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ABSTRACT 

This study deals with the degradation of crushed rock aggregate in the structural layers of 

track as well as the factors influencing degradation and frost susceptibility of degraded 

aggregate. The research is based on literature review and laboratory analyses of degraded 

ballast samples from the ballast bed, new crushed rock aggregates and some natural 

coarse-grained soils. 

In the experimental part of the research the degradation of ballast is assessed primarily by 

analysing samples from the ballast bed. Other examined properties besides grading are 

strength, water absorption and freeze-thaw resistance of coarse particles and water adsorp-

tion, specific surface area, pore size distribution, mineralogy and loss on ignition of fines. 

Based on observations the degradation of ballast in the Finnish railway network is largely 

due to mechanical breakage and abrasion of ballast grains from traffic loading and tamp-

ing. Chemical weathering of ballast samples proved generally insignificantly small, and 

where it occurred, it was limited to the surfaces of grains. 

In the absence of long-term use experiences, the research strived to forecast especially the 

degradation of the frost protection and intermediate layer crushed rock aggregates in cy-

clic loading apparatus with three separate loading plates developed to simulate traffic load-

ing. Despite the test technical limitations related to the test material interfaces, the factors 

affecting degradation could be observed and the magnitude of degradation under the load-

ing conditions of the track structure assessed. 

The frost susceptibility of aggregates was examined by the developed frost heave test ar-

rangements. In certain crushed rock aggregate the frost susceptibility at under 15 % fines 

content was found to be directly proportional to the fines content of the material. As the 

result of a stepwise regression analysis performed to analyse various aggregates together a 

regression model based on the under 0.002 mm material content, water absorption of 

coarse particles and total pore volume of fines is presented. In this combined analysis of 

aggregates it was possible to explain frost susceptibility nearly as well as by fines content 

in the analysis of individual aggregates. 

The practical results of the research include recommendations for the strength, mineralogy 

and grading of the crushed rock aggregate in the frost protection and intermediate layers of 

track structure. 

KEYWORDS: crushed rock aggregate, track structure, degradation, fines, frost suscepti-

bility, cyclic loading test, frost heave test, ballast, subballast, weathering, substructure, 

frost protection layer, coarse-grained material, pore size distribution, water absorption 
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NOTATIONS 

Greek letters: 

 Poisson’s ratio (Fig. 2.4) 

 symbol which denotes the difference between initial and final values 

Latin letters: 

Cu uniformity coefficient 

D maximum grain size (Equation 2-4, Table 2.6), [mm] 

d thickness of frozen fringe (Fig. 2.14), [mm] 

d particle diameter (Equation 2-4), [mm] 

di grain size corresponding to per cent passing value of i %, [mm] 

E Young’s modulus (Fig. 2.4), [MPa] 

Er resilient modulus (Fig. 2.4), [MPa] 

H initial sample height (Equation 5-2), [mm] 

h frost heave, [mm] 

I moment of inertia (Fig. 2.4), [m4]

Kf water permeability of partly frozen soil (Fig. 2.14), [m/s] 

Lff liquid limit of fine fraction  (Equation 2-3) 

n parameter describing the shape of the grading curve (Equation 2-4, 

Table 2.6) 

N number of samples 

P probability value 

Pi share of fraction smaller than grain diameter i mm (Equations 6-1 and 

6-2) 

Pu water pressure at frost front (Fig. 2.14), [kPa] 

Pw water pressure at segregation freezing front (Fig 2.14), [kPa] 

R Pearson’s Correlation Coefficient 

R2 coefficient of determination 

Rf fines factor (Equation 2-3) 

s standard deviation (Fig. 2.5) 

sV standard deviation of coefficient of variation (Table 5.1) 

Ts segregation freezing temperature (Fig. 2.14), [ºC] 

Tts top surface temperature of sample (Equation 5-2), [ºC] 

t coefficient (Fig 2.5) 

t time, [s, h] 

V coefficient of variation (Table 5.1) 

Vtot total pore volume of fines (Equations 5-1…5-16), [ml/g] 

v frost heave rate (Equation 5-1), [mm/h] 

v24h frost heave rate at the time after 24 hour freezing, [mm/h] 

v24-96h an average frost heave rate in 24-96 hour freezing range, [mm/h] 
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vw water flow rate (Fig. 2.14, Equation 2-2), [m/h] 

Wi chemical weathering class i  

Z height of frozen layer (Equation 5-2), [mm] 

Zu height of unfrozen sample section (Equation 5-2), [mm] 

Other symbols: 

AN Abrasion number (Equation 2-1) 

El Elevation line (Fig. 2.10) 

gradT temperature gradient of partly frozen layer (Equation 2-2), [ºC/m] 

gradT_ average temperature gradient of frozen sample section (Equation 5-1), 

[ºC/m] 

Hi25/16/8/4mm degradation index of coarse grains (Equation 6-1) 

Hi0.063/0.125/0.25mm degradation index of fine-grained fractions (Equation 6-2) 

LAA Los Angeles coefficient according to ASTM C535 (Equation 2-1) 

LAi Los Angeles category i (EN 1097-2) 

LARBi Los Angeles category i for railway ballast determined in accordance 

with modifications in EN 13450 

MA Mill Abrasion number (Equation 2-1) 

MDi micro-Deval category i (EN 1097-1) 

MDRBi micro-Deval category i for railway ballast determined in accordance 

with modifications in EN 13450 

pF base-ten logarithm of the height of water column (cm) corresponding 

to the pressure 

SP frost heave coefficient (Equation 5-1), [mm2/Kh] 

SPo unloaded frost heave coefficient, [mm2/Kh] 

SPo (12-24h) an average unloaded frost heave coefficient in the 12-24 hour freezing 

range, [mm2/Kh] 

SPw segregation potential (Equation 2-2), [mm2/Kh] 

WA24 water absorption (Equations 5-1…5-16) (EN 1097-6) 

WPI weathering potential index (Table 2.5) 

Abbreviations:

AAR Association of American Railroads 

AREA American Railway Engineering Association 

AREMA American Railway Engineering and Maintenance of Way Association 

ASTM American Society for Testing and Materials 

BOEF beam on elastic foundation 

BV Swedish Railway Administration (In Swedish: Banverket)

CN Canadian National Railway 

CP Canadian Pacific Railway 

CRREL Cold Regions Research and Engineering Laboratory 
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DEM Discrete Element Method 

EN European standard 

ERRI European Rail Research Institute 

FAST Facility for Accelerated Service Testing 

FRA Federal Railroad Administration (US) 

ICT Intensive Compactor Tester 

ISSMFE International Society for Soil Mechanics and Foundation Engineering 

JBV Norwegian National Railway Administration (In Norwegian: Jern-

baneverket) 

LOI loss on ignition 

MGT million gross tons 

NMR Nuclear Magnetic Resonance 

PANK Pavement branch advisory committee (In Finnish: Päällystealan neu-

vottelukunta) 

RHK Finnish Rail Administration (In Finnish: Ratahallintokeskus)

RTRI Railway Technical Research Institute 

SEM Scanning Electrone Microscope 

SNCF French National Railways (In French: Société Nationale des Chemins 

de fer Français)

TDR  Time Domain Reflectometry 

TPPT Road Structures Research Programme (In Finnish: Tien pohja- ja 

päällysrakenteet tutkimusohjelma)

TRRL Transport and Road Research Laboratory 

TTC Transportation Technology Center 

TUT Tampere University of Technology 

VTT Technical Research Centre of Finland (In Finnish: Valtion teknillinen 

tutkimuskeskus)
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1. INTRODUCTION 

1.1 Background 

The vertical deviations in track geometry that limit its use may be the result of rail settle-

ment caused by permanent deformations in the ballast bed, substructure or subgrade or 

frost heaves due to frost action. The basic principle in frost protection of the track structure 

is to build the structural layers of non-frost-susceptible aggregates. 

Coarse-grained crushed rock aggregate, ballast, is traditionally used in the uppermost 

structural layer of a track. The loading environment of the ballast bed is well described by 

Simon et al. (1983) who state that the ballast, in particular, is subjected to the heaviest 

stress levels and environmental loading of all aggregates used in construction. Therefore, it 

is not surprising that the degradation of aggregate from the loading environment is the fac-

tor that determines the service life of ballast. An earlier study (Nurmikolu, 2000; Nur-

mikolu et al., 2001) estimated, based on field and laboratory analyses, the effect of the 

strength of aggregate on the service life of ballast. However, the researched data on the 

degradation mechanism of ballast and the effect of the resulting fines on the behaviour of 

the ballast bed is scarce. 

As the available gravel and sand resources in Finland are diminishing, the use of crushed 

rock aggregate has expanded also to the structural layers beneath the ballast bed. For in-

stance, the structural layers below ballast of the 74 kilometre double track line from 

Kerava to Lahti will be practically completely of crushed rock aggregate. A 100 year ser-

vice life is required of the substructure meaning that the traffic and environmental loading 

on it last essentially longer than the 40 year service life of the ballast layer. Moreover, the 

finer-grained grain size distribution of frost protection and intermediate layer aggregates 

makes them more vulnerable to degradation by environmental loads due to their larger 

grain surface area. The cleaning of degraded aggregate that may make the substructure 

frost-susceptible requires machinery and work effort of greatly higher costs compared to 

ballast layer material. Therefore, the consequences of any possible incorrect material selec-

tions may be dramatic. In the absence of use experiences and researched data, the assess-

ment of the long-term behaviour of crushed rock aggregate, especially the degradation of 

aggregate, in the loading environment of the track substructure has in many respects been 

unreliable. 

1.2 Objectives 

The main objectives of the research have been: 

1) to increase knowledge of the factors affecting the degradation process of ballast, 

2) to determine the properties of fines contained by crushed rock aggregates and 

those accumulating in them in an actual ballast bed loading environment, and es-

pecially the impact of said properties on the frost susceptibility of aggregates, 
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3) to develop a test arrangement simulating train loading and to assess with it the 

degradation of crushed rock aggregate occurring in the frost protection and inter-

mediate layers in the long term as well as the factors affecting it. 

The aim was that the results of the study could be used in life-cycle economical selection 

of the crushed rock aggregates for a track structure in future, but the economical examina-

tion was limited out of the scope of this study. 

1.3 Content of research and structure of thesis 

The key findings of the literature survey conducted to serve as a basis for the research 

(Nurmikolu, 2004) will be presented first in Chapter 2. The survey assesses the loading 

environment of the track's structural layers, the material requirements of the track struc-

ture's crushed rock aggregates, frost susceptibility and observations about the degradation 

of aggregates. 

The most practical content of the experimental part was determined on the basis of the 

observations of the literature survey. Samples of ballasts degraded in actual loading envi-

ronments were collected in order to assess the factors affecting the degradation process of 

railway ballast and the properties of the fines accumulating in ballast bed. The samples 

were analysed is several laboratory tests, the key ones being frost heave tests using the 

equipment developed for that purpose. The frost heave test arrangement developed for the 

test and other laboratory test methods are presented in Chapter 3 as well as research mate-

rials.

Chapter 4 deals with the results of the laboratory tests on degraded ballast samples from 

the ballast bed. Properties of samples are discussed especially with respect to the degrada-

tion mechanism and properties of fines in aggregate. The properties of ballast bed samples 

are compared with the results of unused crushed rock aggregates and some gravel and sand 

materials. The analysis continues with the presentation of the results of frost heave tests 

and statistical analysis of the factors affecting frost susceptibility in Chapter 5. 

A laboratory-scale cyclic loading arrangement was developed to estimate degradation from 

traffic loading, especially as concerns frost protection and intermediate layer crushed rock 

aggregates. The results of cyclic loading tests are presented in Chapter 6. The test results 

are used to analyse the effect of various factors primarily on the degradation of aggregates 

but also on recoverable and permanent deformations. 

The results are discussed in Chapter 7 together with recommendations for the material 

properties of crushed rock aggregates used in the frost protection and intermediate layers. 

Final conclusions and suggestions for further studies are presented in Chapter 8. 
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2. EARLIER RESEARCH AND THEORIES 

2.1 Loading environment of track from the viewpoint of crushed rock aggre-

gate degradation 

2.1.1 Loading types 

As part of the track structure, crushed rock aggregate is in a severe loading environment. In 

addition to the countless traffic loading cycles, Finnish climatic conditions subject the 

structural materials to significant environmental load. Material handling and placement 

during track construction also stresses the aggregate. Track maintenance is also a major 

loading factor for the ballast bed. 

Survey of the loadings acting on a track structure is a natural starting point in analysing the 

degradation of aggregate. Consequently, the following chapters will examine especially the 

loading factors that affect the structural layers of the track and cause degradation of the 

crushed rock aggregates. In terms of traffic loading, the survey will focus on the behaviour 

of crushed rock aggregate in cyclic loading, the loading levels that traffic exerts on crushed 

rock aggregate layers as well as factors to be considered in laboratory simulation of load-

ing. Finally, degradation mechanisms related to track maintenance and environmental 

loads will be dealt with. Literature findings on the significance of different loading factors 

on the degradation of the crushed rock aggregate will be looked into later in Chapter 2.4. 

2.1.2 Traffic loading degrading crushed rock aggregate  

A concept of the mechanical behaviour of crushed rock aggregate under cyclic loading

Understanding the principle of the events that are part of the mechanical behaviour of 

granular material, such as crushed rock aggregate, requires particle-level analyses instead 

of continuum thinking. In granular materials, stresses can be assumed to be transmitted 

along chains of particles in contact with each other which means that stress distribution at 

a given level of the structure is therefore by no means even. This situation is illustrated by 

the simulation example of Figure 2.1 (Kolisoja, 1997). Corresponding observations from 

DEM surveys have been presented, for instance, by Ullidtz (1998). 



4

Figure 2.1. Stress chains of biaxial loading calculated by software based on the DEM 

method. Line width is proportional to force applying in particle contact (Kolisoja, 1997).  

Kolisoja (1997) has presented a concept influenced by, among others, Lambe and Whit-

man (1979) for outlining the particle-level phenomena related to the deformation behav-

iour of coarse-grained aggregate subject to cyclic loading. The concept also helps under-

stand the events related to the degradation of material:  

- When the load on a particulate system increases, only elastic deformations develop at 

first to the material particles. Due to the concentration of stresses on the contact points 

between particles, the deformations are apparently largest in the immediate vicinity of 

the contact points. 

- At high load levels, the stresses acting on the contact points can increase so high that 

particles or their edges break down. In that case the loaded particles move with re-

spect to each other and both particles and stresses rearrange until a new equilibrium 

with the external loadings is achieved.  

- The resultant forces acting on contact points between particles are not usually perpen-

dicular to the tangential planes of the contact points due to the direction of the load 

applied to the particulate system, to the non-symmetric shape of the particles and to ir-

regular packing arrangement of the particle skeleton. Therefore, the particles start to 

slide at the contact points as the tangential force at the contact point reaches the 

maximum value of the frictional force that depends on the normal force between the 

particles, on the coefficient of friction between the particle surfaces, and on the 
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strength of the possible bond between the particles. The mineral skeleton of the par-

ticulate system is again rearranged until the equilibrium with the external loads is 

achieved.  

- When the load applied to the mineral skeleton of the material is removed, the elastic 

deformations of the particles recover but the deformations caused by sliding and 

breakage of the particles are mainly permanent. The ratio between the permanent and 

recoverable deformations depends greatly on the magnitude of the applied stresses – 

especially on the magnitude of the shear stresses. 

- If the load is repeated several times the deformation mechanism is in principle exactly 

the same for all load applications. However, in the later load cycles, the permanent de-

formations are reduced by the fact that the mineral skeleton of the particulate system 

has already been rearranged during the previous cycles. For example in connection 

with the cyclic loading triaxial tests, this is normally observed as stabilising behaviour 

of the material, when the load pulse series proceed. 

- Whether the loading direction changes in between or during the loading cycles or not, 

presumably markedly influences the accumulated amount of permanent deformations.

If the directions of the principal stresses do not change during the repeated loading cy-

cles, the behaviour of the material is probably stabilised. However, in the loading con-

ditions where the principal stress directions change, the particulate system must rear-

range itself again and again to achieve a stable arrangement under all loads. An obvi-

ous consequence of that is larger permanent deformations compared to the loading 

conditions where the principal stress directions remain constant. This has also been a 

common result of the laboratory experiments where moving wheel loading is applied 

(e.g. Chan 1990). 

The concept can be complemented by the following observations especially as concerns 

the track environment and particle degradation. 

- Tamping of the ballast (cf. Ch. 2.1.3) disturbs the particulate system of the ballast 

layer arranged by previous loading cycles with the result that particles are subjected to 

significant rearrangement as a consequence of subsequent loadings. Repeated rear-

rangement due to the rotation of principal stress directions and the disturbing effect of 

tamping is a major factor affecting the fragmentation of ballast particles or their 

edges. Tamping itself also causes breakage of particles as tines penetrate into the bal-

last and compress particles causing high stresses at contact points of particles.

- Breakage of particles or their edges in the track structure is the result of the combined 

action of repeated traffic loading cycles, maintenance-related stress and physical and 

chemical weathering. The particle loosened by weathering breaks more easily in cyclic 

loading or tamping. 
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Vertical loading on crushed rock aggregate layers from traffic

On the basis of the above particle-level analysis, the degradation of crushed rock aggregate 

under cyclic loading – the breakage of particles or their edges and displacements between 

particles causing abrasion – depends on the continuum level on the stress state components 

acting in the material, especially the relations between normal and shear stresses. Since 

shear stresses are tied to differences in principal stresses from traffic loading, it is natural, 

that of the stress state components, most concern in the literature is focused on the vertical 

stress resulted from the traffic load at different depths of the structure. The vertical stress at 

layer interfaces is also the basis for the selection of the loading levels for the laboratory 

tests simulating train loading (cf. Ch. 3.6.1), which is why it has been taken into particular 

examination. 

Measurement of stress in coarse-grained material is technically cumbersome. The assess-

ments of loading levels applying at different levels of the track structure in literature are 

generally based on computer models that are verified by stress measurements in the finer-

grained structural layers beneath the ballast, or models that substantially simplify the track 

structure.

Mechanical modelling of soil materials has traditionally used material models based on 

continuum mechanics where the actual stresses between individual grains are assumed to 

be evenly distributed across the entire examined soil element. With such models, the verti-

cal stress calculated for a given level can, on the particle level, be considered the mean 

stress from individual grains on a surface imagined at a given level. Stress between indi-

vidual grains may, however, be many times higher than mean stress (cf. Fig. 2.1).  

Quite comprehensive track structure instrumentation was implemented for the first time in 

Finland along the Kouvola-Koria railway section in summer 1999 (Kolisoja et al., 2000). 

For instance, the vertical stress at different levels of the track structure from a 250 kN axle 

load was measured. An example of the results is shown in Figure 2.2 together with the 

modelling exercise using the BISAR multi-layer program based on the linear elasticity 

theory. In the model it was assumed that the sleeper immediately under the wheel transmits 

50 % of the total load, according to Raymond (1985a), while the adjacent sleepers transmit 

25 % each. Correspondingly, it was assumed that a 500 mm section of the sleeper between 

the rails does not transmit any part of the loading to the ballast bed which made the so-

called effective area of the sleeper 0.578 m2. Figure 2.2 shows that, based on these assump-

tions, a 250 kN design axle load can be expected to create a mean vertical stress of 216 

kPa on the ballast layer across the effective area of the sleeper. Assuming a sleeper height 

of 210 mm with normal ballast bed thickness (550 mm from Elevation line, cf. Fig. 2.10), 

the corresponding vertical stress on the substructure, based on the modelling, is 101 kPa. 

It should be noted that the results of multil-layer linear-elastic programs as well as the 

widely used beam on elastic foundation (BOEF) models are, naturally, greatly influenced 
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by the assumptions and structural and material-specific parameters used in the model. Cal-

culated results slightly deviating from those by Raymond (1985a) on the distribution of 

loading between adjacent sleepers have been presented, for example, by Riessberger 

(1998), Adegoke et al. (1979), Chang et al. (1980) and Skoglund (2002). It is clear that 

loading is distributed across the bases of several sleepers as rail stiffness increases (e.g. 

Banverket, 1996) or the track modulus decreases (e.g. Skoglund, 2002, Banverket, 1996). 

An effective area of 0.5 m2 has also been assigned to the sleeper transmitting loading to the 

ballast bed (Banverket, 1996). Banverket (1996) reported that the average vertical stress on 

the ballast bed from a 250 kN axle load, depending on used rail properties and track 

modulus, was 180-234 kPa and from a 300 kN axle load 216-283 kPa. The results are of 

the same order of magnitude as the loading levels estimated on the basis of the loading 

distribution between sleepers modelled by Skoglund (2002).  

Figure 2.2. Vertical stresses measured under 250 kN axle load for the Kouvola-Koria 

railway section as well as vertical stresses obtained from the BISAR multi-layer linear-
elastic program used to model the subject of measurement (Kolisoja et al., 2000). 

When calculating the mean stress at the base of a sleeper by the above methods, it should 

be noted that due to the limited stiffness of the sleeper, the loading is at a maximum on the 

sleeper section immediately under the rail. This should be kept in mind when assessing the 

degradation of crushed rock aggregate since it is specifically maximum loading that essen-

tially affects breakage of grains (Fig. 2.3). The result of the GEOTRACK modelling of 

Figure 2.3 (Chang et al., 1980; Selig and Waters, 1994) also shows how the loading in the 

direction of the track cross-section has equalised considerably before subgrade, and how 

increased sleeper stiffness (concrete sleeper vs. timber sleeper) equalises the distribution of 
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the stress from the sleeper. The BOEF model by Skoglund (2002) has likewise shown that 

in an embankment of low track modulus the load transmitted by the sleeper is more evenly 

distributed than in a embankment of high track modulus, where the loading concentrates 

directly under the rails. The loading distribution at the base of a sleeper has been observed 

in field measurements (Prause and Kish, 1978) to depend also on axle load, so that as the 

axle load increases, the loading increasingly concentrates immediately under the rails. Cor-

responding results by various modelling programs for the loading distribution at the 

sleeper's base have been presented by Kennedy and Prause (1978) and Adegoke et al. 

(1979). 

Figure 2.3. GEOTRACK modelling: a) cross-sectional distribution of vertical stress on 

ballast bed and subgrade, b) impact of sleeper stiffness on cross-sectional distribution of 
vertical stress on ballast bed (Selig and Waters, 1994; Chang et al., 1980). 

Concentration of the loading on the ballast bed immediately under the rail is undesirable. 

In cyclic loading, a void may develop under the sleepers at the rails due to aggregate deg-

radation and permanent deformation, which shifts the bearing area of the sleeper to the 

middle of the track. As a consequence, the sleeper is subjected to a considerable bending 

stress which may even crack it. Due to the possibility of the sleeper hitting the ballast as 

the result of a void underneath, loss of contact between the sleeper and the ballast is unde-

sirable also from the viewpoint of ballast degradation. 

The GEOTRACK modellings of literature, which normally use the parameters of North 

American timber sleeper tracks (e.g. Chang et al., 1980; Selig and Waters, 1994), differ 

structurally from the typical Finnish track structure to such an extent that it is not sensible 

to examine the absolute stress levels obtained from them as such. The situation is the same 

with, for instance, the PSA, ILLI-TRACK and MULTA surveys of Adegoke et al. (1979). 

On the other hand, the direction in which parameters influence the vertical stresses on the 

ballast bed and subgrade are outlined by the sensitivity analyses of GEOTRACK model-

lings (Figure 2.4). When comparing the examined modelling to the situation with the Fin-

a) b)
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nish track structure, the impact of the structural layers below ballast missing from the 

GEOTRACK modelling can be evaluated qualitatively as shown in Figure 2.4 by increased 

ballast bed thickness. According to sensitivity analysis, increased stiffness and thickness of 

the ballast bed increases the loading on the bed. This is in large part due to the fact that on 

a stiffer base the loading is transmitted to a larger extent via the sleeper immediately under 

the train wheel since the recoverable deformation of structural layers – and the resulting 

distribution of loading to adjacent supporting surfaces – is lesser due to the high stiffness 

of the track. Naturally, the loading on the lower structural layers is reduced by a thicker 

ballast bed. Other factors that increase the load on the ballast bed and subgrade are, above 

all, wider sleeper spacing and lower stiffness of sleeper and rail. 

