








Railway ballast characteristics, selection criteria and performance

ABSTRACT

This work is a comprehensive investigation to find to what extent simple laboratory tests e.g. Los
Angeles abrasion and micro-Deval might be suitable for predicting real railway ballast
performance with respect to deformation and degradation. A number of tests to measure essential
properties of ballast aggregate have been performed in addition to advanced material testing.
Large cyclic triaxial loading test and full scale railway track model test were employed to simulate
the effects of train loading and tamping, and to study settlement, stiffness and degradation of a
range of ballast materials. The testing programme included both wet and dry testing conditions.
All the rock types tested were mainly composed of combinations of principal rock-forming silicate
minerals. They represent all together a wide variety of igneous, metamorphic and
consolidated/metamorphosed sedimentary rocks mainly fine to very fine grained.

Mechanical properties

Change in the ballast grading proved to affect the ballast breakage development over time.
However, the abrasion property expressed by the micro-Deval value did not show any association
with the degradation of ballast under repeated load testing. Simulation of repeated tamping
seemed to be the main source of ballast breakage.

Most rocks showed high frost resistance after long term impact, but samples with high content of
amphibole were less frost resistant. The rocks’ mechanical strength in terms of the Los Angeles
abrasion or micro-Deval value did not show any correlation with either the amount of micro-
cracks or the rocks’ average mineral grain size. A new method to measure the amount of micro-
cracks based on luminescence measurements was developed. It is suggested that micro-cracks
represent open channels for water to penetrate into the aggregate, which was confirmed by good
correlation between water absorption and the amount of micro-cracks.

Moisture had generally a negative effect on rocks’ mechanical strength according to Los Angeles
abrasion and Point Load strength results. On the other hand, dry and wet triaxial tests with cyclic
loadings did not confirm this effect. Neither did mineral grain size distribution show any
correlation with mechanical strength, but the range of coefficient of conformity (Cu = Dgo/D1o)
was probably too narrow to obtain a reliable conclusion. A new method to quantify the mineral
grain size distribution was developed under these test series.

Functional properties

Both resilient modulus of the ballast layer and the stiffness of the track were governed by the
materials’ grading curve and specific density. A possible relation between the amount of micro-
cracks in the aggregate and resilient modulus as well as ballast breakage is suggested. The
permanent vertical strain during repeated load testing was affected by both the micro-Deval value,
the grading curve of the ballast and the aggregate’s content of soft minerals.

Improvements of test methods

The Los Angeles abrasion test distinguished clearly between the superior quality material and the
very poor material. The Los Angeles abrasion value is, however, a poor parameter to indicate how
the intermediate material will behave in service regarding ballast breakage.

This study proposes to improve the ranking of ballast materials by introducing two additional
methods. One which is able to measure some rocks’ ability to recover mechanical strength after
repeated crushing, and one which measures the production of fines (0/0.125 mm) during crushing.

Saturation of ballast material before micro-Deval testing did not have any significant effect on
degradation. Neither did the use of 1 % sodium-chloride solution have any effect.
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1. INTRODUCTION

1.1 Background

Freight tonnage, traffic speeds and frequency of trains has been steadily increasing over time
worldwide. These changes in traffic characteristics have led to increased wear and shorter lifetime
for all track components in superstructure and substructure (Figure 1.1).

Although the substructure components have a major influence on the cost of track maintenance
(Selig & Waters, 1994), less attention has been given to the substructure compared with
components in the superstructure.. Deterioration of the track geometry is recognized as being the
main source of the need for track maintenance, and settlement in the ballast layer contributes the
most to this deterioration (Selig 1998). This study has investigated railway ballast characteristics,
selection and performance.

Figure 1.1. Track layout of a typical ballasted track- side view (Selig & Waters 1994).

The ballast layer is therefore a key component of the conventional track structure. Its importance
has grown with increasing axle loads and train speeds. New ballast is normally a narrow-graded
material (i.e. contains a limited range of particle sizes) consisting of a large amount of open pore
space and a permeable structure. Under repeated sleeper loading, railway ballast undergoes
unrecoverable vertical deformations due to ballast densification, aggregate degradation, and lateral
spread of ballast beneath the sleepers (Raymond and Bathurst 1987).

A very important function for all track components, from rail via sleeper and ballast down to
subballast, is to distribute wheel load and contact pressure gradually to successive reduced levels
from interface to interface down to the subgrade (embankment or natural ground), see Figure 1.2.
The purpose is to avoid ballast breakage, permanent settlements and in worst-case failure in
bearing capacity. The figure also shows that the wheel load of 100 kN is distributed with 60 % to
the sleeper under the wheel and remaining 40 % to the two neighboring sleepers with about 20 %
of each.

Two other very important functions of the ballast layer are firstly to retain the track in its required
position by withstanding vertical, lateral and longitudinal forces applied to the sleepers, and
secondly provide drainage of water falling in the track and from snow melt.
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c = 300 MPa
c = 3 MPa
o =1.2 MPa
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Figure 1.2. Example of pressure distribution from wheel/rail interface down to
ballast/subballast interface (modified after Esveld 1989/ Fuhrer 1978).

Under traffic loading, the stresses applied to the ballast are sufficient to cause both significant
strain in the ballast and ballast particle breakage. This effect causes track settlement and therefore
the track geometry will need to be restored by tamping. Every tamping implies loosening of
ballast material which has to be compacted by the subsequent rail traffic. The compaction causes
additional particle crushing including production of fines. Therefore, repeated tamping is the main
source of ballast degradation (Selig and Waters 1994). This maintenance cycle will normally lead
to loss of strength and stiffness in the ballast when fine material generated from ballast breakdown
reaches a critical level and when the water fails to drain properly from the ballast. At this stage,
the track needs to be maintained either by ballast cleaning or ballast renewal. Hence, it is
important to use good quality ballast material in order to increase elapsed time between each
tamping which will increase ballast life on the track (elapsed time between each ballast-cleaning).

Raymond et al (1983) reported that a large number of serious accidents occur through carriage
derailments. Many such accidents may be due to the poor quality of ballast stones. Fouling of
ballast (Figure 1.3) is a main source of loss of track geometry partly from degradation of
aggregates. Much effort and cost are spent on maintaining correct track alignment and Raymond et
al. (1983) suggests a correlation between substructure performance and derailment. Another cause
of loss of track geometry is originating from the railway track construction period where
segregation of new ballast material, due to handling all the way from production site to ballast
bed, leads to great deviations from expected gradation which again results in non-uniformly or
differentially settlements after primary compaction (Knutson and Thompson 1978; Selig and
Roner 1987) along a short length of track. These can cause track twist which tends to be
permanent despite repeated future tamping actions. Any improvement in the understanding of
track behaviour which results in even a modest decrease in either track maintenance cost or
derailment frequency will produce immediate and substantial financial benefits to the railways.
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Figure 1.3. Fouled ballast on Stavne-Leangen Line near Trondheim.

In most countries the requirements for ballast materials is expressed by limit values for the Los
Angeles abrasion test and the micro-Deval test. However, several researchers (e.g. Bosserman
1981; Wright 1983; Selig & Boucher 1990) have shown that these conventional mechanical tests
for ballast, gave conflicting results and often failed to represent actual field performance, e.g. they
were able to predict neither track permanent settlement nor ballast layer stiffness as well as
particle breakage. They did not tell anything about the potential to produce fines (West et al. 1970)
or recover strength by repeated crushing (Heikkila 1991). Furthermore, these tests involve
revolving particles in a cylinder or drum to measure degradation. Hudec (1983) stated that these
tests “...have no difficulty in distinguishing between the superior quality material and the very
poor material. They cannot, however, .indicate with any certainty how the intermediate material
will behave in service. Some tests such as Los Angeles abrasion (ASTC-131 and C-535) have little
relationship to aggregate requirements or performance. The results indicate, rather, how easily
the material will crush in a ball mill”. The particle mechanics here would not appear to be the
same as those beneath the sleeper in a railway track during traffic loading. Despite these
shortcomings, these mechanical tests are still considered as the best and most important indicators
of ballast performance in service.

