard ~ Statistic

Property Location deviation B Conclusion
. SP 4.51 .
Gradation 3.07 Uniform
RL 6.14
i SP 0.092
MIXt.u re 0.27 Uniform
density RL 0.081
SP 3.74-107
Water bilit 0.72 Uniform
permeability RL 2 87.107

Note: SP — Stockpile; RL — Railway layer; ;(5,00 =3.84.

the centre of the t distribution curve; o — the overall
standard deviation of measurements; A — the permissible
relative error between the calculated mean measurements
and the actual mean.

When significance level of the two-sided test of
Student’s distribution is assumed as 95% (the number of
freedom degrees is assumed as o), then o =0.05, and
t=196.

The permissible relative error is calculated by the
formula:

5-X

A=—F, ®)
100

where & — a permissible relative error (can be equal to
5%, 10%, 15% or 20%); X - the arithmetic mean of the
quality indicator.

Material gradation can be expressed in terms of par-
tial percent of aggregate retained in the sieves, cumula-
tive percent of aggregate retained in the sieves and per-
cent of aggregate passing through the sieves. Therefore,
the arithmetic mean, calculated for each sieve by each of
those three methods, differs. Usually, gradation of aggre-
gate or aggregate mixture is expressed in percent pass-
ing through the sieves. Therefore, gradation variation in
KG1 mixture was determined based on the max value of
standard deviation s, corresponding to the arithme-
tic mean of percent passing p which is close to 50-70%
(Fig. 13).

The permissible relative error (J ) is assumed as
5%, 10%, 15% and 20%. Table 6 gives the results of
calculations.

Maximum standard deviations s,.,, Wwere ob-
tained in KG1 mixture samples taken from the stockpile
(4.51%) when the mean percent passing was 70%, and
from the railway layer (6.14%) when the mean percent
passing was 70% (Table 6).

When permissible relative error & =10% , the ob-
tained minimum sample size from the stockpile » =4 and
from the layer n = 6.

Min representative sample size for determining the
density of KG1 mixture when & = 5% shall be n =4, and
when & =(10-20)%, n =1 (Table 6).
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Table 6. Minimum number of samples for determining the KG1 mixture properties

Statistical indicator

The permissible relative error & (%) when the sampling location is

All locations

Stockpile

Railway layer

5 10 15 20 5 10 15 20 5 10 15 20
Gradation
Mean, % 70 65 70
Max standard deviation, % 6.07 4.51 6.14
Coefficient of variation, % 8.7 6.9 8.8
Sample size n 23 6 3 2 13 4 2 1 24 6 3 2
Mixture density
Mean, kg/m3 2.111 2.102 2.115
Max standard deviation, kg/m?3 0.0817 0.092 0.081
Coefficient of variation, % 3.9 4.4 3.8
Sample size n 3 1 1 1 4 1 1 1 3 1 1 1
Water permeability
Mean, m/s 3.65-107 2.55-107 4.13-1077
Max standard deviation, m/s 3.31-107 3.74-1077 2.87-1077
Coefficient of variation, % 90.7 146.7 69.5
Sample size n 1265 317 141 80 3307 827 368 207 743 186 83 47

Water permeability of KG1 mixture is distinguished
by the largest variation from all its properties: its varia-
tion coefficient ranged from 147% (in samples from the
stockpile) to 70% (in samples from the railway layer).
Therefore, to determine this property, the largest sample
size n is necessary (Table 6).

Conclusions

1. In order to protect subgrade soil, the railway sub-
ballast layer is laid from 0/32 mm KG1 mixture of low
permeability or from the frost resistant mixture KG2 of
high permeability as well as from asphalt mixture. Ag-
gregate mixture is produced according to the predeter-
mined mass ratio of gravel and sand fractions of differ-
ent coarseness, dosed in flows in a special technological
facility. Due to the inhomogeneity of the mixture frac-
tions (the number of fractions can reach 4), their dos-
ing assumptions, incomplete blending when falling down
from the transporter belt, and segregation processes in a
cone-shape stockpile, the gradation of KG1 mixture dif-
fers from the job-mix formula, does not meet its technical
requirements and contains certain variation. In order to
increase the homogeneity of KG1 mixture, forced mix-
ing machine should be added to the production process,
which will cause inevitable segregation processes and
therefore, will increase the homogeneity of the layer.
The actual variation was determined by taking random
samples of KG1 mixture of sufficiently large representa-
tive sizes.

2. In Lithuania, the gradation of the sub-ballast mix-
ture KG1 was designed around 2012 in accordance with
the requirements of German standard DIN — Taschenbuch
113 (1998a, 1998b); however, its evaluation is unknown.

It was also not known how this ASB mixture varies from
in-plant to in-situ and if those changes are essential. To
determine gradation variation, it is suggested to use max
standard deviation of the particle percent passing through
the sieves the content of which usually makes up 50-70%
of the aggregate mass. The max standard deviation value
allows to compare the aggregates and the mixtures of dif-
ferent coarseness and homogeneity. This original method
enables to determine the size of gradation variation in
any aggregate or granular mixture in one number (in max
standard deviation).

3. The percent passing through the sieves, density
and water permeability of KG1 mixture, used for laying
the sub-ballast layer, based on 5 methods is normally dis-
tributed and this allows to employ conventional models
of mathematical statistics when testing variation in these
quality indicators. The outliers were detected only in wa-
ter permeability testing sample. The true reason of the
outliers was not successfully determined. One of main
reasons is that water leaked through air voids in the labo-
ratory sample.

4. The ready-for-use KG1 mixture in its technologi-
cal process of loading, transportation, laying and com-
paction has a tendency to become finer and its gradation
variation increases. Max standard deviation of percent
passing through the sieves of the KG1 mixture sample
taken from the stockpile was 4.5%, and of the sample
taken from the sub-ballast layer increased to 6.1% and
was statistically different with the probability of 0.10.
The standard deviations of density and water permeabil-
ity of both KG1 mixture samples were statistically uni-
form. The estimated min size of representative samples
shows that more subsamples shall be taken from the sub-
ballast layer than from the stockpile.
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