Figure 2.4. Directions of influence of parameters used in  GEOTRACK modelling vis-à-vis 

vertical stress on ballast bed and subgrade. Default values of parameters (nominal case): 

Ballast Er = 45 ksi, ballast = 0.3, ballast depth = 12 in., sleeper spacing = 19.5 in., 

sleeper E = 1.5·106 psi, sleeper I = 257 in.4, rail I = 95 in.4, fastener stiffness = 7000 
kips/in.  (Selig and Waters, 1994). 

When evaluating the numerical results of the above models, we must consider the design 

wheel load used in the calculations. Due to the dynamic interaction between train and track 

– increased by the irregularities of the rail, points of discontinuity and deteriorated condi-

tion of rolling stock, especially wheelflats –  the loading level corresponding to a given 

static wheel load assumes the form of a normal distribution (e.g. Esveld, 2001) while the 

expected value of the distribution corresponds to the loading level of the static load. The 
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range of dynamic loading increases as the irregularities of the rail and train traffic speeds 

increase (Fig. 2.5). In the evaluation of the impacts of loading, the used loading should 

make at least some allowance for the dynamic loading factor since the effects are not line-

arly dependent on loading level. 

Figure 2.5. Principle of dynamic loading distribution and dependence of dynamic loading 

factor on train traffic speed. The mean corresponds to a situation under static loading (Es-
veld, 2001; Riessberger 1998; Riessberger and Wenty, 1993). 

The simplest method used to take into account the dynamic loading factor is to multiply 

static wheel load by the dynamic load influence coefficient (pulse coefficient). The method 

described in Figure 2.5 allows estimating the dynamic loading factor on the basis of the 

standard deviation (s) of wheel load with different probabilities. Standard deviation de-

pends on the smoothness of the rail and train traffic speed. For evaluating the loading level 

of the ballast bed Esveld (2001) suggests using a value of 2 for t while Riessberger (1998) 

suggests 1. Thus, according to Esveld, the dynamic loading increase to be considered for 

the ballast bed is double compared to what Riessberger suggests.  

The guideline of the Finnish Rail Administration (2002) presents a formula for calculating 

the influence coefficient of the dynamic loading factor based on the permitted traffic speed 

and the maintenance level of the track, which indicates the smoothness of the rail. Said 

pulse coefficient is calculated for the substructure of existing tracks by adapting the meth-

ods of Esveld and Riessberger and using a value of 1 for t in accordance with Figure 2.5. 

For instance, if the permitted train speed on a railway section of normal maintenance level 
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is 160 km/h, the formula yields a pulse coefficient of 1.31. The required standard pulse 

coefficient in the design of new tracks is 1.25.  

In connection with the Malmbanan surveys (Banverket, 1996), loading levels incorporating 

dynamic loading were estimated by multiplying calculated quasistatic loading levels by the 

influence coefficient of dynamic load (1.3). The manual of the American Railway Engi-

neering and Maintenance of Way Association (AREMA, 2002) presents a formula for cal-

culating the pulse coefficient for the mean load transmitted from the base of the sleeper 

based on train traffic speed and rolling stock wheel size. In the example case (V=55 mph, 

D=36 in.) the yielded pulse coefficient is 1.50.  

Special aspects of traffic loading vis-à-vis laboratory simulation

In addition to the vertical loading level examined above, other, perhaps quite decisive, as-

pects of traffic loading – especially ones related to the degrading of aggregate – must also 

be considered in laboratory simulation. Noteworthy is the rise of the sleeper at a given dis-

tance from the wheel/rail contact point due to the bending moment of the rail. This is de-

picted in Figure 2.6 and has been observed in field measurements (Mäkelä and Kolisoja, 

2001; Yoo and Selig 1979) as well as modellings (Selig and Waters, 1994; Skoglund, 

2002).  As a result of the bending moment, contact between sleeper and ballast bed is lost 

momentarily should the lift exceed the sum of the weight of the rail and the vertical force 

on the sides of the sleeper enabled by its profile (Fig. 2.6). 

Figure 2.6. Basic principle of wheel load distribution (Selig and Waters, 1994).  
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Figure 2.7 presents a survey of the relative movement of the sleeper in relation to an an-

choring deep in the subgrade in connection with a railway culvert study made at TUT 

(Mäkelä and Kolisoja, 2001). The figure shows that the displacement of the sleeper be-

tween axles is largest at about 0.1 mm above zero level, which indicates momentary rise of 

the sleeper and loss of contact with the ballast bed. On the other hand, in a survey of the 

Kouvola-Koria railway section (Kolisoja et al., 2000), corresponding rise of the sleeper 

was not detected. As discussed above, contact between the sleeper and ballast may be lost 

even more permanently immediately under the rails due to the unevenness of the loading 

transmitted via the sleeper. The resulting repeated hitting of the sleeper against the ballast 

grains naturally increases the stress on the grains.  

Figure 2.7. Vertical displacement of sleeper due to example train (measured wheel load of 

engine about 110-120 kN and that of nine wagons about 60-80 kN each) at various sec-
tions of sleeper (Mäkelä and Kolisoja, 2001). Separation of sleeper from ballast is indi-

cated by a positive displacement value between bogies. “Outer end” refers to sleeper end 

on the side of the edge of the embankment and “Inner end“ to the sleeper end on the side 
of the other track of the double track section. 

Loss of contact between sleeper and ballast is especially significant in a situation, as was 

noticed during sampling, where drainage of the track structure is clearly deficient and, 

thus, the structure in water saturated state up to the underside of the sleeper. Loss of con-

tact may lead to a situation where the load from the sleeper is first transmitted to the water 

in the void. This causes excess pore water pressure which seeks to stabilise immediately, 

and repeated axle passes sets the abrading mass consisting of water and fine-grained mate-

rial in a pumping motion in the pore space of the structural material (cf.  Ch. 6.5). 
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Another interesting observation in assessing the traffic load on the structural layers of the 

track concers the irreversibility of loading between successive axles. Examples of the 

measurements by Kolisoja et al. (2000) along the Kouvola-Koria railway section show 

how the vertical stress measured from the El–0.7 m level is relieved only slighty between 

the axles of a bogie. Vertical stress measured at the El–1.3 m level is not relieved at all in 

practical terms between axles of a bogie. A corresponding measurement in connection with 

the railway culvert study (Mäkelä and Kolisoja, 2001) shows that at the El–1.7 m level 

vertical stress is not relieved completely even between successive bogies of different wag-

ons. In Figure 2.7 the phenomenon can be observed as the vertical displacement of the 

sleeper is relieved only slightly between successive axles of a bogie. Corresponding irre-

versible loading was also shown by other measurement results (Yoo and Selig, 1979; Selig 

and Waters, 1994). 

The described irreversibility of stress is of fundamental importance when assessing the 

cumulative traffic load on the layers of the track structure. Since strains in the layers be-

tween individual axles are relieved only partly, or not at all, it can be asserted that part of 

the axles of a train do not reload the structural track layers but only lengthen the duration 

of the loading cycle of the previous axle. Since the loading is short-lived in any case, the 

effect of its duration on the behaviour of the structural material can be considered minor. 

The irreversibility of strains is especially important when calculating the cumulative traffic 

load on a structural material on the basis of laboratory loading. In North America, a simpli-

fied assumption was made concerning the connection between laboratory loading and traf-

fic volume on the basis of measurements and modellings (Chrismer and Selig, 1994). Ac-

cording to it, two axles constitute a single loading pulse in the analysis of the ballast bed 

and subballast layer while a single pulse consists of four axles in the case of subgrade. 

2.1.3 Handling and maintenance degrading crushed rock aggregate 

Crushed rock aggregate is subject to significant loading during handling, transport, place-

ment and compaction which degrades the material even before its service as an actual 

structural layer. In practice, it is impossible to avoid degradation during track construction 

which is why this degradation, independent of traffic and environmental loading, should be 

considered in assessing the degradation of crushed rock aggregate. 

Tamping performed as a maintenance method to adjust track geometry is a significant fac-

tor with view to the degradation of ballast. In tamping, the tines of the tamping machine 

penetrate into the ballast layer simultaneously from both sides of the sleeper and are driven 

towards each other pushing ballast under the sleeper (Fig. 2.8). This naturally crushes the 

ballast when repeated several times over. Since tamping also loosens the ballast bed (e.g. 

Stewart et al., 1983), further degradation occurs after tamping as the grains are abraded and 

break in connection with the reorganisation (compaction) due to traffic load. Chrismer 

(1998) and Selig (2000), among others, emphasise that localised tamping is more advanta-
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geous, even in the case of a track with several isolated problem spots, than tamping the 

entire section between problem spots. Unnecessary tamping should definitely be avoided. 

Figure 2.8. Principle of tamping (Selig and Waters, 1994). 

After much development work, Britain has adopted a gentler track geometry correction 

method – pneumatic ballast injection, or stoneblowing – where 14/20mm (Fair, 2003) infill 

aggregate is forced under the uplifted sleeper by compressed air equipment (Fig. 2.9). The 

method reduces the need of maintenance and is thus cost-effective (McMichael, 1991; 

Johnson, 1983). It also eliminates loosening of the existing ballast layer and the subsequent 

quick settling of the track immediately after tamping. Key (1998), Anderson and Key 

(2000) and Fair (2003) have examined the effects of the ensuing double-layeredness of the 

ballast under the sleeper on track behaviour. Literature findings of the degrading effect of 

maintenance are dealt with in Chapter 2.4.5. 
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Figure 2.9. Principle of stoneblowing method (Johnson, 1983; Anderson and Key, 2000). 

2.1.4 Environmental loading degrading crushed rock aggregate 

Loading from freezing of water contained in material

The environmental loadings on the materials of the track structure mainly result from the 

presence of water and temperature changes or their combinations. Frost and prevention of 

frost heave in the track structure are basically the most significant environmental loading 

aspects to consider in track structure design.  To prevent frost heaving, the structural layers 

must be non-frost-susceptible and thick enough, with possible frost insulation boards, to 

prevent frost from penetrating into frost-susceptible subgrade (e.g. Nurmikolu and Koli-

soja, 2002). Particularly with a view to degradation of structural materials, phenomena 

directly linked to frost action are of minor significance, although the ultimate cause of deg-

radation from tamping performed to adjust a track geometry weakened by uneven frost 

heaves can be seen as frost-related phenomena. Frost susceptibility of the aggregates is 

examined in Chapter 2.3. 

Any possible frost weathering is the result of freezing of structural material. The freezing 

of water, and its consequent tendency to expand in grain pores, creates tensions in particles 

which, if occurring repeatedly, can lead to weakened strength of particles and ultimately to 

their breaking. In frost weathering the in situ freezing expansion of pore water is com-

pounded by a phenomenon analogous to frost action based on the ability of water in the 

adsorption and capillary pores to stay liquid at under 0 °C. As the gravitational water of 

larger pores freezes, an underpressure directed at the centre of freezing develops in the 
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continuous pore space which tends to absorb unfrozen capillary and adsorption water 

molecules attached to the walls of minor pores into the centre. Adsorption water may re-

main unfrozen well below 0 C temperatures (cf. Ch. 2.3.3). The greater the number of 

adsorption pores, the more of the adsorption water possibly absorbed into the freezing cen-

tre may accumulate in the aggregate, and the higher the freezing pressure of the centre can 

become. On the other hand, suction of adsorption water into pores containing gravitational 

water requires that there are enough capillary pores and microcracks joining pores that 

contain adsorption and gravitational water (Uusinoka and Nieminen, 1988). 

Frost weathering does not change the mineral composition of aggregate, the degradation is 

purely mechanic. Aggregate weakened by frost weathering becomes more vulnerable to 

degradation from traffic loading and tamping as well and chemical degradation due to in-

creased surface area. Naturally, frost weathering depends on the presence of water, the 

number or freeze-thaw cycles and duration of freezing pressure besides aggregate strength, 

porosity, pore size distribution and water adsorptivity (Embleton and King, 1975; Uusi-

noka and Nieminen, 1986, 1988; Nieminen and Jäniskangas, 1990). Temperature changes 

as such also create stresses in particles due to different coefficients of thermal expansion 

whose impact in our climatic conditions can be considered minor compared to the freezing 

pressure of water. Observations about frost weathering in literature are dealt with in Chap-

ter 2.4.2. 

Chemical action

Chemical weathering refers to chemical reactions between rock, the atmosphere and water, 

the results of which consist of rock residuals, weathering products and solutions containing 

elements dissolved from rocks. Thus, the mineral composition of rock changes as a result 

of chemical weathering unlike in mechanical degradation due to frost weathering or traffic 

loading. The most significant processes related to chemical weathering are dissolution, 

carbonation, hydration, hydrolysis, fixation, chelation, oxidisation and reduction. Each 

aggregate undergoes chemical weathering by processes specific to it which mainly depend 

on the acidity, alkalinity and oxidation conditions of the environment. As in frost weather-

ing, water is an essential factor in all processes related to chemical weathering. The extent 

of chemical weathering depends on the amount of water present to dissolve the aggregate 

and the flow conditions determined by porosity and frequency of fissures in the aggregate 

and water surface level (Uusinoka, 1976; Embleton and Thornes, 1979; Uusinoka, 1983). 

A quite common view regarding the metamorphic and igneous rocks of Finnish bedrock, 

which are mechanically strong enough to use, is that their chemical weathering is slight 

and slow. This view is easy to adopt when examining the weathering of exposed bedrock. 

Yet, chemical weathering processes take place primarily on the surface of aggregates (e.g. 

Uusinoka, 1975, 1983) and has consequently been found (Niini and Uusinoka, 1978) to 

depend more on the surface area in contact with the surroudings than mineralogy. Thus, 

the situation with crushed rock aggregate is much more severe than with bedrock since the 
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specific surface area of crushed rock aggregate and, consequently, the speed at which 

products of weathering are formed are of a totally different scale compared to the surface 

of bedrock. Moreover, if crushed rock aggregate is introduced as a substructure material, 

the 100 year service life required must also be considered (Finnish Rail Administration, 

2002). 

Fookes et al. (1988) also stress the importance of the surface area exposed to weathering in 

assessing chemical weathering of aggregate. According to them, chemical weathering of 

crushed rock aggregates may be considerable over a few decades, at least in a wet envi-

ronment. When weighing the significance of the issue, we should remember the combined 

effect of the loadings since even minor weakening of the grains as a result of chemical 

action contributes to the degradation of a crushed rock aggregate by traffic loading, tamp-

ing or frost weathering. Test results found in literature on the impact of chemical weather-

ing on crushed rock aggregate degradation are examined in more detail in Chapter 2.4.3. 

Other environmental loads

As is clear from the foregoing, water affects degradation of crushed rock aggregates 

through various mechanisms. The risk of the pore water of fully or nearly fully saturated 

material developing excess pore water pressure, and its possible consequences as regards 

the degradation of the aggregate, can be examined as a factor resulting from environmental 

loading (cf. Ch. 6.5). 

The mixing of wind-driven material and material dropping from wagons with ballast may 

also be considered a sort of environmental load, which in the case of fine-grained material 

impairs the performance of the aggregate through the same mechanism as the fines separat-

ing from the aggregate. The amount of material dropping from wagons may be quite con-

siderable, for instance, along railway sections frequently travelled by open wagons carry-

ing coal (cf. Ch. 2.4.1). Similarly, the fine-grained material, which has in certain cases 

been found to penetrate into the structural layers from underneath (cf. Ch 2.4.1), can be 

considered as a structure dependent environmental loading factor. 

2.2 Use of crushed rock aggregate in track structure and related material  

requirements  

2.2.1 Functions of track structure layers of crushed rock aggregate 

The ballast bed of the traditional track structure consists entirely of coarse-grained crushed 

rock aggregate, ballast. The intermediate and frost protection, and possible filter, layers, 

that in Finland (Finnish Rail Administration, 2002) constitute the structural layers below 

ballast (Fig. 2.10), have, on the other hand, traditionally been built of sand and gravel re-

sources. Use of crushed rock aggregate in the substructure has started only with the most 

recent large-scale track-building projects. The reduction in sand and gravel resources and 

the limitations on the extraction of materials due to environmental concerns have led to 
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longer material transportation distances. In future, these factors will play an increasing role 

as transportation costs and material acquisition costs increase further. For example, the 

subballast layers of the direct line from Kerava to Lahti and the Vuosaari port track, now 

(2005) under construction, will be practically completely of crushed rock aggregate. 

Figure 2.10. Names of structural components of track (Finnish Rail Administration, 2002). 

Primary functions of the ballast bed are: 

– to support track in order to maintain its vertical and horizontal geometry  

– to enable correction of track geometry errors 

– to provide appropriate resiliency together with other track components 

– to provide efficient drainage of track 

– to distribute traffic loading from sleeper to level allowed by lower structural layers  

Primary functions of the substructure are: 

– to provide a load-bearing base for the ballast bed  

– to prevent frost heaving in track structure 

– to provide appropriate resiliency together with other track components 

– to prevent mixing of ballast and other structural materials (intermediate layer) 

– to prevent mixing of frost protection and subgrade material (filter layer) 

Maintaining the vertical geometry of the track requires that the recoverable deformation 

after loading and the permanent deformation of the embankment do not become detrimen-

tally large even after frequent cyclic loading. At the high stress levels prevailing in the 

track structure, material degradation, according to the concept presented in Chapter 2.1.2, 

is a major factor affecting deformations. The functions presented above require consider-

ing several other factors besides degradation when selecting the properties of structural 

materials. The next chapter analyses on a general level the impact of various properties of 
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the aggregate on its suitability as a structural layer material in the track. Special attention 

will be given to the material's properties in relation to degradability. 

2.2.2 Factors to consider in the selection of structural material 

Grading

The effect of grain size distribution on the behaviour of crushed rock aggregate in the track 

structure is a complex issue and, in many ways, decisive. As concerns recoverable defor-

mations, increasing the maximum grain size of an aggregate with similar grain size distri-

bution has in tests (e.g. Thom, 1988; Cheung, 1994) been found to increase the stiffness of 

the material. A similar effect was produced by using more uniformly graded aggregate of 

the same maximum grain size (e.g. Thom, 1988; ERRI, 1994). Yet, it must be noted that in 

the case of recoverable total deformation caused by train traffic, the impact of the subgrade 

is the decisive factor with the exception of very stiff subgrades. On the other hand, even in 

the case of stiff subgrade, and especially at cuttings through rock, the embankment should 

nevertheless yield enough under train loading to allow distribution of the loading across 

several sleepers (cf. Ch. 2.1.2 and Figure 2.6). In a completely inflexible embankment, the 

full load is transmitted to the base of the sleeper directly underneath the wheel. Thus, due 

to the requirements varying on the basis of subgrade stiffness, generalised recommendation 

for grading of crushed rock aggregates in track structure cannot be presented based on their 

recoverable deformations. 

An important premise is the impact of grading on the development of permanent deforma-

tions. Broadly graded material has been observed (e.g. Belt et al., 1997; Raymond and Di-

yaljee, 1979b) to resist permanent deformation better then uniformly graded material in 

cyclic loading. This is explained by the higher compactibility of broadly graded material 

(e.g. ERRI, 1994) where smaller grains are lodged in the pore space between larger ones. 

The more compactly the material is packed, the larger the number of particle contacts that 

restrict movements of an individual particle and, thus, permanent deformations. On the 

other hand, tamping of the ballast bed becomes more difficult with increased compactness, 

that is, more broadly graded material. Tamping may become ineffective when the ballast 

loosened up by the tamping tines gets quickly compacted by traffic and requires tamping 

again.

Increasing the average grain size of the particle chain transmitting loading increases the 

force required to break particles (e.g. Kolisoja et al., 1999). On the other hand, as grain 

size increases, contact points between particles become fewer, which increases the forces 

acting on contact surfaces, which, again, increases abrasion at the individual contact sur-

faces. The result of the breakage of particles is compounded by the fact that a particle that 

has to transmit the same load after having been broken is increasingly vulnerable to break-

age due to its smaller size although it has been shown, for example by Mc Dowell et al. 

(2004), that the average tensile strength taking into account the diameter of particle in-

creases as particle diameter decreases. On this basis the coarse-grained material is needed 
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especially in the upper sections of the embankment, in the ballast bed, where contact forces 

between grains, and thus susceptibility to breakage of grains or their edges and develop-

ment of deformations are the highest. Yet, the maximum grain size of the ballast bed 

should be limited so as not the make tamping of the track difficult. In the upper part of the 

substructure, the intermediate layer, grain size must be such that it prevents the ballast bed 

material from mixing with other structural layers. Correspondingly, the grain size of the 

aggregate of any possible filter layer built at the bottom of the substructure must fall be-

tween the grain sizes of the frost protection and subgrade materials to prevent the structural 

materials from getting mixed with subgrade. 

In view of the entire service life, the grain size distribution must be selected allowing for at 

least some degradation of aggregate in the demanding loading environment of the track. At 

low fine-grained material contents, coarse-grained particles come into contact with each 

other whereby the loading is transmitted primarily via the aggregate skeleton they form 

(Fig. 2.11a). As the amount of fine-grained particles increases to the extent that they do not 

fit into the voids between coarser grains (Fig. 2.11b), the coarser-grained particles lose 

mutual contact whereby the behaviour of the material is practically controlled by the prop-

erties of fine-grained material (Kolisoja, 1997). For this reason, the ballast layer material 

must have sufficient pore space to allow the developing fine-grained material to flow and 

accumulate at the bottom of the ballast bed while maintaining the particle contacts in the 

upper part of the bed between coarse grains. The remaining pore space has also been used 

to estimate the service life of the ballast bed by assuming that its performance remains 

satisfactory for as long as coarse grains form the skeleton of the aggregate (Clifton et al., 

1987; Klassen et al., 1987, cf. Ch. 2.4.7). Sufficient pore space is also a prerequisite for 

functioning drainage. 

Figure 2.11. Principle of fines content's impact on behaviour of coarse-grained material 
(Kolisoja, 1997). a) coarse-grained particles form the aggregate skeleton. b) coarse grains 

have lost their mutual contact and the behaviour of the material is practically controlled 

by the fine-grained material between coarser grains. 

a) b)
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The requirement for preserving the pore space is probably the main factor behind the pre-

sent convention of using uniformly graded material in the ballast bed. Uniform grading can 

be considered preparing for the degradation of ballast and retaining tamping effectiveness 

at the cost of slightly increased permanent deformations at the beginning of the service 

life.

Lower in the embankment, where stresses are smaller, the situation is not as critical as to 

degradation. Therefore, it is possible to use there a more broadly graded material that more 

effectively prevents permanent deformations and distributes stresses on the subgrade more 

evenly. However, sufficient resistance of the material against degradation must first be 

ascertained for the entire service life. 

According to EN standards (EN 13242, EN 13450), material passing through a 0.063 mm 

sieve is fines. Large amounts of fines in coarse-grained material have been found in labora-

tory tests to increase permanent deformations of the material (e.g. Han and Selig, 1997; 

Belt et al., 1997; Lekarp, 1997). Another detrimental effect that fines have on the behav-

iour of coarse-grained material relates to the water retention capacity of fines which de-

pends partly on their quality. Fines that retain a lot of water and deteriorate the material's 

water permeability may in an extreme case create conditions for development of excess 

pore water pressure in the loaded material, thereby highly accelerating degradation and 

permanent deformations of the material. The frost susceptibility of a material also depends 

largely on its fines content. The materials in structural layers of the track must be non-

frost-susceptible which means that the amount and quality of the fines contained by them 

or accumulating in them during use must not make them susceptible to frost action. This is 

especially important since the substructure layers are expected to have a 100 year service 

life, during which degradation is difficult to assess, and because it is impossible to reno-

vate the substructure of trafficked railway sections. Based on the presented observations, 

the lowest possible fines content is advantageous in the case of crushed rock aggregates 

used for the track structure. 