Regarding Norwegian conditions, most of the Norwegian railway ballast specifications currently
in use have been copied from other countries some fifty years ago, and investment in railway
research has been quite limited. Since around 2000, an ongoing project in Norway aims to build
about 400 km with double track railway lines in the southeastern part of the country in Norway’s
most densely populated area. The new lines are designed for 250 km/h (passenger train) and will
probably result in increased capacity for freight traffic as well. This will lead to more and heavier
loads to the track, which will inevitably give a more rapid degradation of the ballast material
(Raymond and Bathurst 1987) and an increase in loss of track geometry. This can to some extent
be avoided by revising and optimizing the Norwegian ballast specifications regarding reduced
breakage, less permanent settlements and more efficient tamping (longer alignment duration). In
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addition, test analyses currently in use for assessing railway ballast materials have never been
adapted to Norwegian rocks and climate. The most important ballast properties regarding lowering
future maintenance costs are high resistance to crushing, low production of fines and least possible
permanent vertical settlements during compaction. Results from the current mechanical test
methods do not always take this into account. Therefore, in order to reduce the maintenance costs
caused by the above mentioned problems, a better understanding of the behaviour of ballast during
heavy rail traffic is required.

1.2 Objectives and aims

The objectives of the present thesis are:

a) Evaluate whether simple standard laboratory tests are suited for selecting and ranging
aggregate ballast materials for railway track, by studying railway ballast behaviour for
typical Norwegian-quarried rocks under heavy railway traffic.

b) Examine whether there is potential to reduce ballast breakage by a more optimal material
selection and thus reduce the costs of railway track maintenance work.

and, consequently:
c) Evaluate whether Norwegian technical specifications and requirements should be
improved

The following tasks and investigations are required to achieve these objectives:

1. Verify whether today’s ballast testing methods (i.e. Los Angeles abrasion and micro-
Deval) can give results reflecting the field performance (large scale cyclic triaxial test and
full scale rail track model test) of different ballast materials (different rock types).

2. Study possible laboratory procedure improvements for the Los Angeles abrasion test and
the micro-Deval test.

3. Design and build a full scale rail track model test apparatus for simulating field loading
conditions.

4. ldentify rock properties affecting ballast breakage and the production of fines (particles
less than 0.125 mm).

5. Study possible tradeoff between rock characteristics and ballast behaviour.

6. Investigate whether the ballast gradation is related to the rate of degradation and resilient
properties.

7. Study the effect of frost weathering.
8. Study the production of fines from selected rock types during train loading.

1.3  Structure of the thesis

This thesis consists of seven chapters and four papers. The main contributions of the scientific
work are presented in the papers. The chapters are mainly extracts from the papers but also some
additional investigations not being presented there. The chapters in this way tie all the results from
the individual papers together and give a total overview of the whole project.
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1.3.1 Main chapters
Chapter 1 gives the background for this study.

Chapter 2 gives an overview of the test methods used with references to European standards and
the modifications done with some of the methods.

Chapter 3 gives an overview of the full laboratory test programme.

Chapter 4 summarizes the findings from the laboratory testing performed. Data reported in
papers are briefly mentioned here, and data not presented in the papers are shown in
more detail.

Chapter 5 presents the conclusions.

Chapter 6 gives recommendations on how the findings can be used to improve ballast
performance.

Chapter 7 is an identification of research needs based on this work..

1.3.2 Papers

Paper I:
Nalsund, R. (2010). Effect of grading on degradation of crushed-rock railway ballast and on
permanent axial deformation.

Presented at Transportation Research Board’s 89" Annual Meeting, Washington DC, in
2010. Published in the journal Transportation Research Record 2154: 149-155.

The paper was written by the author of the thesis alone. The author has also performed all
the planning and organising of the laboratory tests and conducted all the data processing.

Paper I1I:
Nélsund, R. and Jensen, V. (2011). Classification of micro-cracks, luminescence measurement,
water absorption and frost resistance in Norwegian produced railway ballast.

Proceedings of the 13™ Euroseminar on Microscopy Applied to Building Materials.
Ljubljana, Slovenia, pp.10.

The main author wrote most of the paper and planned and organised all the laboratory
tests. The co-author Viggo Jensen (Norwegian Concrete and Aggregate
Laboratory/NBTL) contributed strongly to the main idea of this paper, discussed the
findings and gave valuable advice for the interpretation.

Paper I11:

Nélsund, R., Tutumluer, E. and Horvli, 1. (2013). Degradation of railway ballast through large
scale triaxial and full scale rail track model tests - Comparison with mechanical
laboratory tests.

Proceedings of the 9™ International Conference on the Bearing Capacity of Roads,
Railways and Airfields. Trondheim, Norway, pp.13.

This paper was written by the author of the thesis alone. He also planned and organised
all the laboratory tests and conducted all the data processing. Co-authors were Erol
Tutumluer and Ivar Horvli. Erol Tutumluer contributed with the three dimensional image
analyses on the materials using the University of Illinois” Aggregate Image Analyzer
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(UIAIA), as well as giving valuable advice for the interpretation. lvar Horvli, who was
the main supervisor at NTNU, contributed during discussions on interpretation.

Paper 1V:
Nélsund, R. and Jensen, V. (2013). Influence of mineral grain size, grain size distribution and
micro-cracks on rocks’ mechanical strength.

Proceedings of the 14™ Euro-seminar on Microscopy Applied to Building Materials.
Helsingaer, Denmark, pp.13.

This paper was written by the author of the thesis alone. Co-author Viggo Jensen (NBTL)
contributed with micro-cracks information (luminescence measurements), advice and
discussions on interpretation. The main author did all the microscopic grain size
measurements of the thin sections.
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2. TEST METHODS

2.1 Selection of test methods

A number of tests for characterization of technical and functional properties for railway ballast are
performed. In addition a number of analyses describing several geological properties (textural
properties) of interest for mechanical strength and ballast performance under cyclic loading have
been performed (Table 2.1).

Table 2.1. Test methods used to measure the aggregates’ durability and geological properties.

Properties Test method Test type
Mechanical Los Angeles (dry and wet) Impact and some abrasion
properties Micro-Deval (wet and NaCl)) Abrasion
Point Load (dry and wet) Tensile strength
Freeze-Thaw (wet) Frost resistance

Functional Triaxial loading(dry and wet) Cyclic loading

properties Full scale railway track model (dry)  Cyclic loading

Geological Water absorption Porosity

properties / Specific density Weight per solid volume unit

textural Microscopy Micro-cracks

properties Microscopy Mineral grain size distribution
Microscopy Mineral distribution
Microscopy Mineral grain size
Image analysis Surface texture
X-Ray Diffraction Semi-quantitative mineral

identification and distribution

Coulter Sieve analysis (fines)

The mechanical tests such as Los Angeles abrasion and micro-Deval are required according to
Norwegian specifications for railway ballast. The Point Load test was chosen because it is suitable
to study the impact of water on rocks’ mechanical strength. It is also a widely used method
internationally and links the results of this project to a wide range of literature within the field of
Rock Mechanics. The Freeze-Thaw test is necessary to simulate climate impact in countries with
cold winters.

The triaxial test and full scale railway track model test were used to simulate actual ballast field
performance in order to assess the reliability compared to using simple laboratory tests (e.g. Los
Angeles abrasion and micro-Deval tests).

Rocks’ (geological) intrinsic properties as micro-cracks, mineral grain size and content of soft
minerals, affect the ballast’s mechanical strength and have to be investigated and quantified.
Otherwise they will appear as unknown variables and complicate every attempt to reveal
correlations between different properties. Hence, the quantification of the geological properties is
very important work in this context.
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Some tests are conducted under dry conditions, others are performed wet. In this study dry test
means that test materials were air dried at room temperature before testing (no oven-drying). Wet
test means that the materials were soaked in water for at least 7 days prior to test

2.2 Sample conditioning

2.2.1 Soaking duration

Experiments performed by Broch (1974) with the Point Load test (see Chapter 2.3.3) on drilled
cores measuring tensile strength revealed that most specimens lost mechanical strength when they
absorbed water. He also found that the loss of mechanical strength was dependent on the water
content in the rock. Norwegian railway lines run through regions with a humid climate. Thus it is
reasonable also to test ballast materials under conditions when they are at the weakest.

Figure 2.1 shows how the tensile strength is dependent on the water content, and that the strength
decreases with increasing amount of water. The reduction rate is largest within the range of 0 to 25
9% water content. It can also be seen that the loss of strength is much smaller from 75 to 100 %.
Hence, for practical reasons the soaking period can be terminated when the water content reaches
minimum75 %.
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Figure 2.1 Point load strength index (Is@2) as a function of the water content in rock cores
(Broch 1974).

Sufficient time to achieve 100 % water saturation will vary from rock to rock and can in some
cases take as long time as weeks. Absorption experiments with drilled rock cores in this study
showed that 75 % water saturation was achieved for all samples after 24 hours (test period 21
days) as seen in Figure 2.2. With reference to the previous paragraph the water storage time for
wet Point Load test could be set to 24 hours.
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A

21 days

10 days

1 day

Figure 2.2 Percent absorbed water as a function of time (soaked in water) for drilled cores.
Weighing conducted after 10 min, 1h, 2h, 4h, 1d, 2d, 3d, 5d, 7d, 10d, 14d and 21days.
Arrow marks 75 % absorption.

However, a trial series with Los Angeles tests performed wet (Chapter 4.1.2) revealed that one test
sample (Vassfjell meta-gabbro) out of a series of 19 different rocks showed an exceptional drop in
mechanical strength when the exposure time in water was extended from 24 hours to 7 days. Due
to this experience it was decided that the soaking time in general should be extended to 7 days. An
additional test with the meta-gabbro aggregate was also conducted to verify whether the first result
was reliable (Table 2.2) which it proved to be.

Table 2.2. Los Angeles abrasion values for different pre-treatment of test materials. Test
fraction 31.5/50 mm.

Rock type Standard test. Wet test. Stored in Wet test. Stored in
(no water) water 24 hours water 7 days
Vassfjell meta-gabbro 13.3 14.4 24.1and 22.6

2.2.2 Air-drying of samples

As part of the preparation work standards for laboratory analyses sometimes require drying of test
material at high temperature after washing. NS EN 1097-2 (Los Angeles abrasion test) says:
“Wash each fraction separately (.....) and dry them to constant mass”. This means normally that
the material is subjected to oven-drying temperature of 100-110 °C. However, some types of rocks
are temperature sensitive and achieve increased mechanical strength by heating. Research done by
Simpson and Fergus (1968) on diabase showed that the compressive strength did not change
between drying temperature from 27 to 110 °C, but rose to higher strength after further heating
(190 and 345 °C) as displayed in Figure 2.3. Another study performed by Obert et al. (1946) on
drilled cores from six different rocks (marble, limestone, granite, slate and 2 sandstones)
dokumented an average increase in compressive strength on 6 % when drying temperatur rose
from room temperature (14 days) to 100 °C (7 days). Lowest and highest increase obtained were 1
% and 18 % respectively. Storage in water for 7 days led to an average decrease in compressive
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strength of 12 % (-4 to -20 %). This experience shows that oven-drying of test specimens can
change the rocks’ original mechanical strength.

600
@ 500 A 4 *
a
z ir-dried
-F5'n400 o:ﬁur— rie
S * * in 14 days
g
% 300
,E u M Saturated
ﬁ 200 in water in
8 15 days
£
]
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0 100 200 300 400

Temperature C (Air-drying)

Figure 2.3 Compressive strength of rock cores (diabas) increases with increasing drying
temperature ( 27, 110, 190, and 345 °C). Modified after Simpson and Fergus (1968).

Hence, in this project test sample materials prepeared for dry state testing (the Los Angeles
abrasion test, the Point Load test, the cyclic triaxial test and the full scale rail track model test)
were all dried at room temperature. But this procedure requires that the storage time is longer than
one day. An investigation conducted by Broch (1974) showed that necessary drying time to
obtain 0 % water content is minimum one month (Figure 2.4).
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Rel. humid.: 60-65%
Temp. :20-229C
E?S N
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[ =
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@
g \
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10min. _ Thour  1day 1month
Storing time

Figure 2.4 Water content in rock cores as a function of storing time in a laboratory
environment with relative humidity of 60-65 % and temperature of 20-22 °C (Broch
1974).
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2.3 Mechanical strength

2.3.1 Los Angeles test (dry and wet state)

The classic test for measuring resistance to mechanical breakdown of aggregate is the Los Angeles
abrasion test developed in 1916 (Woolf 1937), the most universally used aggregate qualification test
throughout the world (Meininger 1994). The test was adopted by the Norwegian National Railway
Administration in the 1950’s to assess mechanical strength of railway ballast materials. In this study
the test has been run according to both NS-EN 1097-2 (fraction 10/14 mm / road materials) and
NS-EN 13450 (fraction 31.5 /50 mm / railway materials) which both are performed dry. Figure 2.5
shows the steel drum used for both fractions. The inside diameter is 71 cm and the drum rotates
around the horizontal axis. The sample amount for fraction 10/14 mm is 5000 g. It is exposed to
500 revolutions together with 11 steel balls (charges). The corresponding data for fraction 31.5/50
mm is 10000 g, 1000 revolutions and 12 steel balls. A steel shelf within the drum, mounted
parallel to the axis, lifts and drops the ballast sample. The tumbling action and the impacts from
the charges cause the more brittle particles to shatter, in addition to surface wear and abrasion as
the particles rub against one another and against the steel charges.

Figure 2.5 The Los Angeles abrasion test drum without cover used for both fraction 10/14
and 31.5/50 mm. Interior diameter is 71 cm.

To reveal how the samples’ mechanical strength respond on water, a modified procedure with 3
litres of water added to the drum when testing fraction 31.5/50 mm was performed. Wet state also
included that the material was soaked in water for 7 days before test. Wet test of fraction 10/14
mm was not included in this investigation. After the test the crushed material was washed and
sieved through a 1.6 mm sieve. The dry weight of the material passing the sieve relative to the total
weight expresses the Los Angeles abrasion value. According to standard procedure only one analysis
is required per each material.

Repeatability

Investigations of repeatability of the Los Angeles abrasion test showed that the standard deviation
and coefficient of variation (COV) are low which indicated that the test repeatability is good.

11
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Cuelho et al. (2007) examined 20 gravel aggregates according to ASTM C131-06 (maximum
particle size less than 37.5 mm and sample weight 5000 g) and found that the average COV was
5.8 % with a variation range between 0.9 and 15.6 % as shown in Figure 2.6. Three or more (up to
fifteen) repeated tests were conducted for the Los Angeles abrasion test, and average LAA value
was 27.3 %.
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Figure 2.6 Coefficient of variation (COV) for Los Angeles abrasion values (modified after
Cuelho et al. 2007).