Physical properties of aggregate particles

The minimisation of the degradation of crushed rock particles, and thus deformations of 

the material, requires good impact strength and abrasion hardness as well and mechanical 

and chemical weathering resistance of a material. Since the smallest dimension of a parti-

cle is decisive as to its breakage, it is obvious that the shapes of grains most prone to 

breaking are flat and elongated. Correspondingly, sharp-edged particles are most prone to 

rounding (e.g. Raymond, 1985b; Chrismer, 1985; Selig and Waters, 1994; Han, 1998). 

As to the grain shape of particles, the advantageousness of a grain shape that improves 

material interlock with regard to deformation behaviour must be noted (cf. Ch. 2.1.2). 

Rough grain surface includes in the factors that improve interlock as well as angular, 

sharp-edged, and to some extent elongated or flat grain shape, which, on the other hand, 
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based on the foregoing, make particles prone to breakage and rounding of edges. These 

properties are generally more pronounced in crushed materials than in natural ones. As to 

the roughness of grain surface, it must be noted that the particle contacts are mainly point 

contacts, meaning that with respect to the friction of particle contacts, the microroughness 

of the grains (mainly the surface roughness of the minerals constituting the particle) can be 

considered more important than the macroroughness of the grain surface (e.g. Selig and 

Roner, 1987; Chrismer, 1985; Selig and Waters, 1994; Han, 1998; Raymond, 1985b). 

Besides the amount of degraded material, also the quality of the separating fines should be 

considered. The advantageous properties include high water permeability and low water 

retention whereby the preconditions for water accumulation and development of excess 

pore water pressure in the material are poor. 

Special aspects of crushed rock aggregate structure's frost dimensioning

The design and dimensioning of the frost protection of the track structure as to the sub-

structure of natural soils was examined in an earlier study (Nurmikolu and Kolisoja, 2002). 

There the heat transfer during the freezing of the track structure was assumed proportional 

to thermal conductivity of the material. During the study, however, it became clear that in 

a coarse-grained material with abundant pore space, convective heat transfer may be a con-

siderable factor, sometimes even more significant than conduction, in the freezing of struc-

tural layers.  With the introduction of crushed rock aggregate also to the substructure, the 

possibility of convective heat transfer occurring in crushed rock aggregates suitable for the 

track's structural layers, and its significance, was assessed based on literature (Johansen, 

1975; Goering and Kumar, 1996; Nield and Bejan, 1992; Goering et al., 2000; Goering, 

1998 and Jernbaneverket, 1999 among others). It was estimated on the basis of a theoreti-

cal analysis that the natural convection of pore air has no influence on heat transfer in a 2.5 

m high embankment where the temperature difference is a maximum of 10 C and thermal 

conductivity at least 0.8 W/mK, in case the intrinsic permeability of the embankment ma-

terial is less than 1.0·10-7 m2. Use of the result of a theoretical analysis as practical re-

quirements would require determining the intrinsic permeability of various materials and, 

in any case, verification of results by measurements. The best alternative in any future 

analysis of the issue would be performing permeability measurements on materials of dif-

ferent grain size distributions that are suitable substructure materials as to their other prop-

erties, as well as doing theoretical calculations on the material's intrinsic permeability. The 

significance of forced convection caused by wind should also be tested experimentally. 

Literature surveys have been dealt with comprehensively in an earlier publication (Nur-

mikolu, 2004). 

In the same connection (Nurmikolu, 2004), an assessment based on literature sources 

(mainly Johansen, 1975; Kersten, 1949 and Sundberg, 1988) was made of the applicability 

of a frost dimensioning method for natural soils to crushed rock aggregates, and the re-

quired parameter values of crushed rock aggregates – thermal conductivity, density and 
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water content – were examined. Based on these examinations, it was concluded that, in the 

absence of moisture and density measurement data on the structural layers of the track, it is 

reasonable to estimate on the basis of existing information that, due to the difference in the 

water content and dry bulk density between crushed rock aggregate and natural soil mate-

rials, the frost penetration depth in a track substructure of crushed rock aggregate is at the 

most 15 % deeper than in a conventional substructure of gravel or sand. Thus, the 15 % 

extra thickness requirement of the Finnish Rail Administration with respect to a substruc-

ture of crushed rock aggregate can be considered sufficient based on today's knowledge, 

supposing that no significant convective heat transfer occurs in the crushed rock aggregate 

structure.

2.2.3 Quality requirements for crushed rock aggregate of ballast bed 

Based on the observations presented earlier and applying literal sources (e.g. Simon et al., 

1983; Clifton et. al, 1987; Raymond, 1985b; Selig and Waters, 1994; Chrismer, 1985; Han, 

1998), the advantageous properties of the ballast layer are: 

– largest possible maximum grain size which nevertheless allows rail tamping 

– fairly uniformly graded grain size distribution 

– lowest possible fines content 

– high impact strength 

– high abrasion strength 

– lowest possible susceptibility to chemical and frost weathering 

– cubic, sharp-edged grain shape 

– high grain surface roughness, especially microroughness 

– high water permeability and low water retention of fines separating from material 

The present quality requirements of the Finnish Rail Administration (2005a, 2005b) for 

railway ballast are tied to the properties, test methods and classes established for different 

properties presented in the pertaining EN standard (EN 13450). 

The EN standard (EN 13450) assigns railway ballast to one of six (A-F) grain size distribu-

tion classes. According to Finnish Rail Administration's requirements (2005a), the ballast 

used on the main lines must belong to grain size distribution class F, meaning that at least 

85 % of the grains fall between 31.5-63 mm. The Rail Administration requires class E 

grain size distribution of the mixture of earlier used recycled ballast and class F ballast 

(Fig. 2.12). Norwegian Rail Administration (Jernbaneverket, 2000a) requires using ballast 

of the slightly smaller grain size of 25/63 mm than EN standard class F calls for. In North 

America several gradation ranges have been suggested for ballast layer materials 

(AREMA, 2002; Clifton et al., 1987). When comparing the widely used (e.g. Raymond, 

1985b; Robnett et al. 1975) AREMA 4 gradation range with European requirements, 

AREMA 4 is clearly more finer-grained with grain sizes 19.1/38.1 mm. Also AREMA 24, 

the coarsest-grained suggested range among the widely used gradation ones, falls in the 

finer-grained area compared with the EN standard class F. 
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The Finnish Rail Administration (2005a) limits the fines content, or the under 0.063 mm 

fraction, of a ballast sample to 1.0 per cent as defined by wet sieving. Norway requires 

(Jernbaneverket, 2000a) that the under 1.6 mm fraction content of ballast must not exceed 

0.5 per cent as defined by dry sieving. In AREMA gradations the under 0.075 mm particle 

content may not exceed 1 per cent. 
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Figure 2.12. Finnish Rail Administration's requirements (2005a) that conform to EN 
13450 and Jernbaneverket's (2000a) requirements as well as some AREMA (2002) sugges-

tions for the grain size distribution of railway ballast on main lines. 

The requirements of the Finnish Rail Administration for the resistance to fragmentation 

divide ballast into three classes on the basis of the Los Angeles coefficient (LARB12, 

LARB16 and LARB20) (EN 1097-2 modified in accordance to EN 13450). In addition, the 

requirement for micro-Deval class is MDRB11 (EN 1097-1 modified in accordance to EN 

13450). It should, however, be recognised that the ballast strength of old railway sections 

is often lower than the above limits (Nurmikolu, 2000). The strength class of the ballast is 

selected by life-cycle cost comparisons of submitted tenders for aggregates of different 

strength classes based on their expected service life and the annual traffic volumes of the 

railway section (Nurmikolu et al., 2001). 

In Norway the requirement for the ballast is tied to a Los Angeles test modified from that 

of the EN standard (Jernbaneverket, 1999). In North America the strength of ballast is gen-

erally assessed by the Los Angeles test in accordance with the ASTM C535 standard and 

by the Mill Abrasion test as to abrasion resistance (e.g. Selig and Boucher, 1990; Selig and 

Waters, 1994). The abrasion number calculated from the results of these tests by Formula 

2-1 is a widely used parameter in North America to depict railway ballast strength (e.g. 
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Selig and Boucher, 1990; Han, 1998; Klassen et al. 1987). It is also the basis of the service 

life estimate for ballast (see Ch. 2.4.7). Due to the differences in test methods, assessment 

of North American strength requirements by methods based on the EN standard is difficult. 

MALAAAN 5       (2-1) 

where  

AN is   Abrasion number; parameter depicting ballast strength 

LAA is  Los Angeles coefficient (according to ASTM C535) 

MA is   Mill Abrasion number 

With respect to grain shape (EN 933-4), the Finnish Rail Administration requires a maxi-

mum value 20. In Norway ballast grain shapes are classified based on the share of cubic 

grains. The Jernbaneverket (2000a) method defines as cubic all grains whose length/width 

and width/thickness ratios do not exceed two. The share of these cubic grains must be at 

least 65 % of 100 randomly selected grains. Finnish Rail Administration sets requirements 

also for freeze-thaw resistance (Finnish Rail Administration, 2005a) and mineralogical 

composition (Finnish Rail Administration, 2005b). In North America the role of petro-

graphic assessment of aggregate in the evaluation of ballast quality is emphasised (e.g. 

Watters et al., 1987). Earlier applied quality requirements for ballast, requirements made 

possible by the EN standard, and requirements used in, for instance, North America and 

Norway have been dealth with in more detail in a previous literature survey (Nurmikolu, 

2004). 

2.2.4 Quality requirements for crushed rock aggregate of subballast layers 

Requirements for subballast materials must build on the following: 

1. non-frost susceptibility of structural material 

2. grain size distribution that prevents natural convection of pore air 

3. sufficient resistance to weathering and mechanical degradation to maintain non-frost 

susceptibility throughout service life 

4. resistance to development of permanent deformations 

5. appropriate resiliency together with other track components 

6. elimination of internal migration of fines 

In a manner corresponding to that for the ballast layer material, the advantageous proper-

ties of the crushed rock aggregate of the subballast layers can be presented on the basis of 

the above observations as follows: 

– maximum grain size suited for equalising the stress distribution 
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– fairly broadly graded grain size distribution enabling good compactibility 

– lowest possible fines content 

– high impact strength 

– high abrasion strength 

– lowest possible susceptibility to chemical and frost weathering 

– cubic, sharp-edged grain shape 

– high grain surface roughness, especially microroughness 

– high water permeability and low water retention of fines separating from material 

The advantageous physical properties of the aggregate correspond to the requirements for 

ballast layer material. With respect to grain size, sufficient equalisation of stress distribu-

tion before subgrade should be a concern in addition to load resistance. As concerns the 

shape of grain size distribution, the substructure may consist of a more broadly graded 

material more resistant to permanent deformations at lower stress levels than prevail in the 

ballast layer, ignoring the requirements on tamping efficiency. Naturally, in the upper part 

of the substructure, the intermediate layer, the optimal maximum grain size and grain size 

distribution are closer to those of the ballast layer, whereas lower in the structure the need 

for a smaller grain size increases. However, it is not practical to alter grain size distribution 

evenly in the depth direction. Existing domestic guidelines (Finnish Rail Administration, 

1999) require intermediate and frost protection layers of the same material when built at 

the same time using crushed rock aggregate. 

In addition to railway ballast, an EN standard (EN 13242) has been established also for 

other aggregates used in construction thus including the substructure materials of a track. 

Due to its broad range of application, said standard does not naturally set requirements for 

grain size distribution unlike the ballast standard. But it does define the possible test meth-

ods for assessing different properties of aggregates. 

Figure 2.13. shows the grain size distribution requirements of the Finnish Rail Administra-

tion (Finnish Rail Administration, 1999) for crushed rock aggregate used in intermediate 

and frost protection layers. Finnish Rail Administration also requires a uniformity coeffi-

cient Cu  6 for crushed rock aggregate (Cu = d60 / d10). The Swedish Banverket (1998) 

permits the use of three materials of different grain size distribution in the substructure, so 

in practice the grain size distribution is determined by the Cu > 6 requirement set by Ban-

verket for uniformity coefficient. Norwegian guidelines (Jernbaneverket, 2000b) require 

that most of the crushed rock aggregate of the lower section of the structure providing frost 

protection is broadly graded (Cu  15). Use of blasted rock in the substructure layers up to 

maximum grain size 500 mm is possible according to the guidelines of Banverket and 

Jernbaneverket in deviation from the requirement of the Finnish Rail Administration. 
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Figure 2.13. Requirements of Finnish Rail Administration (1999) for crushed rock aggre-
gate of intermediate and frost protection layer and of Banverket (1998) for the grain size 

distribution of the crushed rock aggregate of substructure. 

The fines content of the substructure's crushed rock aggregate is limited in accordance with 

Table 2.1. The frost susceptibility of structural material linked to fines content can be esti-

mated to be much lower with material adhering to the requirements of Jernbaneverket and 

Finnish Rail Administration than with material adhering to the requirements of Banverket. 

The AREMA manual (2002) recommends determining the grain size distribution of sub-

ballast material on the basis of the subgrade grain size distribution mainly with a view to 

filtering. In addition, it suggests a maximum fines (<0.075 mm) content of 5 %. 

Table 2.1. Requirements of Finnish Rail Administration (RHK), Jernbaneverket (JBV) and 

Banverket (BV) for the maximum fines content of substructure's crushed rock aggregate. 

Grain size RHK JBV BV 

< 0.06 mm material share < 3 %   

< 0.02 mm material's share in < 20 mm material   3 % 

< 0.06 mm material's share in < 60 mm material   < 7 % 

< 0.075 mm material's share in < 16 mm material   < 16 % 

The Finnish Rail Administration sets requirements for the modified Swedish impact value 

(<22) and Nordic ball mill value (<16) of crushed rock aggregate used in track substructure 

(Finnish Rail Administration, 1999). Since the adoption of the EN standard, requirements 

based on Nordic ball mill and modified Swedish impact values will be linked to test meth-
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ods adhering to the EN standard. Finnish Rail Administration also sets requirements for the 

mineralogy of crushed rock aggregates suitable for the substructure. Banverket's (1998) 

requirement and Jernbaneverket's (2000b) guideline only present subjective interpretations 

as strength requirements for rock materials. 

2.3 Effect of fines on aggregate frost susceptibility 

2.3.1 Introduction to frost action survey 

Frost action refers to possible detrimental phenomena due to freezing or thawing, frost 

heave and thaw softening. The primary cause of the frost action process is the formation of 

ice lenses in the freezing zone by water flowing from unfrozen soil. Since the water con-

tained in ice lenses comes from unfrozen soil, the formation of ice lenses increases the 

volume of freezing soil, which is generally manifested at the surface of the soil as detri-

mental frost heave. 

Soil material that makes ice lens formation possible is called frost-susceptible. One of the 

most widely accepted definitions (Chamberlain, 1981) of frost susceptibility is by the 

Highway Research Board Committee on Frost Heave and Frost Action in Soil (1955) 

which states that ”soil in which significant ice segregation will occur when the requisite 

moisture and freezing conditions are present”. ISSMFE (1989) also presents a correspond-

ing definition. The required moisture and freezing conditions refer to the three generally 

accepted basic preconditions allowing freezing to occur (e.g. Phukan, 1993; Baba, 1993; 

Ladanyi and Shen, 1989; Anderson et al., 1984), all of which are needed for the formation 

of ice lenses: 

1) soil type: soil must be frost-susceptible 

2) temperature: temperature of frost-susceptible soil layer must fall below 0 C

3) water: gravitational or capillary water must be available for ice lens formation 

Moreover, as a condition dependent factor, frost heave pressure must exceed the weight of 

structures above. Inversely, it may be said that ice lens formation does not occur if one or 

more of the mentioned three preconditions are not met. In the design of the track structure, 

due to the great smoothness required of the rail, the starting point is generally to prevent 

frost action in the structure. In a frost-susceptible structural layer material this would re-

quire preventing freezing of the material or blocking passage of water to the freezing zone 

(Anderson, 1989) – neither is practical to achieve in a track structure. Therefore, the struc-

tural layers of a track are made of non-frost-susceptible materials, and an attempt is made 

to prevent freezing of frost-susceptible subgrade by frost dimensioning measures (e.g. 

Nurmikolu and Kolisoja, 2002). ISSMFE (1989) defines non-frost-susceptible soil material 

on the basis of the above definition of frost-susceptible soil as follows: ”no essential ice 

lens formation occurs in non-frost-susceptible material in connection with freezing”. It is 

essential that condition factors are excluded from the definition, so that frost susceptibility 

can be examined specifically as a soil property. Frost action in frost-susceptible soil de-
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pends heavily especially on the availability of water, but in non-frost-susceptible soil sig-

nificant formation of ice lenses does not occur under any natural conditions. 

Frost heave may occur even in non-frost-susceptible, completely or nearly water saturated 

soil since the volume of its original pore water expands by about 9 % in freezing. That is 

referred to as in situ frost heave. To be accurate, it is possible on the basis of the preceding 

definitions also for non-frost-susceptible soil materials to undergo frost action to a small 

extent – after all, in situ frost heave is considered a detrimental phenomenon caused by 

freezing. The magnitude of in situ frost heave can be estimated by multiplying material 

porosity by the freeze expansion percent (Baba, 1993; Nixon, 1982). For example, in a soil 

of 25 % porosity, the frost heave due to in situ freezing of pore water in saturated soil can 

be calculated as about 2 % of the thickness of the freezing layer. The materials in the struc-

tural layer of the track are not basically in a water saturated state which would allow in situ 

frost heave. On the other hand, in exceptional situations the drainage of the track structure 

has been found to be decisively poor in field surveys. Moreover, a track structure open at 

the top allows easy entry of rain and melt waters into the structure. In any case, in situ frost 

heave is probably less uneven compared to frost heave from frost action. 

Literature includes many reported studies on frost action. Phukan (1993) and Konrad 

(1980) divided the bulk of frost heave-related studies into the following groups: 

1) fundamental thermodynamic analyses 

2) empirical studies seeking to combine results of laboratory tests and field observa-

tions 

3) frost susceptibility surveys based on index tests. 

Here, the aim is to first outline, on the basis of the generally accepted physical explana-

tions of the ice lens formation phenomenon (Chs. 2.3.2 and 2.3.3), the material properties 

that presumably affect the frost susceptibility of soil materials, and then to examine the 

presented frost susceptibility classifications based on different properties (Ch. 2.3.4). 

2.3.2 Theories on water suction into freezing zone  

The grounds for suction of water into a frost-susceptible soil layer are the central starting 

point of the examination of the frost heave phenomenon. Although literature has examined 

the development of frost heave in several ways, there are in practice only three different 

theories for the ultimate cause of suction. 

Primary frost heave theory

The primary frost heave theory, also known as the capillary theory, was the dominant frost 

heave theory until the 1980s. According to the capillary theory, water flow into the freez-

ing zone is caused by the pressure difference at the curved interface between the solid and 

liquid phases controlled by water's surface tension and the radii of curvature of interfaces. 
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The capillary theory and its background have been outlined by, for instance, Loch (1981), 

Phukan (1993), Chamberlain (1981), Kujala (1991) as well as Ladanyi and Shen (1989). 

The capillary theory assumes that ice lens formation occurs only in the freezing zone. It 

considers pore size as a key factor vis-à-vis the entire frost heave phenomenon, as it affects 

the radii of curvature of interfaces. The ability of an ice lens to intrude into a pore weakens 

as pore size decreases. When an ice lens is no longer able to intrude into a pore, the freez-

ing front no longer advances allowing the ice lens to grow by displacing soil particles. 

Secondary frost heave theories

Frost heave pressures calculated on the basis of the capillary theory were nevertheless 

found to by smaller than the measured ones in non-colloidal soils. Moreover, the capillary 

theory could not explain observed formation of ice lenses above the frost front. This led to 

the present prevalent thinking about the existence of a partly frozen layer, which allow 

water to flow, between a frost front corresponding closely to the 0 ºC isotherm and the ice 

lens formation level slightly on the colder side (Fig. 2.14). Chamberlain (1981) states that 

the thickness of the partly frozen zone may vary from less than one millimetre to a few 

centimetres. Miller (1972, 1977) called the partly frozen zone as frozen fringe. 

Figure 2.14. Concept of partly frozen zone based on the segregation potential theory ac-

cording to Kujala (1994). 

Thermodynamic equilibrium surveys, whose application to soil frost susceptibility analy-

ses was broadly treated by Henry (2000), and to which a large part of the studies on the 

nature of frost susceptibility are linked including Miller's rigid ice assumption, are based 

on an equilibrium between states. An equilibrium state prevails when the Gibbs free en-
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ergy for ice equals the free energy for water. From that we can derive the Clausius-

Clapeyron Equation which allows linking underpressure to pore ice pressure and freezing 

temperature (e.g. Konrad, 1980; Ladanyi and Shen, 1989; Baba, 1993; Kujala, 1994; Loch, 

1981; Phukan, 1993; Chamberlain, 1981; Miller, 1978 ). According to the Gibbs free en-

ergy equilibrium survey between phases, the suction of extra water from the unfrozen soil 

layers beneath into the ice lens formation zone during frost action is the result of the un-

derpressure developing in the partly frozen layer, whose magnitude increases toward the 

upper edge of the zone as temperature decreases. The magnitude of the underpressure is, 

thus, proportional to the freezing temperature of the water contained by the material. Kon-

rad (1980) notes that the validity of the Clausius-Clapeyron Equation has also been proved 

experimentally. 

The basic assumption of the segregation potential theory (Konrad, 1980; Konrad and 

Morgenstern, 1980, 1981, 1982) is that the flow rate v(t) of water during the ice lens 

growth period is directly proportional to the temperature gradient of the freezing zone in 

accordance with Equation 2-2 (Fig. 2.14). The proportionality coefficient is called segrega-

tional potential and, thus, depicts the frost susceptibility of soil. According to the segrega-

tion potential theory, the water flow to the ice lens formation level depends, besides the 

prevailing underpressure and temperature gradient, also on factors such as the water per-

meability of the partly frozen and unfrozen layer. However, in the segregation potential 

theory the method for evaluating the underpressure prevailing at the freezing level is in 

principle based on the thermodynamics between phases which is also the case with the 

rigid ice theory. 

gradTSPv ww
           (2-2) 

where 

vw is   water flow rate to ice lens formation level, m/h

SPw is  segregation potential, m2/Kh (subscript w to distinguish from frost  

heave coefficient of equation 5-1) 

gradT is   temperature gradient of partly frozen layer, C/m

Adsorption force theory

At the time the shortcomings of the capillary theory became apparent, Takagi (1979, 1980) 

presented the adsorption force theory. The theory builds on the water film between the ice 

lens and the surface of soil particles which has similar ability to resist deformations as a 

solid. In accordance with the adsorption theory, the water film seeks to maintain its thick-

ness, and therefore the freezing of the outmost layer develops suction to replace the frozen 

water. That causes the ice lens to move up a distance corresponding to the frozen layer. 

The adsorption force theory also factors in the existence of the partly frozen layer. Baba 

(1993) found that the adsorption force theory is best suited for clays containing much un-
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frozen adsorption water. No mathematical model of the theory has been presented, nor has 

its workability been tested experimentally (Baba, 1993; Kujala, 1994; Phukan, 1993), 

which explains why it is so scarcely referred to in literature. 

2.3.3 Interaction between aggregate and water in frost action 

Soil material contains both free water and water bound to particles to different degrees 

(Fig. 2.15a). As soil freezes, freezing of pore water starts with the gravitational water in 

the middle of the pore space and advances gradually, as the temperature continues to fall, 

to more bonded water layers (Fig. 2.15b). Besides the underpressure that develops in the 

partly frozen zone, another key factor from the viewpoint of the entire frost heave phe-

nomenon is the ability of the adsorption water layer bound onto the surfaces of soil parti-

cles to stay liquid at under 0 C temperatures. In the ice lens formation process this unfro-

zen aqueous layer, covering the surfaces of grains, serves as a water conducting layer al-

lowing water to flow from the unfrozen layers below to the growing ice lens above. 