Cuelho’s (2007) single-lab repeatability study also indicated that the COV value varied a lot from
source to source (e.g. no.1, 7 and 11). This indicates that some materials in a scientific context
should have been tested twice to achieve sufficient accuracy, but it is difficult to reveal which
material that needs this handling due to lack of knowledge about what rock properties that cause
this variation in test results. This PhD project has used only one test (replica) to determine the Los
Angeles value to an aggregate material.

2.3.2 Micro-Deval test

The micro-Deval test is run wet (standard procedure) and measures the aggregates’ resistance to
wear which means that the particles are forced to rub against another in a rotating steel cylinder.
The test was adopted by the Norwegian National Railway Administration in 2008 to assess
mechanical strength of railway ballast materials together with the Los Angeles test. In this study the
micro-Deval test has been performed according to both EN-NS 1097-1 on 10/14 mm (road
materials) and EN-NS 13450 on 31.5/50 mm (railway materials), see Table 2.3. The coarse
fraction uses a cylinder with length 400 mm (Figure 2.7), and the finer fraction uses a cylinder
with length 154 mm. The inside diameter is 20 cm for both.

Table 2.3. Micro-Deval test specifications

Test fraction Sample No. of Water Weight of No. of test
weight kg  revolutions added Itr steel balls kg  parallels

10/14 mm 0.5 12000 2.5 5 2

31.5/50 mm 10.0 14000 2.0 None 2

12
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Test sample is not soaked in water prior to the test even though this is a wet test. After the test the
aggregate is sieved on a 1.6 mm sieve. The amount of dry material passing the sieve expresses the
micro-Deval value in percent of the sample’s total weight (calculated as average of two analyses).

Figure 2.7 The micro-Deval test cylinder for fraction 31.5/50 mm ballast.

Strength reduction due to freeze-thaw cycling

Finishing the frost resistance test (Chapters 4.1.4), the micro-Deval test was applied on remaining
test samples to investigate whether 150 freeze-thaw cycles had any influence on the mechanical
strength (Chapter 4.1.5). In order to achieve sufficient material the micro-Deval test had to be
modified and test fraction was expanded from 10/14 mm to 8/16 mm. There was only sufficient
material for one parallel test instead of two (standard).

Testing change in the micro-Deval procedure

As mentioned above the micro-Deval test uses dry material despite the fact that this is a wet test.
To investigate whether a wet pre-treatment of test sample could affect the mechanical strength,
two sets of tests were performed. The first used materials (31.5/50 mm) soaked in pure water for
seven days in advance, another set of tests used materials (31.5/50 mm) stored in salt water for 7
days (1 % NaCl). Water added to the drum had equivalent salinity.

2.3.3 Point Load test (dry and wet state)

Point Load test was conducted on drilled rock cores with diameter 50 mm. The test is measuring
tension strength and a principle drawing is shown in Figure 2.8. The records were provided by a
hydraulic machine with automatic load control (constant load application rate). All samples were
supposed to have isotropic mechanical properties after a visual inspection, and the load direction
was always placed perpendicular to indications of foliation plane, if any. Dry procedure means
that test material was air dried in room temperature (no oven-drying) prior to test for at least one
month. Wet procedure means that test specimens were soaked in water for 7 days before testing
without use of vacuum in order to copy field conditions. Vacuum is normally used to obtain
maximum water content.

13



Roar Nalsund

Handling procedure of drilled cores immediately after completed drilling in terms of storage in
water or air-drying before future measurements (e.g. water absorption and Point Load strength)
can affect the result (Broch 1979). In this study all core samples were allowed to dry in room
temperature before further test measurements. An alternative handling procedure was not
discussed. Use of vacuum was not a part of the wet procedure with the purpose of increasing the
water absorption.

Load head
D
R
Load head

Figure 2.8 Point Load test on drilled cores from rocks. Diameter D was 50 mm.

Number of parallel measurements

Tests on rocks which normally are a heterogeneous material require a large number of single
measurements to achieve representative average values. It generally applies that the more parallel
tests, the better result. Broch (1979) investigated three sandstones each with around 40 parallel
tests and observed that the average value began to stabilize at about 12 measurements. He
suggested that minimum number of tests should be 12 or higher. Two examples of equivalent data
from this study are shown in Figure 2.9. Number of measurements are 15 and 16. Low extreme
values occur because cracks and other weakness planes not representative for the rock are loaded.
Hadeland has two and Lauvésen has one extreme value. These outliers were deleted from the data
set when calculating average values. The total number of measurements before deleting varied
from 14 to 18.

14
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Figure 2.9 Example of calculation of aritmetic value of fracture load P for two rocks as a
function of number of measurements. Core diameter D was 50 mm. LAA values
relate to fraction 31.5-50 mm.

2.3.4 Frost resistance (freeze-thaw cycling)

Freeze-thaw cycling test has been performed according to both EN-NS 1367-1 (water) and EN-NS
1367-6 (1 % NaCl solution) with following modifications:

(a) Testing on one parallel instead of three,

(b) The sample weight was reduced tol kg instead of 2 kg and stored in a metallic cylinder
filled with water, and

(c) 150 freeze-thaw cycles instead of 10.

This change in procedure ((a) and (b)) was chosen due to limitations in both freezing space and
freezing capacity. The aim of increasing the number of cycles (c) from 10 to 150 (=days) was
firstly that it should be significant longer than the standard test in order to investigate whether a
long term impact could reveal an increase in weathering rate. Secondly it should examine if frost
impact had any influence on the particles’ intrinsic mechanical strength relevant for railway ballast
in cold climate. It was also interesting to examine if the long term weathering progress is linear,
accelerating or asymptotic.

The test fraction 8/16 mm (according to the standard test procedure) was manufactured from
original rail ballast (unused 31.5/63 mm) by means of laboratory crushing and sieving. The
temperature range was +8 °C to -18 °C. Measurements of material change (loss of weight) were
conducted after every 10, 20, 30, 60, 90, 120 and 150 days.

Sodium chloride concentration

The freeze-thaw test with NaCl solution was conducted according to standard specification which
says 1 % NaCl. However, an investigation by Verbech and Klieger (1957) on frost resistance for
25 rocks with test fraction 4.5/19.5 mm, ten freezing cycles (ten times 24 hours) and four different
NaCl concentrations (0, 3, 5 and 8 %) found that the strongest impact from NaCl occurred with
concentrations between about 2 and 6 % as shown in Figure 2.10.
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Figure 2.10 Correlation between sodium chloride concentration and freeze-thaw
degradation (weight loss), modified after Verbech and Klieger 1957.

Only seven out of 25 rock samples, assumed to be most relevant compared with Scandinavian
conditions, are displayed in the diagram together with average values (dotted line). The remaining
18 rocks which had very poor resistance to freezing were skipped. It can be seen that the NaCl
concentration with maximum impact varies from rock to rock with a maximum average value
around 3 % sodium chloride. Some rocks respond on low concentrations of sodium chloride,
others at higher concentrations.

2.4 Textural properties

2.4.1 Water absorption

The water absorption test was conducted in accordance with EN-NS1097-6 on two different
fractions, 8/16 mm (used in the freeze-thaw test) , and 40/50 mm (Annex B.2.3 Rail ballast; each
sample included 10 pieces), and in addition on drilled cores (6 pieces) with diameter 50 mm with
ends sawed-off. Core length varied from 139 to 204 mm. To get close to field conditions, vacuum
was not used. Vacuum is usually recommended in order to increase water absorption. The duration
of soaking was 24 hours for both fraction 8/16 mm and 40/50 mm, for drilled cores 10 days, and
even more for some samples (see Figures 4.40 and 4.41). The defined geometrical surface gives
the possibility to measure water absorption with a high level of accuracy.

2.4.2 Mineral distribution

The mineral composition was analyzed utilizing both modal analysis and X-ray diffraction.

The modal analyses were performed by examination of thin sections in an optical microscope by
means of point counting using a symmetrical point grid. Number of points calculated was 363 for
each thin section, and the mineral distribution was expressed as frequencies. The mineral
composition was also determined with X-ray diffraction analysis. In order to make a reliable
sample selection, the test materials were sampled from production of fines after Los Angeles
abrasion tests where the test sample size is 10 kg supposed to represent a fair average of the ballast
material. Particles passing sieve 0.125 mm were used in XRD analysis.
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2.4.3 Micro-cracks

In general, all igneous and metamorphic rocks contain varying amounts of very small flaws or
fissures. These micro-cracks are important for the mechanical and physical properties of
aggregates because they cause mechanically weak planar discontinuities which may develop to
penetrative fractures under stress, and the strength properties can change very significantly.
Micro-cracks also represent channels for ingress of water into the aggregate. Standard procedure
on quantifying the amount of micro-cracks in rocks does not exist. Image analysis of thin sections
impregnated with a fluorescent agent is an established and very useful technique for determining
the occurrence and quantification of micro-cracks (e.g. mm/mm?). The method can have problems
with fine grained rocks especially when the mineral grains are smaller than the thickness of the
thin section (25 um) and where cracks may appear on several levels over each other. Image
analysis may also have problems quantifying distinct micro-cracks in combination with more
massive-porosity cracking and “holes” as observed in most of the aggregate samples in this study
(Figure 2.11). Therefore a new measurement method was developed and used in this thesis,
namely luminescence measurement (Paper I1). The term “luminescence” has been used because
transmitted light intensity has been measured (Lux) in fluorescent light by use of UV filters in the
microscope. The measurements represent an indirect quantification of the amount of micro-cracks
and porosities in the aggregates.

Polarized light Fluorescent light

Figure 2.11  Micro images of thin section (Aplitt cataclasite) with massive porosity.

2.4.4 Specific density and particle shape

Rocks’ specific density was measured according to NS-EN 1097-6 and particle shape according to
NS-EN 933-4.

2.4.5 Particle surface texture

The coarse aggregates morphological or shape properties such as angularity and surface texture have
been recognized to be critical factors affecting the performances of ballast materials (Thom and Brown
1989). The terms are explained in Figure 2.12. Particle surface roughness or surface micro relief was
quantified at the University of Illinois at Urbana Campaign, USA, utilizing a three-dimensional
image analyzing technique named University of Illinois Aggregate Image Analyzer (UIAIA). The
roughness is expressed by the Surface Texture Index, and the technique is further described in Rao et
al. (2003).
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Figure 2.12  Key morphological properties of an aggregate particle. (Pan and Tutumluer
2005).

2.4.6 Mineral grain size distribution

The mineral grain size frequency was calculated based on examination of thin sections with
optical microscopy where each mineral “diameter” was manually measured as cumulated intercept
lengths along a set of parallel equidistant lines. The grain size was calculated by transforming
measured diameter D (chord length) to a corresponding grain cross-section area (circle area with
A = *(D/2)?). Based on these data, a mineral grain size distribution curve was constructed similar
to the distribution curve commonly used among engineering geologists for describing aggregates
for building purposes (Paper I1I).

2.5 Ballast performance

The aim of the cyclic loading triaxial testing programme was to measure the functional properties
of the ballast in terms of ballast breakage, resilient modulus and permanent strain using the
following procedures:

2.5.1 Cyclic triaxial test with fixed single-graded curve and constant confining
pressure, both dry and wet condition (Paper 111)

The quarried ballast material was washed, sieved, air dried and blended to a fixed predetermined
grading curve. The specimens were built of five equal layers in a cylindrical steel mould. Each
layer was compacted in a dry state for 30 sec using a vibrating plate compactor equipped with two
vibrating motors. A maximum centripetal force of 12 kN and 48 Hz was used. A change in
specific density and grading as well, will influence the ballast bulk density and finely the sample’s
height. Each test specimen should have a height of approximately 600 mm at the beginning of the
loading test. In order to obtain this a certain amount of material was added. After compaction the
specimen was dressed with an inner rubber membrane while a hydraulic piston pushed the sample
out of the steel cylinder.

Suction was used under this process in order to keep the specimen standing. After demoulding the
specimen was placed in the triaxial rig, and the outer rubber membrane was mounted and
instrumented with four LVDTSs for axial and radial strain monitoring. Then the specimen was
moistened by adding water through the drainage system from the bottom pedestal and then drained
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immediately. As described above, the single-graded railway ballast specimens were subjected to
long term cyclic loading to simulate railway traffic. All triaxial tests were performed in drained
condition with a maximum dynamic axial stress of 250 kPa corresponding to about 250 kN axle
load given a stiff foundation, and a cyclic rate of 5 Hz. The static confining (air) pressure was 60
kPa for all samples. The triaxial cell apparatus with specimen is shown in Figure 2.13.

Hydraulic actuator (deviator stress)

Load cell

LVDT for vertical strain

LVDT for radial strain
Instrumentation ring

Cell chamber (steel)

Chamber rods

Confining air

Specimen sealing (rubber)
Opening allowing transmission

of confining stress
Steel table

Bellows

Hydraulic actuator
(confining stress)

Figure 2.13 The triaxial cell apparatus with specimen, cables not shown (Skoglund 2002).

A complete test was made up of four test repetitions, step 1 through 4.. To simulate the tamping
operation in situ (loosening the ballast followed by compaction) the loading (step 1) was stopped
after 1 million cycles. The test specimen was than dismantled, re-compacted with the same
material as used in step 1 and loaded with another 1 million load applications (step 2).

This loading procedure was followed by two additional similar steps (no.3 and no.4) until a total
of 4 million dynamic loads or approximately 100 million gross tons. After each dismantling and
before rebuilding, the tested ballast was sieved to remove breakage material (0 / 22.4 mm). This
material was collected and weighed at the end of the test to find the total amount of breakage after
4 million load applications (inclusive tamping). This loss of material in the specimen was not
compensated with new material. Thus a lower sample height (and lower sample density) was
accepted throughout the test.

Estimation of lateral confining pressure

To choose a suitable value for the lateral confining pressure in the ballast layer is not an easy task.
It is generally difficult to measure horizontal stress with pressure cells because railway ballast is
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normally a coarse material with few particles in contact with the cell area (Shenton 1975). Greater
axial stresses near the surface tend to cause significant breakage of ballast just beneath the sleepers
(Indraratna et al. 1998, Lim 2004). Lim (2004) developed a box test for ballast to simulate the
effects of train loading and tamping on a simulated sleeper, and to study settlement, stiffness and
degradation of a range of ballasts. He found that, for tests in which no simulated tamping was
performed, the degradation occurred mainly directly beneath the sleeper and was most evident in
the upper-most 10 cm of the layer. The horizontal support in the ballast layer due to train load is in
general low due to the fact that the ballast has limited width perpendicular to the rail. The
confining pressure is never uniform with the depth of the track (Indraratna et al. 1998). Suiker
(2002) suggested that the range 10 to 90 kPa covers in-situ conditions, while Raymond and Davis
(1998) concluded that the lateral confining stress is unlikely to exceed 140 kPa. Selig and Alva-
Hurtado (1982) estimated confining pressure to range between 21 to 83 kPa, although the method
of obtaining these values was not disclosed.

In this study 60 kPa was chosen as the value for static confining pressure in the triaxial tests. This
is according to Indraratna et al. (2005) a stress level that causes the least breakage on the ballast
materials (Figure 2.14).

Figure 2.14 Effect of confining pressure on particle degradation at different deviatoric
stress levels (Indraratna et al. 2005).