Figure 2.15. a) Presence of water in pores of different sizes (Nieminen, 1989). b) Growth 

of ice crystal within a capillary pore about 6 m in size (Nieminen, 1985). 

b)

a)
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The bonding of water molecules to soil particles is explained by the negative surface 

charge, typical especially of clay minerals, which causes clay mineral particles to attract to 

their surfaces cations dissolved in the pore water or water molecules where the hydrogens 

are slightly positively charged due to the dipole structure of the molecules. Bonding of the 

first molecule layer to the particle surface is the strongest, and the strength diminishes the 

longer the distance to the surface, and the water quickly becomes gravitational with no 

clear interface. Theories about water bonding to particles have been presented by Mitchell 

(1976) and Kujala (1985, 1994), among others. 

The amount of unfrozen water at under under 0 C temperatures, and methods of measur-

ing it, have been discussed in literature quite extensively. The most widely used measuring 

techniques are Nuclear Magnetic Resonance (NMR) and Time Domain Reflectometry 

(TDR). Of the soil properties influencing the share of unfrozen water at under 0 C tem-

peratures, emphasis has been on (Anderson & Tice, 1972; Horiguchi, 1985; Anderson 

1989; Kujala 1989) specific surface area or the combined grain surface area of soil per unit 

of weight or volume. According to Anderson (1989), specific surface area determines the 

amount of water that remains unfrozen at under 0 C temperatures with considerable accu-

racy in non-saline soil materials. In deviating cases, Anderson and Tice (1972) reported as 

natural causes other soil properties: fine-structure of pores, packing geometry of particle, 

surface charge density (also Van Loon and Zeilmaker., 1989) and quality of exchangeable 

ions. Kujala (1989) also found that the amount of unfrozen water at under 0 C tempera-

tures correlated with specific surface area, although the deviation was quite large and the 

specific surface areas of examined materials relatively small. Anderson and Tice (1972) (as 

well as Horiguchi, 1985) presented an empirical method for estimating the share of unfro-

zen water in frozen soil based on specific surface area and temperature. 

Based on the above, water flow to the ice lens forming level requires that water remains 

unfrozen at under 0 ºC temperatures in order to create an underpressure gradient in the 

partly frozen zone. In addition, sufficient water permeability and availability of free water 

from the soil layers below are required. The water permeability of the coarsest-grained 

soils is high, but due to their small specific surface area, the amount of adsorption water 

remaining unfrozen at under 0 ºC temperatures is small. On the other hand, in the clay soils 

at the other extreme end of grain size, despite the very large underpressure gradient, ice 

lenses may remain thin due to slowness of water flow to the ice lens formation level (Fig. 

2.16). In silt soils the preconditions for frost action and developing underpressure are both 

realised, which is why silts are often highly frost-susceptible. The frost susceptibility of 

crushed rock aggregates thus depends, above all, on the impact of the fines content and 

quality on the development of an underpressure gradient as well as the water permeability 

of the material in partly frozen state.
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Figure 2.16. Principle effects of soil properties on flow rate of water into freezing level 

(Ehrola, 1996). 

2.3.4 Estimation of aggregate frost susceptibility on the basis of index properties 

Several frost susceptibility surveys mentioned in literature are based on linking the index 

properties of soil materials to the results of laboratory-scale frost heave tests, where the 

frost susceptibility of soil is generally depicted by segregation potential or frost heave rate. 

Chamberlain's (1981) comprehensive literature survey on frost susceptibility assessment 

methods says that over 100 criteria have been suggested for assessment. The simplest 

method assesses the frost susceptibility of soil materials based on grading. Yet, based on 

the observation of the previous chapter, it is clear that phenomena related to ice lens for-

mation: bonding of water with soil particles, water remaining unfrozen at under 0 ºC tem-

peratures and water permeability of partly frozen soil, depend on the qualitative properties 

of fines as well as fines content. Thus, it is recommended (e.g. ISSMFE, 1989) that as-

sessment of soil frost susceptibility based on grading be complemented at least by other 

index tests. The ISSMFE Technical Committee on Frost (1989) recommended using the 

criteria of Table 2.2 as complementary bases for evaluating frost susceptibility. 

Table 2.2. ISSMFE (1989) proposals for frost susceptibility criteria based on index prop-

erties.

Frost
susceptibility 
class

Capillary 
rise (m) 

Liquidity 
index 

Fines
factor

Segregation
potential 

(mm2/Kh) 

Frost heave rate  
(CRREL-test)

(mm/d) 

Negligible < 1  0 < 2.5 < 0.5 < 0.5 

Low 1.0-1.5 < 0.25 2.5-5 0.5-1.0 0.5-2 

Medium 1.5-2.0 0.25-0.50 5-10 1.5-3.0 2-4 

Strong > 2.0 > 0.50 > 10 > 3.0 > 4 
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As concerns the assessment of the frost susceptibility of crushed rock aggregates, which 

are the focus of this work, it should be noted that the frost susceptibility criteria presented 

in literature are almost without exception established on the basis of observations about 

natural soils. Only a few studies were discovered that targeted the frost susceptibility of 

crushed rock aggregates. Yet, due to the difference in the way they are produced, the prop-

erties of crushed rock aggregates and natural soils differ, whereby criteria established for 

natural soils do not necessarily apply to crushed rock aggregates. Therefore, the linkage 

between other index properties besides gradation, suitable for assessing the frost suscepti-

bility of soil materials, was examined as background information for the study. 

Grading

A literature search by Chamberlain (1981) presents 91 frost susceptibility criteria based on 

grading. The simplest way is to assess frost susceptibility on the basis of the content of 

material smaller than a given particle size. Chamberlain gives 61 such criteria classifying a 

soil as frost-susceptible or non-frost-susceptible (pass-fail criteria) primarily based on the 

under 0.074 mm (39 methods) or under 0.02 mm (17 methods) material content of a soil 

(Chamberlain, 1981b). 

Several laboratory test series (e.g. Casagrande, 1932; Kujala, 1991; Vinson et al., 1987) 

have found frost susceptibility to correlate closest with the grain size property of under 

0.02 mm material content. For instance, Vinson et al. (1987) noted in their research that 

the coefficient of determination for frost heave rate or segregation potential was clearly 

smaller (R2=0.45-0.49) for under 0.074 mm material content than for under 0.02 mm mate-

rial content (R2=0.70-0.74). Yet, most frost susceptibility classifications are based on un-

der 0.074 mm or under 0.063 mm material content since they are easy to determine by 

sieving, whereas grain size analysis of finer material requires additional investigations, 

such as a hydrometer test. 

The basis for the development of grading-based frost susceptibility criteria was laid by 

Casagrande (1932) as he presented a criterion based on under 0.02 mm material content 

and uniformity coefficient (Cu = d60/d10). According to the ISSMFE (1989) classification, a 

soil material is non-frost-susceptible independent of other factors if its fines meet the fol-

lowing three conditions: 

1) contain  1 % of < 0.002 mm grain size material  

2) contain  3 % of < 0.02 mm grain size material  

3) contain  8 % of < 0.074 mm grain size material  

Konrad (1999, 2000) suggests that the segregation potential of an aggregate is determined 

by the segregation potential of its fines and the filling of the pore space around the aggre-

gate skeleton formed by coarse particles. This may be useful in assessing the frost suscep-

tibility of crushed rock aggregate. According to Konrad, the continuity of unfrozen water, 

and thus the water permeability required for ice lens formation, in the partly frozen zone is 
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weak in a material, where coarse grains constitute the aggregate skeleton and fines do not 

completely fill the pore space (cf. Fig. 2.11), since pores that do not contain fines are filled 

completely with ice. On the other hand, as the pore space around the aggregate skeleton 

fills completely with fines, the frost susceptibility of the material corresponds to that of 

fines. Konrad's observations may be thought to explain the features of the frost susceptibil-

ity criterion of Casagrande (1932) and the ISSMFE (1989), according to which a higher 

fines content is allowed for an uniformly graded material classified as non-frost-

susceptible compared to broadly graded material since uniformly graded material has more 

pore space. Konrad and Lemieux (2005) observed the frost susceptibility of a well-graded 

crushed base course aggregate to increase linearly with fines content until the fines created 

a matrix in which the coarser particles were embedded. With the material they studied this 

occurred at a fines content above 15 %. 

Saarenketo et al. (2000) were among the few who reported frost heave tests made specifi-

cally with crushed rock aggregates. Frost heaves in aggregates were reported to have been 

less than 5 mm in samples frozen for about 300 mm thickness when the fines content was 

under 5 %. At higher fines contents frost heave increased quite linearly as fines content 

grew. Guthrie and Hermansson (2003) also reported frost heave tests on crushed rock ag-

gregates. Their results showed wide deviation between frost heave and fines content and 

clearly weaker correlation than reported by Saarenketo et al. (2000). 

Consistency properties

Plasticity index and liquid limit are the consistency properties primarily applied in frost 

susceptibility assessment. As in the case of moraines, using consistency properties as frost 

susceptibility criteria with crushed rock aggregates is limited by the practical difficulty of 

determining consistency limits. Yet, if consistency properties are applied, the consistency 

limits should be defined based on the fine-grained component of the material. Friberg and 

Slunga (1989) determined the liquid limit and plasticity index based on under 0.5 mm ma-

terial. Consistency properties defined separately from fine-grained material could possibly 

be used in the assessment of a material's frost susceptibility by applying the differentiated 

analysis of aggregate skeleton and fines suggested by Konrad (1999). 

Rieke et al. (1983) discovered through their frost heave tests that frost susceptibility in-

creases as the liquid limit of the fines of a material increases although fines content has a 

significantly stronger effect on frost susceptibility than liquid limit. 

ISSMFE (1989) and Friberg and Slunga (1989) present a frost susceptibility classification 

based on plasticity index and liquid limit quoting an unpublished German-language source. 

According to the classification, a soil is non-frost-susceptible if it has a plasticity index 

under 1. Croney and Jacobs (1967) and Baba (1993) present mutually contradictory obser-

vations about the effect of the plasticity index on the frost susceptibility of a material. 

Friberg and Slunga (1989) do not recommend using the frost susceptibility classification 



37

based on the liquidity index in Table 2.2 with coarse-grained materials due to the practical 

problems with determining consistency limits. Kujala's (1991) observations indicated that 

the liquidity index correlates very poorly with frost susceptibility. 

Pore size distribution 

Pore volume has a major effect on the properties of a soil. The effect depends on the size 

of the pores since pore size controls the nature of the water contained in soil. Nieminen 

(1985) found that the water in under 1 m pores can be considered highly immobile, partly 

adsorbed water (cf. Fig. 2.15a). He divides pores by size into three groups: 

1) under 1 m pores, where water is bound 

2) 1-10 m pores, where water moves by capillary force 

3) over 10 m pores, where water moves mainly by gravity 

Lovell (1983) convincingly argues in favour of considering pore size distribution in frost 

susceptibility assessment by stating that the pore size distributions of materials of a given 

grain size distribution vary, and that it is specifically pore size distribution that regulates 

the flow of water in soil. In support of his conclusion, he presents an observation earlier 

reported by Reed et al. (1979) about significant variations in the frost susceptibility of a 

certain fine-grained soil depending on the method of compaction, and thus on porosity and 

pore size distribution. 

Csathy and Townsend (1962) came out with a frost susceptibility criterion based on pore 

size distribution. They established the criterion by matching field measurement observa-

tions and pore size distributions they had determined based on capillary rise measure-

ments. The criterion proved considerably more reliable in assessing frost susceptibility 

compared to several grain size distribution criteria. Gaskin and Raymond (1973) found in a 

comparison of three methods that the pore size distributions determined by different meth-

ods varied significantly. They ended up recommending use of the mercury porosimeter in 

determining pore size distribution due to the quick and simple method involved although 

they did not consider even this method optimal. Nieminen and Kellomäki (1982) look into 

the interpretation of the data provided by the mercury porosimeter as well as the factors of 

uncertainty related to calculation of results. 

Reed et al. (1979) examined the correlation between frost heaves measured for silt soils in 

laboratory tests and the parameters of pore size distributions determined by a mercury po-

rosimeter. They found a coefficient of determination of R2 = 0.82 between frost heave and 

the parameters of pore size distribution. 

Nieminen (1985) stresses the effect of under 1 m pores on the frost susceptibility of mo-

raine on the basis of laboratory frost heave tests he conducted. Based on his research mate-

rial, he states that when under 1 m pores account for more than 20 % of the porosity of 

moraine, the moraine generally is highly frost-susceptible. 
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The mercury porosimeter allows determining the volume and wall area of 0.006-150 m

pores. In the case of crushed rock aggregates, this means analysis of just the fines of the 

aggregate. Such analyses have been made of the degraded base course aggregates of road 

structures by Nieminen and Uusinoka (1984) and Uusinoka and Nieminen (1986). They 

reported larger pore areas of fines in the degraded base course of the road structure com-

pared to the pore area of the fines of materials that better withstood the stresses in the road 

structure.

Specific surface area and water adsorption

The specific surface area of a soil means the sum of the grain surface areas per unit weight 

(sometimes also per unit volume). Based on Chapter 2.3.3, specific surface area is a major 

factor affecting the amount of adsorption water contained by soil, and thus also the amount 

of water remaining unfrozen at under 0 ºC temperatures. Specific surface area has been 

found to have a significant impact on various properties of fine-grained soil. Besides spe-

cific surface area, the adsorption of water to soil particles is also affected by the charge 

state of the surface of particles depicted by ion exchange capacity (Lutenegger and Gerato, 

2001). 

The specific surface area of fines usually determines the specific surface area of the entire 

soil material (e.g. Rieke et al., 1983; Nieminen and Uusinoka, 1984). Mercury porosimeter 

examinations have revealed (Uusinoka and Nieminen, 1986; Nieminen 1985; Nieminen 

and Kellomäki, 1982) that the wall areas of under 30 nm pores are the most significant 

from the viewpoint of specific surface area. The number of this size of pores increases as 

the share of clay minerals increases. The specific surface areas and ion exchange capacities 

of clay minerals vary considerably (Lutenegger and Gerato, 2001; Mitchell, 1976). 

Nieminen (1985) examined the specific surface area of fine-grained materials by several 

different methods. He noted that the specific surface areas determined by different methods 

varied a lot and, sometimes, involved no observable systematics. According to Nieminen, 

by comparing the specific surface areas of a single material measured by various methods 

allows assessing the structure and behaviour of the material quite reliably. He thought that 

the best method in principle, besides the mercury porosimeter, is a method based on nitro-

gen adsorption, where a monomolecular layer of nitrogen is adsorbed onto the surfaces of 

soil particles. This allows calculating specific surface area on the basis of the nitrogen 

used. The limiting factor of the method based on water adsorption is the thickness of the 

water layer adsorbed onto the particle surfaces, which may not be monomolecular, and 

therefore difficult to assess. On the other hand, thanks to its smaller size, a water molecule 

can intrude into smaller pores than a nitrogen molecule. Nieminen (1985) noted that, of the 

factors he examined, the specific surface area of fines determined by nitrogen adsorption 

correlated the best with frost heave measured in the laboratory (R = 0.71). Nieminen 

(1989) found that in most cases, if the specific surface area of the fines is under 2,500 

m2/kg, no frost heave occurs in morainic material (glacial till). When applying the results, 
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one should keep in mind the impact of the amount of fines which is not taken into account 

in an analysis focusing only on the specific surface area of fines. 

Rieke et al. (1983) observed that the frost susceptibility of mixtures prepared by adding 

varying amounts of montmorillonite and kaolinite to fine uniformly graded sand correlated 

closely with the specific surface area of the mixture. 

Kujala (1991) found that the frost susceptibility determined in laboratory frost heave tests  

correlated slightly better  with the specific surface area determined by the nitrogen adsorp-

tion method than with the content of under 0.074 mm material, but worse than with the 

under 0.02 mm material content. Kujala also reported slight correlation between frost sus-

ceptibility and cation exchange capacity (at a maximum R = 0.52); however he was con-

vinced that due to the low correlation specific surface area or cation exchange capacity 

cannot be used as a basis of frost susceptibility classification on the basis of his study. 

Nieminen and Pylkkänen (1987) made an interesting observation in their study on the 

quality of the fines of the pavement aggregates of the road structure. They found that the 

specific surface area of fines samples from the production site was as a rule smaller in the 

case of crushed rock than with crushed gravel. According to them, the observation is partly 

explained by the more solid surface texture of crushed rock aggregates which has no cavi-

ties and deposits to increase specific surface area.  

Fines factor

After observing frost susceptibility to correlate directly with fines content and inversely 

with ”liquid limit activity of the fine fraction”, Rieke et al. (1983) combined these factors 

into the fines factor presented in Equation 2-3. Rieke et al. (1983) and Vinson et al. (1987) 

noted frost susceptibility to correlate very strongly with fines factor (R2=0.89-0.94). Like-

wise, Kujala (1991) found frost susceptibility to correlate with fines factor and the correla-

tion factor to be highest in relation to frost heave ratio (R = 0.72). However, observed cor-

relation was weaker than the correlation with the content of the under 0.02 mm fraction. 
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where 

Rf is fines factor 

% < 0.074 mm is  fines content, [%]

% < 0.002 mm is  clay fraction content, [%] 

Lff is liquid limit of fine fraction

# ffmax  is  maximum grain size of fine fraction, [mm]
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The following values have been presented for the maximum grain size of the fine fraction 

in Equation 2-3: 0.5 mm (Ehrola, 1996), 0.425 mm (Baba, 1993), 0.4 mm (Knutsson et al., 

1985; Jessberger and Jagow, 1989) and 0.074 mm (Friberg and Slunga, 1989). Friberg and 

Slunga note that the fines factors calculated with values 0.4 mm and 0.074 mm do not dif-

fer significantly from each other. 

Jessberger and Jagow (1989) have presented observations by Rieke et al. (1983) comple-

mented with their own measurement results and those of Knutsson et al. (1985), among 

others. Knutsson et al. (1985) noted segregation potential to grow with an increase of the 

fines factor, until the fines factor reaches a value of about 30, after which the segregation 

potential starts to decline. The measurement results presented by Jessberger and Jagow 

(1989) lend support to this observation, but Baba (1993) reported frost susceptibility to 

grow even at high values (80-120) of the fines factor. There could be a natural explanation 

for the decline of frost susceptibility at high fines factor values, as the fines factor grows 

with an increase in clay fraction content, which reduces water permeability (cf. Fig. 2.16). 

Referring to Rieke et al. (1983) and Vinson et al. (1987), ISSMFE (1989) proposes a frost 

susceptibility criterion (see Table 2.2), according to which a material would be non-frost- 

susceptible when the fines factor is under 2.5. Friberg and Slunga (1989) note that the fines 

factor proposed by ISSMFE corresponds rather closely with the results of their frost heave 

tests in a laboratory and in situ observations, with the exception of one clay material. 

Mineralogy

The effect of mineralogy on frost action is manifested indirectly as a factor controlling the 

water retention capacity of particles through specific surface area and volume density of 

charge. By varying the grain size and content of fines, Lambe et al. (1969) studied the ef-

fect of natural and monomineral fines on the frost susceptibility of sand with no original 

fines content. Besides several clay minerals, quartz, labradorite (feldspar), muscovite 

(mica) and carbonates ground from coarse grains were used as monomineral fines. As a 

result of a total of 375 frost heave tests, frost susceptibility was found to vary considerably 

depending on the mineral type. Of the minerals causing relatively large frost heave, the 

following were listed by Lambe et al. (1969) as, in the increasing order of frost susceptibil-

ity: muscovite, calcite, montmorillonite (smectite), illite and kaolinite. In general, the sensi-

tivity of frost susceptibility to changes in fines content was found to be higher when the 

fines were clay minerals. Lambe et al. (1969) note that Grim (1951) found the increasing 

order of the frost susceptibility of clay minerals to be: montmorillonite, vermiculite, illite, 

halloysite and kaolinite. Correspondingly, Lambe et al. (1969) note the increasing order of 

frost susceptibility observed in the study of three monominerals by Ducker (1956) to be: 

smectite, quartz, kaolinite.

As a result of 15 years of field observations and laboratory tests, Brandl (1980) proposes a 

frost susceptibility criterion based on the mineralogy of the under 0.02 mm fraction in the 
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material, which applies to materials with a maximum grain size of 45 mm and a minimum 

uniformity coefficient (d60/d10) of 10. In his view, determining mineralogy is not necessary 

if the share of under 0.02 mm fraction does not exceed 3 %. A maximum of 5 % of under 

0.02 mm fraction can be permitted when the maximum shares of the minerals in the under 

0.02 mm fraction are: 

10 % of the kaolinite group 

30 % of the chlorite group 

30 % of the vermiculite group 

40 % of the montmorillonite group 

50 % of the mica group 

Konrad and Lemieux (2005) observed the frost-susceptibility of a base course material to 

increase as the share of kaolinite fines in proportion to granitic fines was increased in arti-

ficially made samples. The results reported by Rieke et al. (1983) reveal that, with the 

same fines content, the frost susceptibility of a material containing kaolinite is considera-

bly higher compared to a material with an equivalent share of montmorillonite fines. This 

observation is in line with the results reported by Lambe et al. (1969). As an explanation 

for this observation, it is presented (Rieke et al., 1983; Behr, 1981) that the stronger adher-

ence of water with montmorillonite results in higher viscosity of the adsorption water layer 

and thus a lower water permeability. 

Water retention capacity and suction properties 

Water retention capacity, the attainment of a given saturation level and its permanence, are 

controlled by the suction properties of soil. Soil suction depicts the energy level at which 

water adheres to soil material, and it is measured by the amount of work required to turn 

water into free water (Saarenketo et al., 2000). It should be noted that the suction created in 

partly frozen zone, cryo suction, is considerably higher than the total suction of unfrozen 

soil. On the basis of Chapter 2.3.3 it is evident that the ability of soil to retain water is a 

soil property with a marked impact on frost action. 

The water retention capacity of soil has traditionally been examined based on its water 

retention curve which indicates the ratio between pressure and volumetric water content in 

the soil. Then, pressure is generally expressed by the so-called pF value which indicates 

the base-ten logarithm of the height of the water column (cm) corresponding to the pres-

sure. Baba (1993) lists five different methods for determining the water retention curve. 

Friberg and Slunga (1989) determined the water retention curve in their studies by apply-

ing a stepwise increasing pressure difference between the surfaces of a water saturated 

sample and measuring the equilibrium moisture at each pressure difference. Kujala (1991) 

used a corresponding method to determine the volumetric water content corresponding to 

suction pF =2.5 (31 kPa). 
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Among the methods for determining water retention capacity listed by Baba (1993), the 

method based on osmosis was found the most appropriate, and it produced water retention 

curves that were found to correlate with results of frost heave tests in studies at the Univer-

sity of Nottingham. Jones and Lomas (1983, 1984) as well as Jones (1985, 1987) reported 

the frost susceptibility determined for sandy gravels and crushed rock aggregates in frost 

heave tests to correlate especially with the volumetric water content corresponding to suc-

tion pF = 2.5. This suction was thus assumed to represent the level of underpressure pre-

vailing in these materials in the partly frozen zone. According to the observations by Jones 

and Lomas, the frost susceptibility of a material increases rapidly when the volumetric 

water content corresponding to suction pF = 2.5 grows up to about 20 vol%, after which 

frost susceptibility starts to decline rapidly. The reports emphasise that presenting a frost 

susceptibility criterion based on water retaining capacity requires additional measurements, 

but Jones and Lomas (1983) note that at a pF value of 2.5 materials with a water content 

under 9 vol% were found non-frost-susceptible. Friberg and Slunga (1989) reported that 

their test results corresponded to the observations presented by Jones and Lomas on the 

correlation between volumetric water content and frost heave rate. In a more recent report, 

Jones and Baba (1997) note the frost heave ratio of fine-grained soils to correlate with the 

gradient of the water retention curve at a water content corresponding to the shrinking 

limit. 

Kujala (1991) reported a correlation between the volumetric water content corresponding 

to a pF value of 2.5 and different parameters depicting frost susceptibility observed in frost 

heave tests to be R=0.63-0.80, and the closest correlation was observed in relation to frost 

heave ratio. According to Kujala's observations, a water content by volume under 8 % with 

a pF value of 2.5 indicated a non-frost-susceptible material. This is quite in line with the 

observation presented by Jones and Lomas (1983). However, the results reported by Kujala 

(1991) and Jones and Lomas differ in that, according to Kujala, frost susceptibility does 

not decrease steeply when the volumetric water content exceeds 20 %. 

Saarenketo and Scullion (1996; Scullion and Saarenketo, 1997) developed a new method 

for the study of the suction properties of crushed rock aggregates, the Tube suction test. 

Saarenketo (2000) discusses the implementation of the Tube suction test in more detail. On 

the basis of his laboratory tests and data collected in the field, Saarenketo (1995) proposes 

a frost susceptibility rating based on the dielectric constant of the base course material of a 

road structure determined by the Tube suction test. On the basis of this rating, an aggregate 

is non-frost-susceptible if the dielectric constant determined by the Tube suction test is less 

than 9. Guthrie et al. (2002) and Hermansson (2003) observed the dielectric constants 

measured for the base course aggregates after the Tube suction test to correlate with the 

frost heave observations in subsequent frost heave tests, which supports the rating pro-

posed by Saarenketo. 
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Capillary rise

The capillary rise of water refers to rise of water into soil pores above the ground water 

level caused by the surface tension of water and the attraction between soil and water 

molecules (Ehrola, 1996). ISSMFE (1989) recommends (see Table 2.2) the frost suscepti-

bility criterion based on capillary rise proposed by Beskow (Saetersdal, 1976), according 

to which capillary rise in a non-frost-susceptible material is under 1 metre. Friberg and 

Slunga (1989) noted the segregation potential based on the capillary rise presented by 

Beskow to correspond very closely to the results of their laboratory frost heave tests results 

and in situ observations, with the exception of clayey soils. 

In his frost heave tests, Kujala (1991) noted the correlation between parameters depicting 

frost susceptibility and capillary rise to be R=0.62-0.67, depending on the parameter. A 

capillary rise of less than 90 cm in Kujala's observations indicated a non-frost-susceptible 

material. Kujala determined the capillary rise from a material of under 16 mm grain size, in 

contrast to the commonly used under 2 mm material. In an earlier study, Nieminen (1985) 

recommended determining capillary rise from under 16 mm material. With a view to 

coarse-grained crushed rock aggregates, the maximum grain size used in the determination 

of capillary rise is presumably a factor with a notable effect on the test result. Nieminen 

(1985) reported marked differences in the capillary rises determined from moraine aggre-

gates with a grain size under 2 mm and under 16 mm. Nieminen also found capillarity to 

correlate with the frost susceptibility of a material. 

Water permeability

The water permeability of the soil under an ice lens controls the flow of water into the 

formation zone of the ice lens. Chamberlain (1981) and Baba (1993) reported that Onalp 

(1970) presented a frost susceptibility criterion based on the permeability of saturated soil, 

according to which soil is non-frost-susceptible if its water permeability in the saturated 

state is higher than 1.0·10-5 m/s or lower than 1.0·10-9 m/s. Baba (1993) notes, however, 

that results discussed in literature do not lend support to Onalp's criterion. 

As the frost action in soil generally occurs in a partly saturated state, the water permeabil-

ity used for determining frost susceptibility should indicate the water permeability of 

partly saturated soil, which is considerably lower compared to that of saturated soil (e.g., 

Meidl, 1993). In partly saturated soil flow of water takes place only through pores filled 

with water, and pores filled with air may be considered impermeable to water like solid 

matter (Meidl, 1993). Chamberlain (1981) and Baba (1993) reported a frost susceptibility 

criterion presented in literature based on the water permeability of partially saturated soil, 

but Baba (1993) remarks that the method for measuring water permeability used in its de-

termination has later been found unreliable. In fact, the water permeability of partially 

saturated soil is generally evaluated on the basis of the water permeability of saturated soil 

and the water retention curve of the soil (Meidl, 1993; Kujala, 1994). No analyses were 
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found in literature on the effect of the water permeability of partly frozen soil on the frost 

susceptibility of material. 

Frost heave tests

The effects of the properties of different soils on frost susceptibility presented in earlier 

chapters are assessed mainly on the basis of laboratory frost heave tests. There are at least 

three different types of frost heave tests. A constant temperature test uses one or several 

stepwise changes to the cold side temperature, and the segregation potential corresponding 

to frost susceptibility is determined from test results (cf. Equation 2-2). A test with con-

stant rate of frost penetration requires continuously decreasing the cold side temperature to 

enable constant progress of the freezing front in the sample. In the results of the test frost 

susceptibility is indicated by the frost heave rate caused by the rate of frost penetration. A 

third test type discussed in literature is based on the constant rate of heat removal. The 

most common test type is the constant temperature test. 

Numerous different frost heave test arrangements are discussed in literature, for example, 

Chamberlain (1981) presents 20 different types. The frost heave test setups developed by 

different parties differ as to equipment, boundary conditions and sample preparation (Table 

2.3), which makes the comparison of test results difficult. A standardised method has not 

been produced despite the acute need. For this reason, frost heave tests can be regarded as 

index tests that allow comparing the relative frost susceptibilities of different materials. If 

the frost heave test setup is made to correspond to in situ conditions, the test can be con-

sidered a model test where local conditions, such as the weight of the superstructure, are 

taken into account. 

Table 2.3. Factors having an impact in frost heave tests (Kujala, 1991). 

Test equipment Boundary conditions Specimen conditions 

friction control and adfreeze 
cold and warm side tem-
peratures 

specimen size 

freezing direction surcharge maximum grain size 

one dimensional freezing water table position density 

cell-size test duration moisture content 

measuring system  degree of saturation 

  compaction method 

The frost heave test methods most commonly discussed in literature are the CRREL test 

with constant rate of frost penetration used mainly in Northern America (Chamberlain, 

1987, 1986) and the TRRL constant temperature test conforming to British conventions 

(Roe and Webster, 1984). Detailed descriptions of test methods and frost susceptibility 

criteria based on several frost heave tests have been presented for both methods. Onninen 
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(2001) has provided a method description of the test setup used in Finland. Kujala (1991) 

also depicts a method used in Finland. On the basis of the TRRL test, a material is non-

frost-susceptible if the average frost heave determined from parallel tests of samples of 

150 mm height and 112 mm diameter does not exceed 12 mm (Roe and Webster, 1984). 

On the basis of the rating based on the CRREL test, a material is non-frost-susceptible if 

the frost heave rate measured by the CRREL test does not exceed 0.5 mm/d (Chamberlain, 

1987, 1986, 1981). This rating is also included in the ISSMFE frost susceptibility rating 

presented in Table 2.2. 

ISSMFE (1989) also presents a frost susceptibility rating based on the segregation poten-

tial observed in a frost heave test (Table 2.2), according to which a material is non-frost-

susceptible if its segregation potential is less than 0.5 mm2/hºC. The setup of the frost 

heave test used for the rating is defined only in outline. The ISSMFE rating relies on the 

rating presented by Konrad (1980). According to Friberg and Slunga (1989), the rating 

based on the frost heave rate observed in a CRREL test seems to result in a somewhat 

lower frost susceptibility rating compared to the rating based on segregation potential. 

2.4 Degradation of crushed rock aggregates in track structure 

2.4.1 Accumulation of fine fractions in the structural layers of the track  

Fine-grained material of crushed rock aggregates used in the structural layers of tracks has 

an important role affecting the performance of the structure. The deformation behaviour, 

susceptibility to detrimental combined action with water, ineffectiveness of tamping, and, 

above all, the frost susceptibility of a material depend primarily on the content and quality 

of fine-grained material. Degradation assessments in literature have used different grain 

size limits. For this reason, the concept of 'fine-grained material' is here used as a general 

term for a given grain size limit, often material smaller than the lower limit of the recom-

mended grain size distribution of an aggregate (e.g. ERRI, 1991b). The decisive factor for 

many properties is the very finest fraction, the under 0.063 mm (in some cases, under 

0.074 mm) fines.

The quality of fine-grained material depends on its origin and the way it has been gener-

ated. Fine-grained material may have been generated in the structural layers of the track by 

the crushing and abrasion caused by cyclic traffic loads and maintenance, and by chemical 

or physical weathering (cf. Ch. 2.1). On the other hand, crushed rock aggregate contains 

fine-grained material generated in crushing, handling and transportation already when in-

stalled in a track. Especially in the case of the ballast layer, the origin of the fine-grained 

material may also be other than the material itself, in which case the possible mechanisms 

for the migration of fine-grained material are intrusion from subgrade or fine-grained sub-

ballast structures, dropping from open wagons, wearing off of sleepers and being driven by 

wind onto to surface of the structure (Table 2.4). 
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Table 2.4. Sources of fine-grained material in structural layers of tracks, adapted from 
Selig and Waters (1994) to Finnish conditions. *)applies primarily to ballast layer, 

**)applies especially to substructure. 

1. Disintegration of aggregate: 

in handling and construction 

at the crushing 
during transportation  
during placement in track  
due to compaction 

due to traffic load  

cyclic loading  
vibration
abrasive combined action of created fines with water  

in tamping and other maintenance *)

by physical weathering  

by chemical weathering  

2. Material migrating from outer sources:                            *)

material dropped from wagons  

material driven by wind onto ballast surface 

3. Material created by the wear of sleepers *)

4. Material intruding from substructure*) or subgrade**)

Several studies on the origin of the fine-grained material in the ballast layers of North 

American railroads have been reported by the University of Massachusetts (e.g. Selig et 

al., 1992; Selig et al., 1988; Collingwood, 1988). Selig et al. (1992) present the summary 

shown in Figure 2.17a of tests on problematic ballast layer samples from a total of 35 field 

study sites. Most of the under 9.5 mm material in the ballast layer was aggregate-based. It 

should be noted, however, that the grain size limit of 9.5 mm causes rather large particles 

to be included in examinations.  On the other hand the result of Figure 2.17a should be 

assessed bearing in mind that the aggregate of several research sites was limestone and 

thus evidently very weak. Considering Finnish conditions, it should also be noted that, 

unlike the higher subballast layer thicknesses based on frost dimensioning in Nordic coun-

tries, the low thicknesses of subballast structures commonly used in North America allow 

the intrusion of fine-grained material from the subgrade into the ballast layer. In the case of 

observations about Australian railways, Jeffs (1989) reported that most of the fine-grained 

material contained in the ballast samples was aggregate-based, and Ionescu (2005) re-

ported moderate amounts of material from the other sources mentioned above. 
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Figure 2.17. a) Origin of material under 9.5 mm in grain size based on the study of prob-

lematic ballast samples from 35 sites in North America (Selig et al., 1992). b) Estimate by 

British Railways of the sources of fine-grained material (<14 mm) in ballast layers (Selig 
and Waters, 1994). 

Studies reported by the CN railway company (CN, 1987) also noted the mineral content of 

fines of badly degraded ballast layers to correspond to that of the original aggregate, which 

suggested that the fines were almost entirely aggregate-based. Studies on other sites (CN, 

1990 and Raymond, 2000) noted the wear of the sleeper to be very significant at the worst 

degraded points, which was seen to be the result of the abrasive effect of the slurry formed 

by water and abundant fines. Chiang (1989) reported a similar observation from his ballast 

box tests (Ch. 2.4.6). In Vibrogir tests simulating traffic loading (Ch. 2.4.6), the amount of 

material coming off the concrete sleepers was found to increase with increasing strength of 

ballast (ERRI, 1993). 

In Germany and Great Britain, the most fines in many railway sections has been assumed 

to originate from above, mainly by dropping from wagons. This assumption is based on 

observations of the angularity and sharp edges of grains of degraded ballast samples. Ac-

cording to studies by British Railways, as much as 52 % of the ballast material under 14 

mm in grain size has come from above, mainly dropped from wagons (Fig. 2.17b; Selig 

and Waters, 1994). Such a large percentage of the material dropping from wagons is 

probably due to frequent coal transports by open wagons and is not realistic in Finland as a 

rule. Fine-grained material driven by the wind onto the ballast layer surface may be the 

decisive factor, especially at cuttings in areas exposed to wind erosion (Raymond, 2000). 

Noteworthy is also the marked share of degradation caused by tamping in Figure 2.17b (cf. 

Ch. 2.4.5). 

2.4.2 Mechanical degradation and physical strength of aggregate 

Mechanical degradation of aggregates may occur as a result of the loading factors and 

processes discussed in Chapter 2.1, that is, cyclic train loads, material handling and main-
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tenance, as well as physical weathering – in Finnish circumstances mainly frost weather-

ing. The mineral composition of the fines separated mechanically from aggregate does not 

usually differ much from that of the original material (Uusinoka, 1986). Therefore, the 

properties of fines born mechanically in the track environment can at least to some extent 

be estimated on the basis of the properties of fines produced in the crushing of aggregate 

and the properties of the aggregate itself (e.g. Uusinoka and Nieminen, 1986, 1988). Con-

sequently, the analysis may focus on the quantity of produced fines. 

The ability of an aggregate to resist mechanical degradation depends on its physical 

strength, which is affected by the internal strengths of the mineral components of the rock 

and the bonding of these minerals, that is, the fabric. Things to be considered in the analy-

sis of the strength of minerals are their ability to resist scratching (hardness/softness) and 

their cleavage (toughness/fragility). Based on his studies (e.g. 1976, 1983), Uusinoka has 

presented the following list of the most common minerals in order of descending strength: 

garnet, olivine, pyroxenes (hypersthene, augite, diopside), amphiboles (hornblende, tremo-

lite), quartz, feldspars (potash feldspar, plagioclase), micas (biotite, muscovite), calcite, 

chlorite, talc and clay minerals. This list only applies to physical strength. Chemical resis-

tance differs from it considerably (cf. Ch. 2.4.3). 

It should be noted that, for elasticity, it is even advantageous for the strength properties of 

rock that hard minerals also contain small amounts of evenly distributed soft but elastic 

minerals, mainly mica (e.g. Uusinoka et al., 1990). The fabric of the mineral grains deter-

mines how well the rock cleaves along interfaces between mineral grains. Rocks where 

grains are wedged and interlocked are usually strong, since clear cleavage directions can-

not emerge unless the rock contains a lot of soft or cleaving minerals, particularly in con-

tinuous clusters. Fine-grained rock types are also stronger than coarser-grained ones be-

cause they have a larger cohesion surface and less smooth interfaces between mineral 

grains than coarse-grained rock types. Any orientation of the texture naturally reduces the 

strength of rock. 

Nieminen and Jäniskangas (1990) studied changes in the properties of road pavement ag-

gregates in freeze-thaw tests. They observed a very significant reduction of strength with 

many aggregates due to freeze-thaw action. As their research result, Nieminen and Jänis-

kangas presented guidelines for the assessment of the relative susceptibility to weathering 

of road pavement aggregates. Soft minerals, mica occurring in packs, and pyrites, espe-

cially pyrrhotite were found to reduce the weathering resistance of pavement aggregates. 

Correspondingly, micro-cracking, fragmentation and coarse grain size increase susceptibil-

ity to weathering. The weathering susceptibility of pyrrhotite and other sulphide minerals 

was also noted by Kauranne et al. (1972). 

In addition to the above, the durability of rock in particular with a view to frost weathering 

depends essentially on the properties affecting its water retention capacity such as porosity, 

pore size distribution, specific surface area and degree of saturation. When relative humid-
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ity increases, the large specific surface area of an aggregate increases the amount of ad-

sorption water in the pore structure. A large specific surface area usually indicates a great 

number of adsorption pores, micro-cracks and capillary pores. Together they create the 

preconditions for additional water flowing into gravitation pores due to suction (cf. Ch. 

2.1.4) and thus frost weathering of the aggregate resulting from freezing expansion (e.g. 

Nieminen and Uusinoka, 1984; Uusinoka and Nieminen, 1986, 1988; Sletten, 1993) 

When analysing degradation of aggregate as a whole, it should be noted that degradation 

caused by cyclic traffic loading, frost weathering and chemical weathering are factors that 

accelerate each other (e.g. Sletten, 1993; Uusinoka, 1983). The increased porosity of an 

aggregate due to chemical weathering reduces its strength and, thus, increases susceptibil-

ity to frost weathering as well as to cracks caused by traffic loading and tamping. On the 

other hand, aggregate disintegrated by frost weathering breaks more easily under traffic 

loading which increases the grain surface area exposed to chemical action. 

2.4.3 Chemical weathering and weathering potential 

Processes related to chemical weathering were discussed in Chapter 2.4.2 and in more de-

tail, for instance, by Uusinoka (1983, 1976). Compared to the mechanical degradation dis-

cussed in the previous chapter, possible chemical weathering can be considered even more 

harmful, because, due to the altered mineralogy of the aggregate, the properties of the re-

sulting fines are usually more harmful compared to mechanically degraded fines (cf. Ch. 

2.3.4, e.g. Brandl, 1980). Both the original weathering of the aggregate and expected sus-

ceptibility to weathering in the track environment during the service life should be taken 

into account when assessing the chemical weathering of an aggregate. Estimating the for-

mer is easy, but the latter may be more difficult to predict because of the increased grain 

surface area exposed to environmental loads caused by crushing. 

Assessment of the degree of weathering

Degree of weathering is usually assessed by visual inspection or thin section analyses. The 

rate of weathering has in Finland been based on a four-step division conforming to the 

Rock Classification in Engineering Geology (Uusinoka, 1975), whose accuracy in the case 

of crushed rock aggregates is poor, because the aggregates used in the structural layers of a 

track should belong to non-weathering class (W1). On the basis of the fines of a material 

weathering can be assessed by specific surface area and pore size distribution as well as 

scanning electron microscopy (e.g. Nieminen and Uusinoka, 1984; Nieminen, 1985). 

Susceptibility to chemical weathering 

The susceptibility to chemical weathering of rock minerals has been found to correlate 

with their order of crystallisation so that the most common rock minerals that crystallise 

earlier from magma are more susceptible to weathering than minerals crystallising later 

and at a lower temperature. Thus the classic weathering order from the most susceptible to 
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weathering to the most resistant presented by Goldich (1938) on the basis of studies on the 

resistance of minerals in different rock types is, in fact, the same as the crystallisation or-

der of rock minerals known as Bowen's reaction series from the first crystallising mineral 

to the last. 

Susceptibility to chemical weathering has also been assessed by Reiche's (1950) weather-

ing potential index, WPI, which is calculated on the basis of the chemical composition of 

the mineral. The index is determined as the percentage of the molar ratio of the oxides em-

pirically found to exit weathering rock most rapidly (minus the molar ratio of water) of the 

sum of the molar ratios of all oxides (except water). The smaller the WPI (Table 2.5), the 

more resistant the mineral is to chemical weathering. The WPI correlates quite closely with 

Goldich's mineral weathering order. The WPI may also be calculated for different rock 

types.  For example, with granite it is usually slightly less than 10 and with alkaline rock 

types about 20 (Reiche, 1950). A WPI determined from fines depicts the maturity of the 

material, in other words, the smaller the WPI determined from fines, the more weathered 

the material is and the closer it is to its final alteration product. Weathering products as 

some clay minerals often even yield negative index values (Uusinoka, 1981). For example, 

Saarenketo and Nieminen (1989) noted the crushed gravel aggregate of the base course of 

a road structure to have weathered chemically when they observed its WPI to be lower 

than the original value. 

Table 2.5. Weathering potential indices (WPI) of mineral. (Reiche, 1950). An refers to con-

tent of anorthite in plagioclase. 

Mineral WPI  

Olivine 54  

Augite 39  

Hornblende 36  

Biotite 22  

Labradorite (An 50-70) 20  

Oligoclase (An 10-30) 15  

Albite (An 0-10) 13  

Orthoclase (potash feldspar) 12  

Muscovite 10  

Quartz 0-1  

Carbonate rocks constitute a special case as to their chemical weathering, since chemical 

weathering may be the key factor, for instance, in the degradation of a limestone aggregate. 

The summary of the AREA (1992) report states, for example, that the chemical weathering 

of fine-grained material contained in a crushed carbonate rock aggregate into clay minerals 

may be quite rapid. As there is no need to use crushed carbonate rock aggregates as struc-
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tural materials in tracks in Finland, the susceptibility to chemical weathering of these rock 

types will not be discussed in more detail here. 

Besides mineral content, the chemical weathering of an aggregate is also affected to some 

extent by the microstructure of the rock. Uusinoka (1983) has taken these factors into con-

sideration in his indicative order of resistance to weathering of different rock types under 

Finnish climatic conditions, which, starting from the most resistant, is: 

quartzite (including quartz sandstone) > 

amphibolite (several gabbros, peridotites and diabases are also equally resistant) > 

granite, granodiorite and quartzdiorite > 

granite and mica gneiss types > 

arcose and siltstone > 

dolomite > 

limestone 

Even if the minerals of a given rock type are easily degradable as such, weathering is not 

effective if the bonding of the mineral grains is tight, which makes the rock less suscepti-

ble to cracking, leaving less area in contact with the environment compared to a highly 

cracked aggregate (e.g. Uusinoka, 1983, 1990). This explains, for instance, the relatively 

high resistance of amphibolite in the above list despite the relatively high susceptibility to 

weathering of hornblende (cf. Table 2.5). The porosity of an aggregate and the specific 

surface area of grains have a similar effect. 

In practice, the only existing method to assess the chemical weathering susceptibility of an 

aggregate is a petrographic analysis by a bedrock geologist including a thin section analy-

sis of the mineralogy, grain size, bonding of grains, and micro-cracking of the aggregate. 

The results of water absorption tests reflect the water absorption capacity and porosity of 

the aggregate, which may be used indirectly to assess the preconditions for chemical 

weathering. Properties affecting chemical weathering, such as specific surface area, poros-

ity, pore size distribution and water retention capacity, can also be analysed from the fines 

of a material. 

Weathering products 

The chemical weathering of every rock type depends on the mineral composition and fab-

ric of the minerals and its environment. Weathering products and their adverse effect on 

the performance of the aggregate are thus determined by the parent rock and weathering 

conditions. Clay minerals are produced, for example, in the weathering of feldspars by 

hydrolysis, where smectite (montmorillonite) or illite is produced under conditions of weak 

leaching. Under conditions of more effective leaching the end result is kaolinite, which is 

produced under more effective leaching conditions also from smectite and illite. Kaolinite 

is weathered further into aluminium hydroxide. In the same way, chlorite and serpentine 
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are an intermediate phase in the alteration of many dark minerals (e.g. pyroxenes, horn-

blende, olivine, biotite), as vermiculite is in the alteration of biotite, on their way to be-

coming aluminium and iron hydroxide (Uusinoka, 1975, 1983). 

Chemical weathering in the structural layers of tracks and roads 

Hendrickson and Shumway (1973) reported of an inquiry targeting U.S. states, federal 

organisations and provinces of Canada, a total of 61 parties, concerning experiences from 

the degradation of aggregate in the road structure. The degradation of aggregate was gen-

erally considered a moderate problem. Degradation problems were reported by 54 parties, 

52 % associated the problems with physical degradation and 9 % indicated the problems to 

be caused by chemical weathering action. The remaining 39 % reported problems with 

both chemical and physical degradation. Rock type could be seen to affect the results so 

that, of those who reported problems with volcanic rock types, as many as 62 % indicated 

both physical and chemical degradation to have caused problems. 

In 1979-1980, Canadian Pacific (CP) Rail conducted an extensive research project on the 

behaviour of railway ballast which included field studies at 54 sites and 259 railway ballast 

and subballast samples (Klassen et al., 1987; Clifton et al., 1987; Watters et al., 1987). 