The diagram shows that the ballast degradation depends on the size of the confining pressure and
has an optimum point around 30 kPa at 230 kPa deviatoric stress and increases to about 60 kPa at
deviatoric stress of 500 kPa together with a significant increase in ballast breakage. It is likely to

assume that the level of breakage is affected by the ballast material’s mechanical strength.

Preliminary tests in this study were conducted with cyclic confining pressure but it was difficult to
find a rubber membrane that could survive more than 1 million cycles. Since the materials have
large pores the movemenst of membrane also become large. This membrane had to be repaired by
sealing rather frequently, and this delayed the progress of the test series. Consequently, the test
procedure was changed from cyclic to constant confining pressure.
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Compaction forces and test load magnitude selection

Traditional sleeper-ballast contact pressure calculation utilizes a single axle load with the
assumption that it acts over multiple sleepers due to rail stiffness. The load is distributed to at least
three sleepers which is demonstrated in Figure 2.15 (Selig and Waters 1994). The drawing shows
the rails deflection profile (exaggerated) and relative size of vertical stress distribution at rail seat,
top of ballast and top of subballast.

Rail/Wheel
Contact Stress

Ewm omomom

Ballast Stress
4

Figure 2.15 Typical wheel load and stress distribution into the track structure (Selig and
Waters 1994).

Selig suggests that the sleeper just below the train wheel is loaded with more than 50 % of the
wheel load. Each of the two neighbouring sleepers is loaded with half of the remaining wheel
load. A quantification of the per cent distribution is displayed in Figure 1.2 where the distribution
20-60-20 is used in the stress calculation. 60 % of the wheel load is given to the principal sleeper.
Shenton (1975) have used the distribution 25-50-25 shown in Figure 2.16. Half of the axle load P
goes to each wheel and is transmitted to the rail seat as

(PkN/2)*0.5=P/4kN.
50 % of the wheel load to the main sleeper is selected to be used in this study. In Norway, the
static design load (axle load limitation) is 22.5 tons, but 25 tons were used in the triaxial and full
scale tests to take account for future load increase. The pressure in the interface between sleeper
and ballast layer when the interface area is 0.247 m? is

(250 kN/4 ) / 0.247m? = 253 kN/m? = 253 kPa.
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This agrees with the calculated value for pressure on ballast in both Figure 1.2 and Figure 2.16.
Others as Lichtberger (2003) has used 70 % to the principal sleeper, and Profillidis (2006)
proposes the distribution 7-23-40-23-7 based on stress measurements and modelling (Table 2.4)

Table 2.4. Wheel load distribution

Year Auther Load P Interface Stress Distribution uliCc
sleeper/ballast P/Area factor

1975 Shenton 100 kN 0.50

1989 Esveld 100 kN 2000 cm? 30 N/cm? 0.60 54 kg

2003 Lichtberger ~ 125 kN 2380 cm? 37 N/cm? 0.70

2006 Profillidis 10t 2000 cm? 2 kp/cm? 0.40

It must be noted that the load distribution regarding the sleepers (e.g. 25-50-25) is affected by the
dimension of the rail (54 kg/rail-meter or 60 kg/rail-meter).

Axle load=200kN
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Figure 2.16 Distribution of vertical stress at the sleeper-ballast interface (Shenton 1975).

In the cyclic triaxial tests each vertically applied load cycle was returned to almost full unloading
(5 kN) to avoid stroke on ballast from the loading plate.

Number of test repetitions

Each sample was tested through four steps (step 1 through step 4 in the triaxial test rig). It was
expected that the stress condition in the sample could vary a lot from test to test due to changes in
number of contact points (number of ballast particles) at interface between loading plate and the
sample. This will probably affect the transfer of stress and, consequently, influence important
properties like strain and breakage. Three steps could have been sufficient, but four was chosen to
improve the reliability of the measurements with respect to resilient modulus, ballast breakage,
and perhaps reveal a possible trend for the resilient modulus over time.

The number of aggregate particles at the top and the bottom of the sample (Figure 2.17) in contact
with the loading plate will change randomly from step 1 through step 4.
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Figure 2.17 Preparation of a test specimen.

The transformation of the stress from the top to the bottom of one sample will be different from
step to step. Consequently, the contact stress between the aggregate particles and the ability to
particle edge wear or breakage will also change and thus the recorded amount of ballast breakage
will vary.

Frequency selection

The aim for this test was partly to subject the ballast to real field track conditions with a train
speed of 80 km/h and maximum axle load (here: 250 kN) to take into account the impact from
heavy freight traffic. The axle load limitation for trains in Norway is 225 kN, but new lines will be
designed for 250 kN. A frequency of 5 Hz was chosen for two reasons. Firstly, we wanted to use
as high frequency as possible to save time in the laboratory. Necessary time to finish 1 million
loadings with 5 Hz is 56 hours or scarcely 2.5 working days. Secondly, the hydraulic actuator
available for this study could not provide higher frequency than 5 Hz under maximum loading of
125 kN corresponding to 250 kN train axle load. Triaxial test with 5 Hz as loading frequency
corresponds to different speeds depending on varying wheelbase. A common wheelbase of 1.8
meter (Figure 2.18) and 5 Hz is equal to 32 km/h (1.8 * 5 Hz * 3.6 = 32 km/h). Ideally, train
speed should have been 80 km/h similar to 12 Hz. For wagons with 2 axles the shortest distance
between the axles can be around 5 meter which corresponds to a train speed of 90 km/h.

540 5853 280 5853 280 5853 540
280 2787 280 2787 280
540
= R R 1&5 s
i —— Msigfffi&%\céﬁﬁﬂ?ﬁx{?
1900 15700 | 1900
620 19500 [ 620

| 20740 |

Figure 2.18 Container carriage with four axles (bogie), measures in millimetre (Norwegian
Railway Company 2000).
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Using a lower frequency than 12 Hz should not, according to Shenton (1975), have any effect on
the test result. He investigated the permanent vertical strain at different loading frequencies and
found that the ballast strain was independent of the frequency (Figure 2.19). Unfortunately,
additionally studies of frequency and accompanying ballast degradation have not been found in
the literature.
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Figure 2.19 The permanent axial strain produced by 10* load cycles is plotted against
loading frequency (Shenton 1975).

To reduce the amount of scatter in the diagram, Shenton normalised the permanent axial strain
measurements by dividing the strain at 10" load cycles by the strain produced by the first 8 cycles
since the test machine did not always achieve full axial stress for the first 1 or 2 cycles.

Wet state

It is well known that saturation of water usually has a negative effect on rocks’ mechanical
strength (e.g. Kessler et al. 1940, Broch and Franklin 1972). Hence, it was considered as relevant
to run triaxial tests under wet conditions to study ballast durability. The triaxial testing procedure
was first performed dry with 4 million cycles followed by another 4 million cycles under wet
conditions, totally 8 million cycles in each series. The procedure for the wet condition testing is
the same as for the dry testing except that test material was stored in water for seven days before
and immersed in water during the test. The voids between the stone particles in the upper 4 cm of
the prepared test specimen were not filled with water during the cyclic loading (Figure 2.20). This
was to avoid pore water pressure problems due to the sample’s elastic behaviour (reduced
effective stress).
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Figure 2.20 Upper section of a wet triaxial test specimen ready for loading, almost completely filled
with water.

2.5.2 Cyclic triaxial tests with stepwise finer single-graded curve and constant

confining pressure and only dry condition (Paper I)

This experiment was conducted in exactly the same way as the other cyclic triaxial tests as
described in Chapter 2.5.1 except for use of three different gradings as shown in Figure 3.1 tagged
Arema 4, Esine and Egoarse. TeSt procedure and equipment were the same.