Many of the studied aggregates were found to have weathered. Observations of the chemi-

cal weathering of railway ballast have also been reported at least by Gaskin and Raymond 

(1976) as well as Reinschmidt et al. (1989). According to Chrismer (1985, 1988), chemical 

weathering of railway ballast causes very serious problems, but very little research data is 

available on the subject. According to Klassen et al. (1987) and Watters et al. (1987), 

weathering concentrated mainly on the fine-grained material of railway ballast. They as-

sessed the susceptibility of rock minerals to chemical weathering separately for ballast 

grains and fines and discovered, for example, that feldspars had low susceptibility to 

weathering in the case of ballast grains but high in the case of fines. Watters et al. (1987), 

based on their observations, recommended that aggregates containing more than 2 % of 

sulphides or more than 5 % of olivine should not be used as railway ballast. 

A literature survey (AREA, 1992) on the susceptibility to chemical weathering of railway 

ballast by a committee of the AREA (American Railway Engineering Association) notes 

that existing studies on chemical weathering are mainly qualitative, focusing on chemical 

processes, mineral alteration and end products of weathering. Quantitative research of the 

rate of chemical weathering or amounts of weathering products is considerably more diffi-

cult because of the slow chemical processes. Indeed, the report notes that the surveyed 

literature contained no study on the rate of chemical weathering in crushed rock aggre-

gates. Based on studies on the chemical weathering rate of the surface of bedrock and as-

sessments by experts, the report draws the following conclusions on the weathering of 

metamorphous and magma rock types:  
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1. There is no evidence to support significance generation of clay minerals by chemical 

weathering of plagioclase or alkali feldspars, pyroxenes, amphibole, biotite or mus-

cavite mica minerals within the life of any ballast section. This opinion is also ex-

tended to these minerals in fine sizes. Although fine particles provide substantially 

more exposed surface area, the rate of chemical alteration of primary minerals to crys-

talline clay in the weathering process remains insufficient to cause problems within 

the time frame between ballast placement and cleaning. 

2. Olivine is known to be the first common mineral in igneous and metamorphic rocks to 

chemically weather to limonite, hematite, clay mineral and possibly serpentine. It is 

not certain if the weathering of olivine contributes significant quantities of secondary 

mineral products to cause ballast fouling during the life of the ballast bed. (Olivine oc-

curs primarily in basalts, some gabbros and peridotites not frequently found in Finnish 

rocks at least in notable quantities.) 

3. Chlorite found in igneous and metamorphic rocks is primarily of hydrothermal origin 

and thus may appear along with fresh ballast shipments. Chlorite should be avoided 

when selecting ballast sources since it is a soft hydrous layered silicate mineral. 

As already noted, the efficiency of chemical weathering is closely connected to the grain 

surface area of the aggregate in contact with water and the environment. This is why the 

above conclusions concerning ballast can not automatically be generalised for subballast 

aggregates that have a larger specific surface area and are also required to have a longer 

service life. 

2.4.4 Field observations of factors involved in the degradation of aggregate  

The most reliable way to assess the degradation of aggregate in the loading environment of 

the track is to observe changes in grading in field conditions. A special test track for re-

search purposes (e.g. Trevizo, 1997) would allow an accelerated survey of the significance 

of different factors affecting degradation, and the factors could be varied in different sec-

tions of the test track. However, due to the high cost of building a test track, degradation 

has mainly been observed along trafficked railway sections or with laboratory test ar-

rangements where the field conditions have been tried to simulate, discussed in Chapter 

2.4.6. 

The Finnish Rail Administration launched in 1993 a project for collecting data on the grad-

ing of ballast layers in Finland into a database presently containing data of more than 1,200 

samples. The data of the grading database give a rough idea of the average degradation of 

ballast in a given railway section as a function of time or known traffic loading (Nur-

mikolu, 2000, Nurmikolu et al., 2001). Assessment of the individual factors affecting deg-

radation would require, above all, information about the quality of the aggregate at the 
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point where the grading sample is taken as well as knowledge of other factors affecting 

degradation, such as structural, maintenance-related and environmental factors. 

When assessing the results of field surveys, it should be noted that few reports mention the 

location of the sampling point in the ballast layer. This complicates the comparison of re-

sults considerably, because the sampling point has been found to have a decisive impact on 

the produced degradation estimate (Klassen et al., 1987; Collingwood, 1988; Turunen, 

1986). In the track cross section, the situation of the ballast directly under the rail is the 

harshest due to both traffic loading (cf. Ch. 2.1.2) and the tamping focusing there. Corre-

spondingly, degradation is much weaker in the middle of the track. The depth of the sam-

pling point is even more significant, because fine-grained material separated from the ag-

gregate migrates in the pore spaces of ballast aggregate and accumulates at the bottom of 

the ballast bed. According to guidelines used in Finland (Finnish Rail Administration, 

1997), degradation number samples taken to determine need for cleaning should in track of 

concrete sleepers be taken from the point shown in Fig 2.18. 

Figure 2.18. Sampling point of ballast samples for determining the need for cleaning of a 
concrete sleeper track (Finnish Rail Administration, 1997; Turunen, 1986). The additional 

sampling point was used when large amount of sample material was needed for other 

laboratory tests besides sieving. 
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Aggregate quality

In an earlier study (Nurmikolu, 2000) the effect of the strength of aggregate on the degra-

dation of ballast layers based on the above-mentioned database was assessed by sampling 

and laboratory studies. The research indicated the strength of the aggregate to be an impor-

tant although not the only factor in the degradation of railway ballast, on the basis of which 

the selection of the aggregate with the best life-cycle economy was analysed based on its 

purchase price and expected service life (cf. Ch. 2.4.7). 

Raymond et al. (1979) and Gaskin and Raymond (1976) presented a railway ballast survey 

conducted in Canada in 1971-78 that studied the behaviour of a total of 21 ballast aggre-

gates in a field site built for the purpose and in laboratory tests. The field behaviour of each 

railway ballast was rated for degradation subjectively, and it was compared to laboratory 

index test results on aggregates. The results of the sodium sulphate test were found to cor-

relate best with degradation observed in field tests (R2=0.85), which indicated the signifi-

cance of chemical weathering as a factor affecting degradation. Correlation with the mill 

abrasion number indicating the aggregate’s susceptibility to abrasion was good (R2=0.67), 

but correlation with the Los Angeles coefficient indicating impact strength was rather 

weak (R2=0.07). The inaccuracy of subjective evaluation must, however, be borne in mind 

when assessing the results. 

Devulapally (1993) and Chrismer et al. (1991) reported degradation surveys of different 

railway ballasts from very heavily trafficked railway sections. Devulapally does not men-

tion the location of the sampling point in the ballast layer, but in any case degradation after 

three years and 270 million gross tons of train loading was almost nonexistent among the 

studied samples, with the exception of the weakest clearly degraded dolomite ballast. The 

degradation observed by Chrismer et al. in the ballast layer below the sleeper in another 

railway section after a loading of seven years and 270 million gross tons in the studied 

aggregates was only slightly higher than that reported by Devulapally. The relatively low 

degradation after a considerable traffic loading but quite short exposure to environmental 

loads indicated that a cyclic traffic load alone is not a decisive factor in the degradation of 

railway ballast. Indeed, the researchers conclude that the degradation of railway ballast 

depends on the combined effect of train loading, need of tamping based on the smoothness 

requirement of the track, environment-induced stresses and structural factors. 

Trevizo (1997) reported a railway ballast survey made at a test track in Pueblo, Colorado 

(FRA/TTC/FAST; Federal Railroad Administration, Transportation Technology Center, 

Facility for Accelerated Service Testing), which was part of a research project into the 

possibility of introducing heavier axle loads (from 33 short tons (about 30 t) to 39 short 

tons (about 35 t)). Four track sections of about 200 metres had been made in the test loop 

consisting of different ballast grades. The track structures of the sections were similar ex-

cept for the ballast quality. The development of ballast degradation was monitored by siev-

ing at regular intervals of 360 million short tons of loading. As a result of the comparison 
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of ballast qualities, the degradation of dolomite and limestone ballast was found to be the 

highest and that of traprock ballast the lowest, which observations are in line with the re-

sults of Los Angeles tests indicating the strength of an aggregate. As a whole, degradation 

was found rather low compared to the problematic field observations, which was largely 

attributed to the dry climate of the test region. 

Axle load and stiffness of the base of the aggregate layer

The results of the survey reported by Trevizo (1997) discussed in the previous chapter 

were noted to indicate that increasing axle loads (from about 30 tons to about 35 tons) only 

has a minor impact on the performance of railway ballast. More significant factors than 

axle load in the degradation of railway ballast seemed to be, above all, cumulative total 

loading and tamping. 

As a result of the analyses made in connection with a research project concerning increas-

ing axle loads of Malmbanan, Banverket (1996c) presents calculations on impacts that 

would be caused on the track geometry through the action of the railway ballast and the 

subgrade, if axle loads were increased from 25 tons to 30 tons. On the basis of the results, 

the subgrade plays a key role in the permanence of track geometry if the railway ballast is 

of good quality. If the subgrade can be rated good, damage is expected to increase only in 

proportion to axle loads. With a view to the cumulative total loads conveyed by the track, 

this in theory implies even a slight reduction in damage, because the number of wagons 

needed is reduced with increased axle loads and the share of the net load of the gross load 

of wagons increases. Correspondingly, if the subgrade is weak, based on the calculations 

the increase of axle loads from 25 tons to 30 tons increases the damage to track geometry 

from a given number of axles due to the combined action of the ballast layer and the sub-

grade 2.8-fold. On the other hand, a smaller number of wagons would be needed to convey 

the same net load. 

The effects of soft subgrade on the performance of a track were also discussed by 

Ebersöhn et al. (1993). They reported of another (cf. Trevizo, 1997) study at the test track 

in Pueblo, where a section of soft subgrade was built in the test track by replacing the 

original subgrade of sand/sandy silt by clay. The track modulus of the section of original 

subgrade was 27 MPa and that of the clay section 14 MPa. The fouling indices expressed 

as the sum of the percentages passing the 4.75 mm and the 0.075 mm sieves after 51 tons 

of train loading were found over fourfold with the softer subgrade compared to the section 

of stiffer subgrade. 

It should be noted that the ballast tamping required to correct track geometry impaired by 

permanent deformations of the subgrade is in a case like this only a temporary remedy 

which does not eliminate the basic problem but stresses the ballast (e.g. Selig, 2000). 
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Track properties 

CN (1987) reported that replacing wooden sleepers by concrete ones caused serious im-

pairment of the performance of the ballast layer resulting from ballast degradation already 

within two years. The recoverable displacement of the rail under train loading could be at 

worst upto 20-30 mm. The acceleration of degradation was assumed to result from higher 

contact forces caused by the stiffer sleepers compared to wooden sleepers that enabled the 

intrusion of grains and thus a larger grain area transmitting the load. Based on the observa-

tions, a coarser grain size distribution and a greater ballast layer thickness of at least 300 

mm under the sleeper were recommended to ensure sufficient pore space for the accumula-

tion of fine-grained material. It was also recommended to replace concrete sleepers at 

bridges and tunnels by wooden ones. 

According to Raymond (2000, 1987), the Mohs hardness of railway ballast aggregate 

should be at least 5.5 to limit the abrasion of ballast grains which makes the hardness com-

petitive with the main minerals of the sand used in the production of concrete sleepers. The 

AREMA (2002) manual notes that only granite, traprock or quartzite ballast should be 

used in a concrete sleeper track. 

CN (1987) observed degradation to be greatly enhanced at points of discontinuity in the 

rail, such as rail joints, bridges and settlement spots where dynamic loading is at its highest 

(cf. Fig. 2.5) . At such points the irregularities of the rail and the resulting dynamic loading 

grows and further accelerates degradation. 

2.4.5 Degradation in aggregate handling and maintenance 

Degradation in crushing, handling and installation

Pintner et al. (1987a), who studied the fines resulting from the crushing, handling and 

compaction of aggregates by various laboratory tests simulating the events, had to note that 

there are very few field measurement results on the degradation of crushed rock aggregates 

caused by handling. They presented observations on the formation of fines by handling and 

compacting concerning six aggregates. Due to the limited field test material, their attempt 

to develop a test setup to simulate degradation by the above-mentioned events does not 

appear sensible. However, Pintner et al. (1987a) and Vinson et al. (1986) made the impor-

tant finding that increasing water content markedly increased the amount of fines produced 

a the test setup simulating handling. Secondly, Pintner et al. (1987b) and Vinson et al. 

(1986) found in their simulation tests the produced fines to consist mainly of particles 

greater than 0.02 mm, which were not considered (Vinson et al., 1987, Rieke et al., 1983) 

as critical in terms of their specific surface area, fines factor and the resulting frost suscep-

tibility as the very finest particles. 

A survey commissioned by the Finnish National Road Administration (Ryynänen et al., 

1993 and Ryynänen, 1994) examined the effect of vibration compaction on the degradation 
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of the crushed rock aggregates of the base course with 13 different aggregates and 3 grain 

size distributions. The field survey section revealed that the change of grain size distribu-

tions observable in the sieving results were almost entirely due to changes in the percent-

age passing the 0.074 mm sieve. The average increase of the percentage passing the 0.074 

mm sieve estimated to represent about 10 roll compactor passes was 3.1 % with the most 

degraded aggregate, besides which an increase of more than 2 % was observed with three 

of the studied 39 materials. In the research report, the degradation of the material is ex-

pressed by an index determined as the average change of the percentages passing the 

0.074, 0.125, 0.25, 0.5 and 1 mm sieves. Of the determined indices, 21 fell between 0.3-

1.0, and 13 between 1.1-1.9, while still higher indices were recorded for two crushed rock 

aggregates. Ryynänen (1994) compared his field observations to the degradation of similar 

materials in Intensive Compactor (IC) tests (cf. Fig 3.4) and reported a correlation between 

the indices of field observations and of IC tests, whose coefficient of determination with 

13 samples was 42 %. The IC tests found crushed rock aggregate with a high water content 

to degrade more than a material with a lower water content. Correspondingly, a material 

with a continuous grading curve was found to degrade less than a material with sudden 

anomalies in their grading curve. 

Degradation caused by track maintenance 

Stresses from maintenance degrading the crushed rocked aggregates of track structure  are 

mainly related to maintenance methods used for correcting the position of the rail and af-

fect the ballast layer but have no significant impact on the aggregates of subballast layers. 

The method used in Finland is tamping, for which an alternative method, the Stoneblow-

ing, has been used especially in Britain (cf. Ch. 2.1.3, Key, 1998; Fair, 2003). 

British Railways (Selig and Waters, 1994) estimated the amount of fine-grained material 

produced by traffic loading by assuming a traffic loading of one million ton to produce 0.2 

kg of material under grain size of 14 mm per a sleeper. Tamping, in turn, was in tests at the 

track laboratory observed to produce 4 kg of under 14 mm fraction per tamping 

(McMichael, 1991; Selig and Waters, 1994). In such comparison, one tamping run corre-

sponds to as much as 20 million tons of train loading. 

By contrast, the Stoneblowing method was according to McMichael (1991) found to pro-

duce only 0.5 kg of under 14 mm fraction (Fig. 2.19a). Fair (2003), in his studies on the 

stoneblowing method, noted that an aggregate layer of a smaller grain size placed on top of 

the ballast fraction with Stoneblowing (cf. Fig. 2.9) reduced the degradation of the ballast 

underneath. 

Selig and Waters (1994) reported that a field study by British Railways observed a 15-45 

per cent reduction in the 38-51 mm fraction after 20 consecutive tamping machine runs. 

Correspondingly, the share of the under 13 mm fraction had increased by 1-5 per cent. The 

sources do not mention the aggregate grade. 
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Selig and Waters (1994) reported an observation in ballast box laboratory tests (cf. Ch. 

2.4.6), according to which the reorganisation of ballast grains due to the loosening caused 

by tamping as such more than doubled degradation (Fig. 2.19b). In addition to the degrada-

tion resulting from the reorganisation, ballast naturally also degrades in tamping, that is, as 

the tines penetrate into the ballast and compress it, which is not included in the observa-

tions presented in Figure 2.19b. 

Figure 2.19. a) Amount of fine-grained material produced by tamping and the stoneblow-

ing method in a granite ballast per sleeper after ten runs (McMichael, 1991. b). Effect of 
reorganisation of particles on degradation of ballast aggregate in the ballast box test. 5 x 

100.000 cycles refers to experiment where ballast was loosened after every 100.000 cycles 

(Selig and Waters, 1994). 

Chrismer (1988) reported about a survey of the degradation of three different ballast quali-

ties at a research site of the AAR (Association of American Railroads) in Sibley, Missouri. 

The gross annual traffic volume along the section was noted to be about 60 million tons, 

and degradation was surveyed annually over three years after ballast installation. The main 

result is the significance of degradation caused by tamping after three years from installa-

tion, since the tamping changed the grading curve more than three years of train traffic. 

In Australia, Jeffs (1989) observed tamping to have caused significant degradation in a 

field test. He also reports the quite logical observation that toughness is more important 

than hardness in resisting degradation from tamping. 
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Reinschmidt et al. (1989) discussed the results reported by Chrismer (1989) from tamping 

tests at the test track in Pueblo (TTC/FAST). The tests concerned the degradation of two 

ballast qualities resulting from the impacts of tamping tines in boxes with a geotextile bot-

tom separated from the surrounding ballast layer. The results reveal that degradation from 

tamping is a very significant factor especially in the degradation of low strength ballast, as 

20 tamping runs spent upto 40 % of the remaining service life of limestone ballast esti-

mated on the basis of remaining pore space. 

In Finland, Uusi-Luomalahti (1994) observed the degradation of railway ballasts using a 

metal box containing about 1,200 grains placed in the ballast bed, thus preventing the mix-

ing of the grains with the surrounding ballast. The amount of the aggregate under 25 mm 

in grain size was found to depend on grain shape even more than strength, as cubic grains 

were observed to break down clearly less than corresponding elongated and, especially, 

flat grains. The breaking of ballast per tamping run was found to decrease as tamping runs 

increased (Fig. 2.20), which was at least partly attributed to the improved shape of the 

grains. 
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Figure 2.20. Shares of the under 25 mm material produced in the tamping test after 15 and 

45 tamping runs with different ballast aggregates and grain shapes (Uusi-Luomalahti, 
1994). 

Nurmikolu (2000) observed differences in the gradations of railway ballasts that had been 

in track for 21 years at often or seldom tamped sites based on the subjective estimations of 

the maintenance staff. The degradation numbers (sum of the percentages passing the 1 

mm, 8 mm and 25 mm sieves) determined as averages of two parallel samples at different 

site types are presented in Figure 2.21. At often tamped sites the degradation number was, 

on average, 22 points higher than at seldom tamped sites. On the basis of the tamping fre-

quency estimate submitted by the maintenance staff, the often tamped sites had been 

tamped 34 times and the seldom tamped sites 7 times. Assuming the differences in the deg-

radation numbers of the sites to have resulted solely from the difference in the number of 

tamping runs, one tamping run was estimated to have increased the degradation number by 
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0.8 points. This indicates that the overall impact of tamping on the degradation number 

was as high as 28 points at often tamped sites and 6 points at seldom tamped sites. The 

overall impact of tamping on the degradation of an aggregate in this estimate corresponds 

very closely to the observation by Uusi-Luomalahti. It should also be noted that the degra-

dation number sampling point is not at the location most severely affected by the tamping 

tines (cf. Fig. 2.18). On the other hand, the average strength of the aggregate at the studied 

sites did not meet present requirements for ballast. 
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Figure 2.21. Degradation numbers determined as the average of two parallel samples 

from often and seldom tamped points along the Jämsänkoski-Jyväskylä railway section at 

different types of sites (Nurmikolu, 2000). 

Based on the observations presented above, it is evident that tamping is a very significant 

factor in the degradation of railway ballast. For this reason, unnecessary tamping should 

definitely be avoided. The repair of even several individual problem sites is often more 

economical compared to continuous tamping that also targets the sections between the 

problem sites (e.g. Selig, 2000; Chrismer, 1998). 

2.4.6 Degradation in test arrangements simulating traffic loading 

Laboratory-scale cyclic loading tests designed to simulate traffic loading at least to some 

extent that have, or could have, analysed the degradation of aggregates will be discussed 

below. Observations on the degradation of aggregates in each test setup should be viewed 

bearing in mind the correspondence of the arrangements to the real situation, since the test 

results, in fact, depict the relative resistance of aggregates under the test conditions, whose 

correspondence to the conditions of the site where the aggregate is used is a key issue for 
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the sensibility of the analysis in the first place. The test arrangements have been discussed 

in more detail in a previous literature survey (Nurmikolu, 2004). 

Cyclic triaxial tests 

Roenfeldt (1980) studied the effect of grain size distribution, compactness and number of 

loading cycles on the degradation and permanent deformations of limestone aggregate in a 

cyclic triaxial test. He used axial loading pulses of 207 kPa and a confining pressure of 35 

kPa. As a general observation, Roenfeldt noted gradation to change very little in his tests. 

Most of the degradation occurred during the first 100 cycles. The importance of the first 

cycles in degradation was also noted in the analysis of cyclic and static triaxial tests by 

Raymond and Williams (1978) and Raymond and Davies (1978). Roenfeldt noticed that 

the degradation was manifested mainly as the smoothing of coarse grain surfaces and 

breaking of sharp corners; no central cleavage of grains was observed in the tests. A mate-

rial with a more uniform grain size distribution was found to degrade more than a material 

with a broader grain size distribution at the same relative compaction. Correspondingly, 

increasing the original compaction of the material reduced degradation. 

The degradation of railway ballast in cyclic triaxial tests was also found very low and thus 

not corresponding to degradation under field conditions by, among others, Jeffs (1989), 

Raymond and Diyaljee (1979), Raymond and Bathurst (1994) and ERRI (1994). In con-

nection with a research project into the quality requirements and assessment of the proper-

ties of railway ballast by ERRI (1994), it was noted that in practice railway ballasts did not 

degrade in a dynamic triaxial test despite the variation of grain size distribution. Some 

fractured grains or cleaved corners could be observed only directly beneath the loading 

plate.

The most recent triaxial test projects focus primarily on the theoretical modelling of degra-

dation. For example, Indraratna and Salim (2002) created an analytic model for degrada-

tion under monotonous loading. Correspondingly, Indraratna et al. (2005) note the degra-

dation of railway ballast in a cyclic triaxial test to be lowest at a confining pressure of 35-

70 kPa, reflecting the effects of horizontal stress level on ballast bed. Fair (2003) observed 

wet railway ballast to degrade more than dry ballast in a cyclic triaxial test. 

Malmbanan research project – Banverket and the Technical University of Luleå 

Banverket (1996b) reported a full-scale bridge test in a research project into the possibili-

ties of raising axle loads at Malmbanan, which also involved an analysis of the degradation 

of ballast. A track consisting of a ballast layer of about 350 mm and a concrete sleeper 

track was built on top of a decommissioned bridge moved into a laboratory, which was 

loaded cyclically 6 million times, simulating an axle load of 30 tons. The degradation of 

ballast was studied in an area around an individual sleeper separated by a geotextile. The 

degradation analysis produced an erroneous observation, according to which the gradation 

of the entire material have turned coarser during the test. Nevertheless, it is evident that the 



63

degradation of the ballast in the test was quite low. The low degradation may result from a 

loading method not corresponding to a real-life situation, which is not described in more 

detail in the publication. 

Road structure testing device – University of Oulu

A laboratory-scale road structure testing device is used at the University of Oulu, where a 

cyclic load from a moving wheel can be directed onto aggregate placed in a test box (Fig. 

2.22). Belt et al. (2000) reported about a test series made with the device, where the sig-

nificance of factors related especially to the creation of permanent deformations of the base 

course were analysed. In connection with the research, five tests were also made to observe 

the degradation of the material using five sample bags placed on the upper section of the 

base course. 

Figure 2.22. Road structure testing device at the University of Oulu. The inner dimensions 
of the test box are 1,200 x 900 x 600 mm (length x width x height). 