2.5.3 Cyclic loading full scale rail track model test (Paper I1I)

The general test setup is shown on Figure 2.21. A 300 mm thick layer of crushed rock ballast was
confined within a rigid test box 3 m long by 1.5 m wide with plywood bulkheads supported with
wood bars, and steel bars in the corners (Figure 2.22).

Ballast layer
22.4-63.0mm

Test sample ﬁ gz 300rmm

Space between sleeper J00mm

Subballast
20-120mm

and ballast

Sand layer ———————————————————m ———————————————— 100m m

Concrete floor

Figure 2.21 Cross-section of the full scale rail track model test setup.
The ballast support was made of a 700 mm thick layer of 20/120 mm crushed rock material

(Vassfjell meta-gabbro) overlaying 100 mm of sand resting on a concrete floor. The materials in
the two support layers were not changed during the whole tests series.
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Two ballast samples, each of 240 kg, from the same rock source were subsequently placed within
the ballast layer under each end of the middle sleeper (Figure 2.21). A supporting steel frame with
width 400 mm by length 1000 mm was used preliminary to getting the samples in place and with
the right shape. A concrete sleeper 2400 mm long by 260 mm wide by 200 mm deep (at rail seat)
was placed in the middle of the test box directly on the ballast floor. Two other sleepers were
placed on each side with 500 mm spacing to simulate typical track structure but not loaded during
the tests. To achieve an easier test performance, no ballast was placed in the cradle between the
sleepers.

To separate the test sample from the surrounding ballast and to avoid loss of degradation fines,
the material was wrapped in a geotextile. Having backfilled the surrounding ballast material and
removed the steel frame, the area was aligned by hand and compacted with a small vibrating
device with ten passages for each sample.

According to Raymond (1977a, p.21) the vertical displacement is not uniform across the tie.
The settlements under the rails are greater than those under the middle of the sleeper. This leads to
a center binding phenomenon, which in turn results in a chance of error with respect to the size of
the interface between sleeper and ballast. To counteract this phenomenon, some ballast material
under the center of the sleeper was taken away to allow no settlement in the area between the two
ballast test samples. The area of interface between sleeper and ballast was 260 mm by 950 mm.

In accordance with the triaxial test procedure the maximum dynamic load on each end of the
sleeper was about 62.5 kN corresponding to an axle load of 250 kN. The cyclic loading rate was 5
Hz and the specimens were subjected to totally 4 mill loadings interrupted after each 1 mill to
perform a “tamping operation”. After having temporarily moved the hydraulic jack, the I-bar and
the sleeper, the samples were penetrated with a crowbar simulating “in situ” tamping. This was
performed on ten different points to loosen the ballast with the intention to re-orientate each
aggregate particle.

Repeated load between 5 kN to 125 kN was performed by a computer-controlled closed-loop
electrohydraulic actuator working on a I-beam that distributed 62.5 kN to each of the rail seats for
a duration equivalent to about 100 million gross tons (MGTSs) of axle loading in track. The
equivalent axle tonnage was calculated by summin% the number of load repetitions and multiplied
by twice the applied load (25 tons axle load * 4*10” loadings = 100 million tons).

Figure 2.22 Full scale rail track model test equipment for cyclic loading simulating train
traffic and tamping.
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3 LABORATORY TEST PROGRAMME

3.1 Test materials

The selection of crushed rock samples was made in order to represent a wide variation in the
mechanical properties, i.e. Los Angeles value. Most samples are taken from quarries supporting
The National Railway Administration (Jernbaneverket) with railway ballast (strong enough for
construction purposes), including one of Norway’s strongest rocks. All the tested rock types are
composed of combinations of principal rock-forming silicate minerals with few exceptions. They
make up a wide variety of igneous rocks, metamorphic rocks and consolidated/metamorphosed
sedimentary rocks. Most rocks are fine to very fine grained. A list of rock samples is presented in
Table 3.1.

Representative rock samples were collected from across the country and sampled from stockpiles
inside the quarries (commercial products). A couple of tests (water absorption and Point Load
strength) are performed on drilled cores provided from rock boulders collected in the same
quarries that supplied this investigation with crushed materials.

Table 3.1. Aggregate deposits with geologic names, rock characteristics and mechanical

properties.
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1  Steinkjer: meta-sandstone; 271 138/2 44 209 169 141 6.0 438 -
meta-greywacke; quartzite

2 Meraftsen: greenstone 295 88/1 5.1 175 124 183 136 112 6.7 6.7

3 Lauvasen: meta- 277 1191 7.1 19.2 257 26.7 240 157 69 45
greywacke; argillite

4 Vassfjell: meta-gabbro; 3.08 333/2 38 144 133 234 84 87 96 34
cataclasite

6  Aplitt: cataclasite; crushed 2.67 487/2 3.7 213 214 207 37 34 62 6.6
breccia; granite

7  Ottersbo; mylonite; 279 252/1 79 120 94 119 38 33 86 104
cataclasite

9  Hello: marble 273 254/2 52 257 324 373 201 160 -- -

10 Lia: Greenstone; meta- 3.02 60/1 4.8 143 108 165 81 7.9 163 105
gabbro, basalt

11 Lgrenskog: mylonite; 291 203/71 27 203 128 163 91 6.0 116 82
gneiss; gabbro

12  Freste: monzonite 273 3815/1 31 225 218 210 6.2 6.6 11.3 111

13 Helgeland: syenite; 278 1320/1 40 303 276 290 109 99 - --
monzonite; gneiss

14  Lillehammer: sandstone; 270 -- -- 158 138 --. 80 48 - -
siltstone; greywacke

15 Hadeland: porphyric 264 123/1 4.1 154 94 104 25 19 158 14.
trachyte
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16 Velde: granite 266 1050/1 29 270 154 179 6.8 49 - -

17 Norstone Tau: mylonite; 277 -- - 13.0 102 -- 6.8 6.0 -- -
cataclasite

19 Hellvik: anorthosite 273 - -- 149 137 -- 59 57 - --

20 Ramsland: anorthosite 271 3351/1 35 197 187 174 49 48 - -

21 Fossberga: greywacke 271 200/2 3.7 157 137 199 57 48 88 55

22 Hello quarry: greenstone; 3.00 123/3 29 168 175 198 80 7.8 -- --
schist; slate

23 Rombak: quartz biotite 2.78 180/1 33 181 137 202 119 95 - -
gneiss; schist

24 Kleivaberget: sandstone 263 268/1 27 -- 210 187 -- -- 143 133

26 Sefrivatn: granite; granitic 267 263/1 3.2 249 244 193 54 46 90 7.2
gneiss;

27 Follstad: quartz diorite; -- -- -- -- - -- -- - 77 6.3

tonalite; trondhjemite
28 Beiarn marble - - - - - - - - -

29 Beiarn amphibole schist - - - - - - - - - -

1) Corrected with French factor 1.75. Digit after slash represents number of investigated thin sections
which the calculation of average mineral grain size is based on.
Dx, is based on the mineral grain’s area

2) Coefficient of uniformity Cu = Dgo/D1o (Slope of mineral grain size distribution curve)

Table 3.2. Aggregate deposits with mineral composition based on X-Ray Diffraction (XRD).