Among the tests incorporating degradation observations, the number of wheel passages 

was 14,000 in four tests and 5,000 in one test. It should be noted that the number of wheel 

passages correspond to a loading of a very short duration compared to the service life of 

the structure and are thus inevitably too small for the quantitative study of degradation 

caused by traffic loading. Nevertheless, even the short tests revealed a considerable in-

crease in the content of fines (< 0.063 mm), although it also included the fines produced in 

the compaction of the material. The degradation caused by the compaction of the material 

could be expected to be emphasised in the results of short tests. However, the amount of 

fines produced after 14,000 wheel passages was found to be more than double compared to 

that produced after 5,000 wheel passages (in a material that originally contained more fines 

and moisture), which indicates rather heavy degradation from traffic loading. 
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The speed of the wheel in the middle of the test box of the road structure testing device 

was noted to be 1.4 m/s. Due to the limited loading frequency, the analysis of degradation 

from long-term traffic loadings with a test setup similar in principle to the road structure 

testing device requires unreasonably long tests with the desired large number of loadings. 

Despite this fact, it should be noted that the loading from a moving wheel causes a stress 

state in the tested structure that corresponds closely to the actual situation, where, for ex-

ample, principal stresses at a given point of observation rotate due to the movement of the 

load. 

Vibrogir equipment – SNCF

In connection with a research project on railway ballast by the European Rail Research 

Institute (ERRI, 1993, 1991, 1995), degradation tests on railway ballast were made by the 

National Railway Company of France (SNCF) using a Vibrogir device simulating train 

traffic. The operation of the device is based on an eccentric vibrator that causes a sinusoi-

dal vertical force (ERRI, 1993). This setup allows simulating a cumulative loading of 180 

million tons in a 50 hour test. The amounts of fine-grained materials produced in tests on 

six different ballast types with a grain size of 25/50 mm by no means corresponds to deg-

radation in the real ballast bed, as even in the case of the limestone with the lowest strength 

only 1.3 % of under 1 mm material was produced. A significant deficiency in the simula-

tion of traffic loading by the Vibrogir device is that the direction of loading remains un-

changed, meaning that the rotation of principal stress directions corresponding to the real 

situation is not taken into account by this setup, either. 

Ballast box – University of Massachusetts

The ballast box laboratory test arrangement developed at the University of Massachusetts 

in Amherst to simulate traffic loads on railway ballast (Fig. 2.23) has in several research 

projects been used for assessing the degradation of ballast under cyclic loading. The main 

variables in different ballast box studies have been different rock types, grain size distribu-

tion, loading count and interval, amplitude of the loading pulse simulating the wheel load, 

as well as sleeper material. 
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Figure 2.23. Ballast box dimensions and the test setup described by Norman (1982). 

Norman (1982) as well as Norman and Selig (1983) reported on the first ballast box tests 

whose main objective was to study the behaviour of ballast under simulated field condi-

tions on a general level. Degradation was inspected visually in tests of 100,000 loading 

cycles on four different aggregates by dyeing the aggregate grains before the test. The 

magnitude of the loading pulses used in the tests was calculated by the GEOTRACK 

model (Yoo and Selig, 1979) to correspond to a wheel load of 142 kN, so that the resulting 

average surface pressure on ballast under the hardwood bottom surface of the sleeper was 

266 kPa. The tests revealed that most of the degradation had taken place directly under the 

sleeper, which was observable by the partial wearing off of the dye on the grain surfaces. 

Most of the degradation appeared as bits separated from the corners of grains, in addition 

to which some particles were observed to have cleaved into two parts of about the same 

size. Differences in degradation were found between different aggregates, although overall 

degradation was found to be relatively low and was not quantified by sieving. The results 

suggested that increasing grain size increases degradation. 

Boucher and Selig (1987) reported the relative degradation of 14 different ballasts in the 

ballast box tests to have for the most part corresponded to degradation that could be antici-

pated based on thin section analysis. However, degradation as such was quite low, since 

the amounts of the under 9.5 mm fraction produced in the tests varied between 0.08-0.9 %. 

The loading levels used in the tests were determined by the GEOTRACK model to corre-

spond to wheel loads of 160 kN and 223 kN. The number of loading pulses was usually 

500,000 and on the basis of some longer tests, a considerable part of the degradation was 

deemed to have occurred during the first 500,000 cycles. 
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Devulapally (1993) studied the effects of the ballast box bottom flexibility (simulating the 

stiffness of the subgrade) and loading level on the degradation of dry railway ballast and 

the settlement of the wooden sleeper loading it. He used loads calculated by the GEO-

TRACK model to correspond to static axle loads of 200, 290, 350 and 440 kN, which, 

converted to average loads transmitted from the bottom surface of the sleeper were 195, 

280, 330 and 415 kPa, respectively. Devulapally tested each of these loads with different 

bottom flexibilities, matching the number of loadings to the loading level so that the cumu-

lative total loading corresponded to a train load of 27·108 kN, that is, about 270 million 

tons. In the calculation, two consecutive axles were assumed to cause only one loading 

pulse straining the ballast (cf. Ch. 2.1.2). No differences in degradation were found be-

tween test series with two different bottom flexibilities, although degradation in both series 

was very low and did not at all correspond to degradations observed in the field. This fact 

should be taken into consideration when applying Devulapally’s observations on the effect 

of loading level on degradation. According to them, increasing axle loads from 250 kN to 

300 kN would increase the amount of the material under the grain size of 9.5 mm produced 

by a given number of axles by about 30 %. On the other hand, at 20 % higher axle loads 

the number of wagons needed to transport a given number of goods would be reduced by 

more than 20 %, as the share of the net load of the gross load increases and the signifi-

cance of the weight of wagons decreases. 

In an interesting series of eight tests in the ballast box, Chiang (1989) studied the effect of 

water, original content of fine-grained material as well as the recurring separation of the 

sleeper from the ballast bed and hitting against it, or so-called pumping (Ch. 2.1.2), on the 

degradation of dolomite railway ballast (Los Angeles coefficient 39) and the settlement of 

the wooden sleeper loading it. In five tests, the material originally contained no grains un-

der of 9.5 mm, but in three tests various amounts of material under the grain size of 1.18 

mm were added. The stiffness of the subgrade was simulated by rubber strips placed on the 

bottom of the box and covered by a thin sheet metal. Rubber sheets covered with sheet 

metal were also placed on the walls of the box. The average loading on the ballast layer 

was 320 kPa, which was calculated by the GEOTRACK model to correspond to a static 

wheel load of 160 kN. The separation of the sleeper possibly caused by traffic loading, 

‘pumping’, was simulated by attaching four springs between the sleeper and the loading 

frame. 

Chiang (1989) noted that degradation in dry tests on material with no original under 9.5 

mm fraction was rather low. Increasing the number of loadings from 500,000 cycles to 

1,000,000 cycles, or saturating the material containing no fine-grained fraction with water, 

did not affect degradation. In the tests on water saturated materials that originally con-

tained  fine-grained material, the amount of the under 9.5 mm fraction produced in the test 

was also low, but the fine-grained fraction already contained by the material degraded very 

significantly, producing a considerable amount of fines under the grain size of 0.075 mm. 

Considerable production of under 9.5 mm material only occurred in tests simulating the 
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pumping of the sleeper when the water level was above the bottom surface of the loading 

sleeper. In these tests, the degradation of the fine-grained fraction originally contained by 

the material into fines (<0.075 mm) was very high. Likewise, the settlements of the sleeper 

were clearly highest in the tests simulating pumping, indicating extensive movement be-

tween particles. The results may be assumed to indicate that the hitting of the sleeper 

against the surface of the ballast layer due to pumping breaks the corners and edges of ma-

terial particles, maybe even entire grains directly under the sleeper. The results also indi-

cate highly progressive degradation of previously formed fine-grained material in a com-

bined action with water also without the pumping effect of the sleeper. This action does 

not actually produce new fine-grained material (except by pumping), but existing fine-

grained material degrades further. 

The fixed direction of loading can be considered the main drawback of the ballast box test 

and most of the other test methods for the simulation of actual conditions. The limited di-

mensions of the box also cause differences in the stress states between sample material it 

contains and an actual structure.  

Other box tests

At Queen’s University, Ontario, Raymond and Bathurst (1987) studied the effect of load-

ing level and subgrade stiffness on permanent deformations and degradation of limestone 

ballast (Los Angeles coefficient 27) in a box test setup simulating the loading transmitted 

to the ballast layer by an individual sleeper. Rubber sheets were used to achieve three 

variations for ballast bottom flexibility. With each bottom flexibility, the loading on the 

sample material was varied mainly between 87-370 kPa. The number of cyclic loadings in 

a typical test was chosen based on loading level so that the cumulative total loading corre-

sponded to a train loading of 12 million tons. The test results reveal that the amount of 

produced fine-grained material was higher with a flexible bottom. A certain critical loading 

level was observed in the tests, which if exceeded increased dramatically the settlement of 

the loading plate simulating a sleeper. Exceeding a similar critical loading level also 

caused a considerable increase in the amount of the produced fine-grained material. The 

critical loading level was found to be higher when bottom was less flexible. 

In their studies of the deformation behaviour of ballast at the Technical University Munich, 

Eisenmann et al. (1993) used a cyclic loading device that in principle corresponded to the 

setup of Raymond and Bathurst (1987). Besides actual loading pulses, a vibrator operating 

at 40 Hz was attached to the loading plate of Eisenmann et al., which was used to simulate 

vibration observed in field measurements. Eisenmann et al. made no observations concern-

ing the degradation of aggregate in their tests. 

In connection with the Swedish Malmbanan research project, degradation of railway bal-

last was studied in cyclic loading tests where the ballast placed in a test box was loaded 

cyclically 2 million times by a loading plate (Banverket, 1996d). The tests were made at 
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loading levels of both 150 kPa and 500 kPa. Changes in the grain size distribution of the 

sample material were very small in the tests. No differences exceeding the error margins 

were observed between tests at different loading levels. 

Lim (2004) presents a box test setup developed at the University of Nottingham for the 

simulation of traffic loadings on railway ballast that largely corresponds to the above ar-

rangements. The research dealt with the degradation of four moist ballast aggregates in a 

test of 100,000 loading cycles and its correlation with the results of index tests on railway 

ballasts. The tests used a loading level of 533 kPa, which was reported to correspond to the 

loading caused by an axle load of 20-25 tons. Compared to estimates presented by others, 

the used loading level was markedly high. However, three aggregates degraded very little 

in the tests. The ballast with the lowest strength (Los Angeles coefficient 30), by contrast, 

degraded over six times more than the other aggregates. McDowell et al. (2004a) also re-

ported a lower-strength ballast to have degraded equally to other aggregates, when placed 

underneath a better quality aggregate. Of the discussed index tests, the degradation ob-

served in the box tests correlated most closely to the results of the Los Angeles test 

(McDowell et al., 2004b). 

Triaxially controlled chamber – University of Wollongong

The test setup developed at the University of Wollongong, Australia, to simulate cyclic 

loading of railway ballast (Fig. 2.24) makes it possible to arrange a much more realistic 

stress state in the studied aggregate than the box tests discussed above. Joints and bearings 

are used in the test setup to enable sideward movements of all chamber walls (Indraratna 

and Salim, 2003; Indraratna et al., 2004). Force-controlled hydraulic cylinders are attached 

to the walls to allow adjusting main horizontal stresses to the desired level by moving the 

walls. This is a significant improvement in the simulation of the effects of traffic loading. 

The test setup revealed that the degradation of used railway ballast of worn surfaces was 

about double compared to new railway ballast under similar loading conditions, which was 

assumed to result mainly from micro-cracks formed in the aggregate in use. A geotextile 

placed under the aggregate reduced the degradation of used railway ballast by 45 %. 
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Figure 2.24. Test setup at the University of Wollongong with triaxial force control to simu-

late traffic loading (Indraratna and Salim, 2003). 

Scale model test apparatus – RTRI, Tokyo

Momoya and Sekine (2005) conducted a scale model test at the Railway Technical Re-

search Institute (RTRI) in Tokyo (Fig. 2.25) to determine the impact of an asphalt layer on 

the deformation characteristics of a railway asphalt roadbed. They found a test arrange-

ment simulating a moving wheel loading absolutely necessary in analysing the deforma-

tions from an actual train loading. Continuous rotation of the principal stresses induced by 

a moving train loading was reported to affect permanent deformations. It is clear based on 

the concept presented in Chapter 2.1.2 that rotation of the principal stresses thus also affect 

particle degradation. 
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Figure 2.25. Scale model test apparatus simulating moving wheel loading (Momoya and 

Sekine, 2005). 

The scale of the test arrangement presented by Momoya and Sekine (2005) was 1/5, mean-

ing that there was a "ballast layer" of only 5 cm between the sleeper and the asphalt layer. 

On the other hand, Kolisoja (1997), among others, has stated that under laboratory condi-

tions mechanical properties of aggregates should be analysed with grading as real as possi-

ble since scaled material evidently does not behave the same as original material. 

2.4.7 Assessment of the cleaning limit and service life of the ballast bed 

The analysis of the service life of a ballast bed is based on the idea that at a certain point as 

degradation increases the removal of fine-grained material, that is, ballast cleaning with a 

sieving machine, is the most economical alternative on the basis of the sieving costs and 

the resources required for maintaining rail geometry. This point is called the ballast clean-

ing limit. The estimation of the remaining service life of ballast is tied to its degradation in 

relation to the cleaning limit. It is evident that the assessment of the cleaning limit, that is, 

the most feasible time of cleaning, is not unambiguous because of the several factors af-

fecting it. Different parties have, however, given recommendations for the ballast cleaning 

limit based on research and practical experience. 

North America 

In North America the ballast cleaning limit has been assessed based on the filling of the 

pore spaces between coarse grains, and, on the other hand, the reduction of the water per-

meability of ballast. The method presented by Klassen et al. (1987) and Clifton et al. 

(1987) is based on the assumption that railway ballast has reached the cleaning limit when 

fine-grained material has completely filled the pore space between coarse ballast grains (cf. 

Fig. 2.11). The cleaning limit defined in this way depends essentially on the original grain 

size distribution of the ballast, which determines the original porosity of the aggregate and 
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thus the pore space available for accumulation of fine-grained material. To describe pore 

space completely filled with fine-grained material, Klassen et al. (1987) and Clifton et al. 

(1987) used the so-called Fuller equation (2-4), which has often been used to describe the 

grain size distribution of the material gaining the maximum density with an exponent (n)

value of 0.5. In their opinion, however, the Fuller curve with an exponent value of 0.45 

corresponds best to the coarse-grained aggregates gaining the maximum density, which is 

why they used it to describe the grain size distribution of ballast with pore spaces filled 

with fine-grained material. Based on sieving results from problematic sites, CN (1990) 

later estimated the Fuller equation with an exponent (n) value of 0.80 to describe the grain 

size distribution of ballast that has reached the cleaning limit. 

%100
n

D

d
P        (2-4) 

where 

P is share of the fraction under grain size d in the sample 

d is studied grain size, [mm]

D is maximum grain size, [mm]

n is parameter describing the shape of the grading curve 

Based on the presented cleaning limit estimate, Klassen et al. (1987) and Clifton et al. 

(1987) proposed a method for the advance estimation of the service life of ballast as a re-

sult of an extensive railway ballast survey by CP Rail. They complemented the analysis by 

the cumulative traffic volume on the ballast layer, strength of ballast and estimated linear 

degradation development based on the traffic volume. As a result of the analysis, the set of 

curves of Figure 2.26 was presented for the advance assessment of the service life of bal-

last on the basis of ballast strength expressed as an abrasion number (cf. Formula 2-1) and 

the grain size distribution (cf. Fig. 2.12) determining the original pore volume. According 

to Chrismer and Selig (1994), CP Rail has in its studies overestimated the effect of the 

change of grain size distribution on pore volume and the resulting service life. 

Another approach to the assessment of the ballast cleaning limit in North America is based 

on the reduction of water permeability as ballast degradation increases. Selig et al. (1993) 

measured the water permeability of railway ballast and modelled the dependence of the 

drainage of a degraded ballast bed on precipitation. The critical rainfall required for the 

saturation of ballast was found to decrease steeply when the fouling index of the ballast 

determined as the sum of the percentages passing the 4.75 mm and 0.075 mm sieves ex-

ceeded 30. Selig et al. (1993) do not, however, present an actual recommendation for the 

cleaning limit. According to the estimate presented by Chrismer (1988), the cleaning limit 

is reached when the percentage passing the 4.75 mm sieve is about 20 %. On the other 

hand, Chrismer and Selig (1994) have in their ballast life-cycle economy model (Chrismer, 
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1994) used the highly fouled state presented by Selig et al. (1993), that is, a fouling index 

of 40, which corresponds to a clearly more degraded state.  

Figure 2.26. Set of curves for the advance assessment of the service life of railway ballast 

based on the abrasion number depicting the strength of the aggregate and the original 
grain size distribution of the ballast (Clifton et al., 1987; CP Rail, 1987). 

Australia

Ionescu (2005) maintains that a better indicator of the performance of a ballast layer than 

the fouling index used in North America expressed as the sum of the percentages passing 

the 0.075 mm and 4.75 mm sieves are the percentages passing the 0.075 mm and 13.2 mm 

sieves, since the ballast used in Australia (like in Finland, cf. Fig. 2.12) is originally more 

coarse-grained than in North America. She refers to the finding that in addition to the fines 

content (<0.075 mm), which is suitable for assessing the efficiency of drainage, the ballast 

need for cleaning also depends on the resiliency of the aggregate which should, according 

to her, be assessed on the basis of the percentage passing the 13.2 mm sieve. As an as-

sessment parameter that takes the combined effect of both drainage and resiliency into 

account, Ionescu proposes the ratio of the sieve sizes corresponding to the 90 % and 10 % 

passing percentages d90/d10, which is independent of the original grain size distribution of 

the ballast. According to the presented rating, the ballast cleaning limit, or the highly 

fouled state, is reached when d90/d10 reaches the value 40. As complementary limits based 

on drainage, Ionescu proposes the maximum percentage of 5 % passing the 0.075 mm 

sieve, and based on resiliency requirements, the maximum percentage of 40 % passing the 

13.2 mm sieve. Based on this criterion, the remaining service life of the ballast has been 

estimated, assuming the d90/d10 value to increase linearly. 
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Finland 

In Finland, the ballast cleaning limit has been estimated on the basis of the degradation 

number determined from ballast samples (Fig. 2.18) in terms of the percentages passing 

the 1 mm, 8 mm and 25 mm sieves. The method emphasises the most adverse effect of the 

smallest fractions of fine-grained material on the performance of ballast. Uusi-Luomalahti 

(1994) analysed the gradations of samples taken from both problematic sites and sites with 

no problems at the time of the sampling and thus tried to bracket the cleaning limit. In his 

estimate, the cleaning limit of the ballast layer at the studied railway section is reached 

when the average degradation number of the section exceeds 88. This is the estimated eco-

nomical cleaning limit commonly used in Finland. The estimate has been influenced mark-

edly by the analysis of gradation according to the Fuller equation at a maximum grain size 

of 50 mm, where the degradation number calculated with an exponent (n) value of 0.80 is 

85. It should be noted here that the degradation number calculated from the Fuller curve 

depends essentially on the exponent (n) and the maximum grain size of the material (D) 

(Table 2.6). Because of the cleaning limit assumption used in Figure 2.26 (n=0.45), when 

reaching the service life estimated on the basis of the curve set, railway ballast is much 

more degraded than the degradation number 88 would suggest. A value 30 of the fouling 

index used in North America corresponds to a degradation number of 115-130, depending 

on the form of the grain size distribution. On the other hand, the cleaning limit d90/d10 40 

proposed by Ionescu (2005) corresponds to the above degradation number of 88. 

Table 2.6. Dependence of the degradation number calculated from the Fuller curve, that 
is, the sum of the percentages passing the 1 mm, 8 mm and 25 mm sieves on the exponent 

of the Fuller equation (n) at maximum grain sizes of 55 mm and 63 mm. 

Degradation number at different exponents (n)

of the Fuller equation 

n = 0.45 n = 0.50 n = 0.60 n = 0.70 n = 0.80 

D = 55 mm 129 119 103 90 79 

D = 63 mm 121 111 95 81 71 

Nurmikolu (2000) discussed the sensibility of service life assessment based on the strength 

of railway ballast. On the basis of service life estimates drawn from the gradation database 

(cf. Ch. 2.4.4), and the strengths of aggregates determined from selected track sections, the 

service life expressed as the cumulative traffic loading depends on the strength of the ag-

gregate determined as the sum of the modified Swedish impact value and the Nordic ball 

mill value, as Figure 2.27 indicates. On the basis of that study, it is evident that the 

strength of the aggregate affects the service life of railway ballast substantially, but other 

factors also have a considerable impact. Anyway, the linear regression line of the observa-

tions shown in Figure 2.27 was found to be the best existing estimate for the quantification 

of factors affecting the service life of an aggregate, which is why it was also used in the 

comparison calculations of the life-cycle costs of railway ballast (Nurmikolu et al., 2001). 
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Figure 2.27. Effect of railway ballast strength, expressed as the sum of the modified Swed-

ish impact value and the Nordic ball mill value, on the service life, presented as cumula-
tive traffic volume, of a rail type 54E1 concrete sleeper track, on the basis of Nurmikolu’s 

(2000) observations. The round observation points concern observations from sites with a 

rail type 60E1 and were therefore omitted from the regression line. 

European Rail Research Institute

The European Rail Research Institute (ERRI, 1991) made an inquiry to its member railway 

companies concerning their assessment criteria for the ballast cleaning limit. At that time, 

only two member companies could present a numerical cleaning limit. However, an acute 

need for determining a cleaning limit was sensed, and additional inquiries were made per-

taining to this issue. The ERRI report (1991b) analyses sieving results for samples taken 

by seven member railway companies from ballast beds destined for cleaning. As a result of 

the analyses, ERRI (1991b; also Esveld, 1993) recommends that the ballast layer should be 

cleaned when the average passing percentage with the 22.4 mm sieve exceeds 30 %, which 

roughly corresponds to a degradation number of 45 and is thus of a completely different 

magnitude than the cleaning limit of 88 used by the Finnish Rail Administration. 

The difference can probably be attributed to ERRI’s concerns relating to the selection of 

the survey sites. Samples were initially designed to be taken from railway sections whose 

rail geometry can no longer be maintained by tamping, but in the absence of such sections 

the samples were taken mainly from sites where the decision on renovation had been made 

irrespective of the railway ballast, and the ballast was thus also destined for cleaning. Thus 

the survey had possibly focused on sites where the performance of the ballast bed was still 

markedly high. On the other hand, compared to the sampling point used in Finland (Fig. 

2.18) where the degradation of the ballast bed is almost at its highest, in the survey re-

ported by ERRI the sample was taken from the entire ballast layer under the bottom sur-
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face of the sleeper, in which case the clearly coarser material at the upper section of the 

sampling point (e.g. Collingwood, 1988; Turunen, 1986) reduced the relative share of fine-

grained material in the sample. According to ERRI (1991b), the above-mentioned cleaning 

limit is reached at heavily trafficked railway sections after a traffic volume of about 400 

million gross tons and at less heavily trafficked sections after about 30 years. 

Great Britain 

Based on its studies, British Rail has estimated the pore space between coarse ballast 

grains to be completely filled with fine-grained material when the material contains about 

30 % of under 14 mm fraction (Selig and Waters, 1994; Jefferies and Johnson, 1990). 

Converted into degradation numbers, the results are, on average, very close to the cleaning 

limit value of 88 commonly used in Finland. British Rail has observed the average service 

life of ballast between cleanings to be about 15 years (Jefferies and Johnson, 1990; Selig 

and Waters, 1994). 

Sweden and Norway

Banverket (1996d) notes that no actual cleaning limit is used in Sweden. The surveys of 

the project on the possibilities to increase axle loads at Malmbanan applied a cleaning limit 

based on the limit values recommended by ERRI converted to other sieve sizes, that is, 40 

% passing with the 31.5 mm sieve and 15 % with the 11.5 mm sieve. Correspondingly, 

Jernbaneverket (1999b) notes that there is no systematic monitoring of ballast gradation in 

Norway, and thus no numerical cleaning limit. However, Jernbaneverket regards the 22.4 

mm limit grain size used in ERRI’s recommendation too high for the assessment of the 

performance of railway ballast. 