(5]
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1 Steinkjer 48 18 15 18 0.1-1.5
2 Meraftésen 5 32 5 6 8 9 29 6 0.01-0.2
3 Lauvasen 14 23 3 26 25 9 0.05-05
4 Vassfjell 1 18 6 41 12 18 4 015

6 Aplitt 54 15 29 2 0.05-2.5
7 Ottersho 38 34 8 1 9 10 0.01-0.1
9 Hello marble 3 3 10 2 82 0.05-0.3
10 Lia 5 34 5 30 24 2 01-05
11 Lgrenskog 28 48 6 4 14 0.05-1
12 Freste 7 59 23 7 2 1 7-10

13 Helgeland 8 29 27 27 9 0.3-10
14 Lillehammer 47 12 19 14 8 0.1-2
15 Hadeland 12 54 30 1 3 0.01-5
16 Velde 28 14 40 7 8 2 1 027
17 Norstone Tau 29 30 4 17 20 3 023

19 Hellvik 1 80 3 4 8 1 18

20 Ramsland 2 83 9 3 3 38

21 Fossberga 37 35 10 15 2 1 01-2
22 Hello quarry 15 29 42 6 8 0.1-2
23 Rombak 46 21 2 10 17 3 1 0.01-04
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24 Kleivaberget 46 7 20 19 2 6 0.2-15
26 Sefrivatn 24 42 27 2 2 2 1 0.1-05
28 Beiarn *) 4 2 3 2 87 0.1-2.0
29 Beiarn **) 10 11 5 68 0.05-0.5

dgModaI composition. Opaque 2 %
**) Modal composition. Opaque 4 %, Quartz/feldspar 21 % (difficult to distinguish)

3.1.1 Challenge of achieving representative rock samples

The samples from the different quarries were assumed to be homogeneous and representative
within each source. Even with a strong focus on random and representative sampling, it was hard
to avoid differences between samples from the same source. This was clearly demonstrated during
the microscopic inspection of thin sections to provide texture characteristics. With the aim to
reveal a possible geological variation in the deposit, rock fragments that “looked” different were
selected for further investigation. Between one and five thin sections from each deposit were
fabricated with three as an average to cover “all” variations.

3.2 Functional properties
Table 3.3 provides an overview of which analyses that each material has been subjected to.

Table 3.3. Conducted analyses in addition to those mentioned in Table 3.1.
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1  Steinkjer X X 204 x X X X X X X X X X X X
2 Meraftasen X X X 71 x X X X X X X X X X X X
3 Lauvésen X x x 135 x x X X X X X X X X X X
4 Vassfjell X X X 73 X X X X X X X X X X X X
6  Aplitt X X x 134 x Xx X X X X X X X X X X
7  Ottersho X x x 173 X X X X X X
9  Hello marble X X 21.2 X X X X X
10 Lia X X X 7.4 X X X X X
11 Larenskog X x x 147 x X X X X X X X X X X
12 Freste X X x 139 x x X X X X X X X X X X
13 Helgeland X X 8.8 X X X X X
14 Lillehammer X X X X
15 Hadeland X x x 140 X X X X X X X
16 Velde X X 8.9 X X X X
17 Norstone Tau X X X X
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19 Hellvik X X X X X
20 Ramsland X X 5.7 X X X X X X
21 Fossherga X X X X X X X X X X
22 Hello quarry X X X X X X X X X
23 Rombak X X 11.7 x X X X X X X X X X X
24 Kleivaberget x 185 X X X
26  Sefrivatn X x x 112 x x Xx X X X X X X X
27 Follstad X
28 Beiarn marble X X
29 Beiarn X X X
amphibole
schist

1) Measured values are listed in Paper II.
2) Rod-shaped

3.2.1 Large scale cyclic loading triaxial test

The main objective was to measure ballast breakage, elastic properties and vertical permanent
deformation.

Fixed grading curve and constant confining pressure (Paper I11)

The test series involved nine different rock types subjected to two different test conditions, 4 times
1 million cycles with dry materials (tamping simulation) and 4 times 1 million cycles with wet
materials (simulation of climate and tamping operation). Each material was tested 4 times in order
to improve the reliability and to observe changes over time. Final results from ballast breakage,
resilient modulus and permanent deformation are presented as an average of these four tests.
Sample preparation for the wet testing consisted in storage in water at room temperature for 7 days
ahead of the test and the sample immersed in water during test performance. One exception from
this procedure was the sample from Rombak mica schist which was only analysed in dry state.
The grading curve used was E medium shown in Figure 3.1.

Variable grading curve with constant confining pressure (Paper 1)

To compare the effect of ballast grading on degradation, resilient modulus and vertical permanent
deflection, three different grading curves were used. Those are two gradings representing
extremities within the Norwegian limit curves according to EN13450 and Arema no.4 (Arema
envelope) as seen in Figure 3.1.
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Figure 3.1. Ballast grading curves employed in the large scale triaxial tests and the full scale
rail track model test.

These tests involved only one rock type, namely Steinkjer meta-sandstone and only dry materials.
Like the triaxial test with fixed grading curve, each material was tested 4 times in order to obtain
more reliable values (lower the standard deviation) and reduce the scattering in comparison
diagrams. Applied load was similar to an axle load of 25 tons.

3.2.2 Full scale cyclic loading rail track model test (dry state, Paper 111)

The test series involved nine different rock types suited for ballast materials with the objective of
measuring ballast breakage under approximately in situ rail track stress conditions. To arrange for
comparisons, the rock types used are identical with those used in the triaxial test with fixed
grading curve. The grading curve in this test was also the same, tagged as E medium in Figure 3.1.
The materials were tested 4 times each interrupted by a “tamping” operation after every 1 million
loadings until 4 million in total. Applied load on each end of the sleeper was similar to an axle
load of 25 tons. Wet state was not conducted due to practical problems with adding water.

3.2.3 Freeze-thaw resistance test (Paper I1)

20 different types of quarried aggregates, most of them suitable as ballast material, were tested for
frost resistance in a 150 freeze-thaw cycles test (duration of five month) including two rock types
with expected low resistance documented from field experience. The tests were performed with
both water and 1 % NaCl solution. The fraction used was 8/16 mm.

Remaining mechanical strength after 150 freeze-thaw cycles

To inquire whether the freeze-thaw process had caused any damage in terms of rock’s mechanical
strength or not, micro-Deval tests on fraction 10/14 mm were run on the residual material.
Standard procedure requires two parallel tests but it was sufficient material to only one parallel
due to weight loss during the foregoing freeze-thaw test.
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3.3 Mechanical properties

3.3.1 The effect of pre-treatment of test samples (micro-Deval test)

The micro-Deval method is already standardized as a wet test to take into account rocks’ loss of
mechanical strength in general when they get wet. In an attempt to improve the reliability of the
test, two test series were performed where materials from 18 quarries were tested for abrasion
resistance with the following change in the standard procedure:

(a) test samples were stored in water for 7 days in advance, and
(b) test samples were stored in 1 % NaCl solution before testing. The drum was also added NaCl
with the same resolution.

3.3.2 Loss of mechanical strength due to freeze-thaw impact

Ballast strength loss after long term freeze-thaw impact

The long term freeze-thaw test opened the possibility of examining whether Norwegian aggregates
loose mechanical strength due to frost impact in wet climate in addition to weathering. Since the
freeze-thaw test was performed on fraction 8/16 mm, the control of the strength was done with the
micro-Deval test

Ballast strength loss after 60 freeze-thaw cycles (Los Angeles abrasion)

Los Angeles abrasion tests have been carried out on railway ballast materials subjected to 60
freeze-thaw cycles (soaked in water). Duration of one cycle was 24 hours (standard performance
for this thesis). Temperature range was between +8 °C and -18 °C.

3.3.3 Micro-cracks (Paper II)

Measurements of the amount of micro-cracks in rocks were carried out using a newly developed
method described in Paper Il. 71 thin sections were examined distributed on 22 different rock
samples.
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4. SUMMARY OF FINDINGS

Test results that are described in the attached papers, are only summarized in this chapter.
Unpublished results are mentioned in more details.

4.1 Functional properties.

4.1.1 Resilient modulus of ballast material under triaxial testing

Triaxial testing with cyclic loading of nine different rock types with the aim to document ballast
breakage (Paper I11) also provided information about the materials’ elastic properties. Resilient
modulus is defined as the repeated deviator