China 

Zeng Shugu and Zhang Wensheng (1993) note that the usual ballast cleaning cycle in 

China is only 2 to 3 years, which makes it evident that the degradation of railway ballast is 

the key factor determining the overall performance of the railway network. They note the 

cause of this problem to be that in China upto 60-70 % of railway ballast is made of low-

quality carbonate rock. 
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3. TEST MATERIALS AND METHODS 

3.1 Components of the experimental research 

The research consisted of three interrelated component parts. Since crushed rock aggregate 

has not earlier been used as the material of frost protection and intermediate layers in 

Finland, its long-term degradation in actual field conditions could only be observed as to 

ballast. Samples of degraded ballast were taken for that purpose from different points of 

the rail network, and their properties were analysed in laboratory test, especially as con-

cerns fines, but also coarser particles. Results of that research section are dealt with in 

Chapter 4. 

The only possible alternative cost-wise for predicting the degradation of crushed rock ag-

gregates in frost protection and intermediate layer was to develop a laboratory-scale cyclic 

loading system simulating train loading as another component of the research project. Test 

series run with said equipment looked at factors affecting the degradation of crushed rock 

aggregates. The observations of cyclic loading tests are reviewed in Chapter 6. 

The third part of the research involved determining the frost susceptibility of crushed rock 

aggregates – presumed to be a decisive factor for the service life of the frost-protection and 

intermediate layer crushed aggregates – using frost heave equipment developed for the 

purpose. The results of frost heave tests are reviewed in Chapter 5. 

3.2 Research materials 

3.2.1 Ballast bed samples 

Ballast samples were taken from various parts of the rail network, primarily from beds 

having been subjected to long-term traffic. Laboratory analyses of the samples were con-

ducted in order to determine the manner and extent of degradation and, especially, the 

quality of the resulting fines as well as related variations with the aggregates typically used 

in the ballast bed. Frost heave tests on samples also occupied a major role. 

Sampling focussed on points where the ballast had not been cleaned for long and sections 

where the ballast was known to have degraded. On the other hand, an attempt was made to 

decentralise sampling points geographically across as much of the rail network as possible 

to ensure a comprehensive sample of different parent rocks. Figure 3.1 shows the ballast 

sampling points of the rail network and the sources of the other aggregates studied in the 

research (cf. Ch. 3.2.2 and 3.2.4). 

Calculations based on the data of the database maintained by the Finnish Rail Administra-

tion indicate that the ballast of the sampling points has been in place a minimum of 10 and 

a maximum of 41 years without cleaning (Table 3.1). The ballast layers, on the other hand, 

have been subjected to traffic volumes of 40-340 million gross tons (MGT). Samples were 
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taken from points indicated in the Ballast quality analysis guidelines (Rail Administration 

1997) and additional samples below and around said point (Figs. 2.18 and 3.2) with special 

focus on collecting fines for laboratory analyses. 

Figure 3.1. Ballast sampling points along the rail network and sources of other sample 
materials studied in the research. 
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Table 3.1. Cumulative traffic loadings on samples taken from ballast bed and time of bal-
last being in track.*) Combined sample from km 680 and km 710 

Railway section 
Kilometre+

metre

Traffic load on bal-

last before sampling 

 (MGT) 

Time of ballast being 

in track before  

sampling  (years) 

Iisalmi-Ylivieska 586+400 110 35 

Iisalmi-Ylivieska 664+600 130 40 

Kokkola-Oulu 573+275 340 41 

Kokkola-Oulu 624+810 340 41 

Kokkola-Oulu 653+700 320 41 

Kokkola-Oulu 699+990 320 41 

Kuopio-Iisalmi 495+780 235 37 

Kuopio-Iisalmi 518+837 235 37 

Kuopio-Iisalmi 538+720 235 37 

Säkäniemi-Joensuu 598+000 290 38 

Turku-Toijala 233+910 175 39 

Turku-Toijala 248+300 175 39 

Turku-Toijala 260+300 175 39 

Tuomioja-Raahe 703+170 175 37 

Tuomioja-Raahe 714+600 175 37 

Viinijärvi-Siilinjärvi 541+920 80 35 

Viinijärvi-Siilinjärvi 577+000 80 35 

Viinijärvi-Siilinjärvi 663+830 70 28 

Jämsänkoski-Jyväskylä 288+400 145 23 

Jämsänkoski-Jyväskylä 314+610 130 23 

Kouvola-Luumäki / So. 230+780 95 10 

Kouvola-Luumäki / No. 223+830 135 10 

Kouvola-Luumäki / No. 231+880 135 10 

Seinäjoki-Kokkola 449+000 180 23 

Seinäjoki-Kokkola 480+000 180 23 

Seinäjoki-Kokkola 506+000 180 23 

Tampere-Orivesi / So. 194+510 135 36 

Tampere-Orivesi / So. 214+030 135 36 

Tampere-Orivesi / So. 194+080 155 41 

Tornio-Kolari 999+300 50 38 

Tornio-Kolari 920+180 40 29 

Laurila-Rovaniemi 866+250 45 41 

Kontiomäki-Vartius 680&710 *) 45 28 

Pieksamäki-Kuopio 402+470 210 30 

Oulu-Laurila 806+250 210 41 

Oulu-Laurila 756+150 210 41 
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Fig 3.2. Ballast bed dug to sampling initiation level El-30 cm. 

In addition to the samples listed in Table 3.1, samples were also taken from different spots 

of the track cross-section in deviation from Figure 2.18 at a single excavated site of the 

Tampere-Orivesi line in 2002. Eighty ballast-bed samples taken in 2004 from the Tam-

pere-Orivesi line – in connection with the ground penetrating radar research project (Sil-

vast ja Nurmikolu, 2005) – were also included in the research material as well as the 80 

samples from the Pieksamäki-Kuopio line taken in 2005. Said samples were, however, 

analysed primarily only as to particle size which is why they are not included in Table 3.1. 

A broad basis of comparison for the degradation of the examined samples as concerns 

grading was provided by the grading surveys made primarily for the needs of renovation 

planning on ballast bed samples. Surveys were commissioned by the Finnish Rail Admini-

stration at the end of the 1990s on various lines for over 1,200 railway ballast samples. The 

collected data and, for instance, the service life estimates for railway ballast based on the 

data have been dealt with in an earlier publication (Nurmikolu, 2000).  

3.2.2 Reference samples from natural soils 

To allow comparing the properties of crushed rock aggregates and natural soils, especially 

their frost susceptibility, the study also analysed some naturally sorted gravel and sand 

materials. Part of the reference samples were taken from embankment in connection with 

the railway ballast samples and others were collected from natural formations used for 
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earth construction (Table 3.2, Fig. 3.1). Analysis of reference samples was a precondition 

for evaluation of the impacts of switching from the use of naturally sorted materials to 

crushed rock in frost protection and intermediate layers. The grading curves for the materi-

als are shown in Appendix 1. 

Table 3.2. Reference materials of naturally sorted soils.  

Railway section / 

Location of formation 
Kilometre Used in Soil type 

Orivesi-Jämsänkoski 248+120 Intermediate layer Gravelly coarse sand 

Kontiomäki-Vartius 710+880 Intermediate layer Gravelly coarse sand 

Oulu-Kontiomäki km 849 Intermediate layer Medium-coarse sand  

Pieksamäki-Kuopio 402+470 Intermediate layer Coarse sand 

Kontiomäki-Taivalkoski km 665 Gravel ballast Gravelly coarse sand 

Kankaanpää Formation  Fine sand 

Vesanka Formation  Gravelly coarse sand 

Vesilahti Formation  Medium-coarse gravel 

3.2.3 Reference samples from separated minerals 

For comparison, two separate mineral fines were also used in place of the fines of crushed 

rock materials. Quartz and feldspar are among the most typical minerals of Finnish bed-

rock. The fines came from aggregates quarried in Kemiö (Table 3.3); the minerals are 

separated industrially after grinding for use by the glass and ceramic industry. The quartz 

was 98 % pure. The selected feldspar quality contained equal amounts of plagioclase and 

potash feldspar, a combined total of approx. 93 % , the rest being quartz.  

Table 3.3. Separated minerals used as reference fines. 

Fines Source Supplier Product code 

Quartz  (98 %) Kemiö SP Minerals Oy Ab FFQ 200 M 

Feldspar  (93%) Kemiö SP Minerals Oy Ab FFF K7 200 M 

3.2.4 New crushed rock aggregates 

New crushed rock aggregates were used in cyclic loading tests to examine their degrada-

tion under laboratory-scale arrangements attempting to simulate the loading by a train. The 

main focus was on the possible grain size distributions of the frost protection and interme-

diate layer aggregates. Six aggregates came from the construction sites of Kerava-Lahti 

shortcut railway line and one from the Lakalaiva quarry (Table 3.4, Fig. 3.1). Examined 

aggregates were chosen to include materials of different strength, some of which were us-

able on the basis of existing requirement while other did not meet resistance to fragmenta-

tion and/or resistance to wear standards. 
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Table 3.4. Origins of new (unused) crushed rock aggregates. 

Origin Alignment stake reading 

Kerava-Lahti construction site 50+700 

Kerava-Lahti construction site 80+500 

Kerava-Lahti construction site 85+600 

Kerava-Lahti construction site 87+500 

Kerava-Lahti construction site 88+200 

Kerava-Lahti construction site 88+800 

Lakalaiva quarry Quarry 

The properties of the fines of unused crushed aggregates as well as their frost susceptibility 

were also examined. The aim of comparing those properties against those of ballast sam-

ples was to learn about the degradation mechanisms operating in the loading environment 

of the track structure. 

3.3 Studied properties and analysis methods of coarse particles 

3.3.1 Grain size distribution – sieving  

The grain size distribution of the ballast samples taken for the determination of degrada-

tion number was determined by dry sieving in order to enable fines recovery. That also 

allowed determining the degradation numbers of samples given as the sum of the percent-

ages by mass passing with sieve sized 25 mm, 8 mm and 1 mm (Finnish Rail Administra-

tion, 1997). The samples were sieved with a shaker according to standard EN 933-2 using 

a 300 mm diameter sieve set of 63, 50, 40, 31.5, 25, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125 and 

0.063 mm. The vibration time per sample batch was 10 minutes. Part of the samples were 

also washed in a 0.063 mm sieve after dry sieving in order to remove the fines adhering to 

the surface of grains and determine their amount. The water that passed through the wet 

sieve was dried and stored to allow analysing the properties of the fines coming off in the 

wash and comparing them with the properties of fines separated in dry sieving. The grain 

size distribution of reference samples was determined according to standard EN 933-1 by 

wet sieving. However, the samples were dry sieved prior to washing in order to collect the 

fines for more detailed examination. 

The gradation of the extra samples from ballast layers besides those for the degradation 

number (cf. Fig. 2.18) was not determined since the samples were taken aiming specifi-

cally at recovering fine-grained material for more accurate laboratory tests and therefore 

did not reflect the grain size distribution of the ballast layer materials. These samples were 

also sieved and partly washed and used in frost heave tests and other laboratory analyses 

proportioned to the desired gradation. 
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3.3.2 Water absorption and specific gravity 

Water absorption into sample materials was examined in tests run according to standard 

EN 1097-6: clause 8. At the same time the specific gravities of the aggregates were deter-

mined. High water absorption indicates great porosity and consequently susceptibility es-

pecially to frost weathering (cf. Ch 2.1.3). On the other hand, high water absorption may 

also be a sign of chemical weathering. 

To make the water absorption tests on each ballast layer fully comparable 4/31.5 mm grad-

ing of Figure 3.3 was used for all. The varying amounts of organic matter visible in the 

samples was removed such as bits of sleepers, metal scrap, etc. since humus in particular 

would have skewed the results severely due to its high water absorption. Manual separa-

tion of grain sizes 0.063-4 mm was not possible. In the case of some samples this smaller 

fraction (Fig. 3.3) was also tested according to EN 1097-6: clause 9. The organic matter 

was subjected to ignition prior to the test in a furnace at 550 C. With unused crushed rock, 

organic matter was not a limiting factor, so the related water absorption tests were made 

with the mentioned 4/31.5 mm gradation as well as 0.063/4 mm gradation. Grain size dis-

tributions were selected to correspond to the normally observed grain size distributions of 

said grain size ranges of degradation number samples. 

Water absorption tests on the clearly weathered ballast grains as well as those that ap-

peared unweathered to the eye, observed in connection with taking samples from the bal-

last along the Tornio-Kolari line, were run for each particle using the method in accor-

dance with standard EN 1097-6: annex B. Water absorption tests on naturally sorted refer-

ence samples were made using the 0.063-4 mm natural grain size distribution of materials 

as well as the natural 4-31.5 mm grain size distribution in case the material was suffi-

ciently coarse grained. 
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Figure 3.3. Gradations for crushed rock aggregates used in water absorption tests. 

3.3.3 Freeze-thaw resistance 

Freeze-thaw resistance of ballast layer samples was examined in a test conforming to stan-

dard EN 1367-1 where samples are subjected to 10 freeze-thaw cycles submerged under 

water. In deviation from the standard it was not possible to use parallel test samples due to 

the limited amount of sample material. To mitigate this drawback, the test was conducted 

on all nine examined aggregates using two different fractions, 4/8 mm and 8/16 mm.  

3.3.4 Petrographic analysis and strength of aggregate 

A bedrock geologist conducted a petrographic thin section analysis at TUT Laboratory of 

Engineering Geology on two ballasts visually observed to be weathered (Tor-Kol 920+180 

and Tmj-Raa 714+600). The analysis determined the minerals of the thin section and their 

proportions, their texture and grain size, cracking and alteration as well as rock type.  In an 

earlier reported study (Nurmikolu, 2000) thin sections of several ballast samples from 

shoulders of ballast beds were analysed. In the same connection strength and shape surveys 

of ballast layer samples were reported. Chapter 3.6.3 describes strength and shape surveys 

of crushed rock aggregates used in laboratory-scale cyclic loading tests on the degradation 

of new aggregates. 

3.4 Studied properties and analysis methods of fines 

3.4.1 Grain size distribution – hydrometer and Sedigraph 

The grain size distributions of fines under 0.063 mm were determined partly hydrometri-

cally in accordance with the guideline (PANK-2103) of Pavement branch advisory com-
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mittee and partly by Sedigraph equipment. Both methods are based on the correlation be-

tween particle size and their rate of sedimentation. In the hydrometric method rate of sedi-

mentation is observed in water by monitoring changes in specific gravity of soil-water sus-

pension as a function of time. In the Sedigraph equipment sedimentation is observed by 

directing X-rays at different levels of the sedimenting sample and the test lasts only a frac-

tion of the time required by the hydrometric method. 

3.4.2 Mineralogy – X-ray diffraction 

The mineral composition of fines was analysed at TUT Laboratory of Engineering Geol-

ogy using a Philips PW 1729 X-ray diffractometer in accordance with PANK-2301. The 

method is based on the reflection of X-rays falling on the sample which is specific for each 

mineral depending on the diffraction angle and lattice space. The method is semiquantita-

tive so far that the minerals of the sample are identified with high accuracy but the propor-

tions are generally estimates. 

3.4.3 Specific surface area – nitrogen adsorption 

Specific surface area means the combined grain surface area of particles per mass unit. The 

specific surface areas of fines were determined with the Micromeritics FlowSorb II 2300 

instrument by the nitrogen adsorption method in accordance with the PANK-2401 guide-

line. In the method nitrogen gas is adsorbed onto the surface of the fines samples under 

certain standardised conditions. The amount of adsorbed nitrogen allows calculating the 

specific surface area of the sample assuming that a one-molecule thick layer of nitrogen 

covers the surface of the sample. The area covered by a single nitrogen molecule is 

16.2·10-20 m2. Naturally, even nitrogen molecules cannot coat pores smaller than that which 

is why the method does not yield absolutely accurate results as to the total area of particles. 

3.4.4 Water adsorption 

A water adsorption method (PANK-2108) was used to determine the capacity of fines to 

adsorb water vapour at 100 % relative humidity. The water adsorption value yielded by the 

test depicts the amount of water adsorbed onto the sample in seven days expressed as a 

weight per cent of dry mass. Although the basic principle of the method has major similari-

ties with the nitrogen adsorption method, the water adsorption value is not as such fit for 

estimating specific surface area since the thickness of the water molecule layer on particles 

cannot be estimated. 

3.4.5 Pore size distribution – mercury porosimeter 

The Micromeritics PoreSizer 9320 mercury porosimeter was used to determine the pore 

size distribution of fines. The instrument measures the impact of pressure on the intrusion 

of mercury into the pores of the sample material. The amount of mercury intruding for a 

certain pressure increase corresponds to the volume of the pore size area determined by 
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surface tension and pressure. The mercury porosimeter is able to determine the volume of 

pores in the 0.006 to 150 m range as well as the area of pore wall surfaces. Pore size dis-

tributions were determined as the mean of tests on two parallel samples. 

3.4.6 Humus content – ignition method 

The humus content of the fines of samples from the ballast bed was determined by the ig-

nition method in accordance with geotechnical laboratory guidelines (GLO-85). In the ig-

nition method the sample is ignitioned at 800 C for a minimum of one hour during which 

period organic matter burns away. Loss on ignition (LOI) indicates the percentage share of 

the mass eliminated by ignition of the mass of the original dry matter. In the case of 

coarse-grained soils loss on ignition is generally estimated to correspond quite closely to 

the humus content. With fine-grained soils the share of hygroscopic water evaporated dur-

ing ignition, evaluated based on clay fraction content, should be deducted when estimating 

humus content. The clay fraction contents of the fines of the studied ballast layer samples 

were quite small and also quite similar in size at approx. 10 % (cf. Table A1.1). On this 

basis hygroscopic water accounted for about as much of the loss on ignition with all sam-

ples –based on the guideline about one percentage unit. Due to the uncertainties related to 

the matter, Chapter 4 omits the hygroscopic water losses when dealing with loss on igni-

tion. Based on the above assumptions, humus contents can be approximated, if desired, by 

deducting about 1 percentage unit from the presented losses on ignition. 

3.4.7 Surface texture – Scanning Electron Microscope 

The surface texture of fines was analysed at TUT Department of Materials Science using a 

Philips XL 30 Scanning Electron Microscope (SEM). Analysed samples were prepared by 

spreading a uniform layer of fines onto a sample holder coated with electrically conductive 

adhesive. Then the samples received a thin gold-plating to make them electrically conduc-

tive. The samples shown are 200- and 500- fold magnifications. 

3.5 Frost heave tests

3.5.1 Principle of the test programme 

Frost heave tests were used to determine the frost susceptibility of crushed rock aggregates 

used in track structures and its progression as the aggregates degrade. Special emphasis 

was on the correlation between the frost susceptibility and the proportion of fines as well 

as differences between the frost susceptibilities of fines that had generated in actual load-

ing environments. The impact of the proportion of fines on frost susceptibility was evalu-

ated especially in frost heave tests on new crushed rock aggregates. Ballast layer samples, 

again, allowed determining the impact of fines quality on frost susceptibility, within the 

range of variation for fines qualities produced by different source rock materials in the 

actual loading environment. The frost susceptibility of certain gravel and sand materials 

was also examined in order to allow comparing crushed rock and natural soils. 
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The frost heave samples made from ballast layer samples were, for the most part, made by 

proportioning the grain size distributions from sieved fractions as desired to allow compar-

ing the impact of fines quality. The selection of frost heave sample grain size distributions 

was tied to the typical grain size distributions of degraded ballast layer samples and the 

recommended grain size distribution of subballast material and likely progress of degrada-

tion. The grading curves used in each test are shown in Appendix 6.  Due to the test scale 

the maximum grain size of frost heave samples was limited to 31.5 mm. Part of the ballast 

layer samples were also tested for frost heave using their natural grain size distribution of 

under 31.5 mm. Frost heave tests on gravel and sand samples were done using their natural 

grain size distribution of under 31.5 mm.  

3.5.2 Preparation of sample 

Samples were prepared by compacting samples of desired grading or ones of natural grain 

size distribution using the Intensive Compactor Tester - 150RB (ICT, Fig. 3.4a) into a 

PVC pipe (inside diameter 150 mm) which served as the sample mould in the test. Exami-

nation of the impacts of compaction effort suggested that frost heave is slightly reduced by 

very high compaction effort as well as low compaction effort although the overall impact 

of compaction on the frost susceptibility observed during the test was minor (Nurmikolu, 

2005). Based on the observations, it was decided to prepare the samples using moderate 

compaction effort. The standard compaction method used was 50 cycles in the ICT at 6 bar 

pressure. An attempt was made to dimension sample height at 150 mm by selecting for 

compaction the suitable amount of sample based on the material's specific gravity and ex-

perienced compaction of materials. In practice, sample heights varied mainly between 145-

155 mm. 

The biggest method-related problem in laboratory-scale frost heave tests has been consid-

ered the limiting effect of the interface between the sample material and the mould on frost 

heave. As the examined material inside the sample mould tends to rise due to ice lens for-

mation, the frictional force operating at the interface between the mould walls and the ag-

gregate, which is increased by the freezing of water, limit the occurrence of frost heave. 

Different solutions have been sought for the problem such as discussed by Kujala (1991). 

A possible alternative considering compaction with the ICT, and the most workable one as 

to its principles considering the research goal, was to cut-up the sample mould pipes (Fig. 

3.4b). In the cut-up mould pipe individual mould rings can separate from each other in 

frost heave. Then, there is movement between the mould and aggregate only within part of 

one mould ring whereby the frictional force resisting frost heave is considerably less com-

pared to a continuous mould pipe. ISSMFE (1989) has also recommended using a cut-up 

mould pipe. Some other frost heave test methods are described in Chapter 2.3.4. 
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Figure 3.4. Intensive Compactor Tester (ICT) (left) and removal of frost heave test sample 

compacted inside cut-up PVC mould from the compaction-phase retaining mould (right). 

Cutting up the mould pipe was found to reduce decisively the frost heave limiting effect of 

the mentioned friction and freezing compared to a continuous mould pipe. The frost heave 

in a cut-up mould pipe was found to be 2 to 4 fold compared to a continuous pipe using 

identical sample materials (Fig. 3.5).  

Figure 3.5. Two examples of frost heaves with identical samples in cut-up and continuous 

mould pipes. 
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Use of the cut-up mould with some material may be limited by the fact that, especially in 

the case of major frost heave, the sample material may start to fall off during frost heave at 

the edges not covered by the mould (cf. eg. Fig. 3.6). With the materials analysed in this 

research that was not a problem. Also, the separation of the mould rings allowed by a cut-

up mould also causes the thermocouples attached to the rings to move. This results in a 

slight error, for instance, in the calculation of segregation potential (cf. Ch. 5.1.2). Despite 

these drawbacks it was decided to use the cut-up mould pipe in this research since the pri-

mary aim was to examine slightly frost-susceptible materials or ones falling on the elusive 

border between non-frost-susceptible and frost-susceptible – not so much the magnitude of 

the frost action of clearly susceptible materials. Especially the frost susceptibility of aggre-

gates under conditions favourable to frost heave was targeted which is why minimisation 

of factors limiting frost action due to the test arrangements was considered of utmost im-

portance. 

In analysing the results of frost heave tests the fines contents of samples after wet sieving 

were used. Thus they contain the fines forming during compaction.  The amounts of fines 

(<0.063 mm)  produced in standardised 50 cycle (6 bar) compaction and material handling 

varied depending of aggregate and grain size distribution, primarily between 0.5-1.1 per-

centage points. 

3.5.3 Test arrangements 

In the absence of a widely used standardised frost heave test method, the comparison of 

results from different test arrangements is difficult. Even the arrangements used in Finland 

vary somewhat. Since comparison of results gained by different methods would be limited 

in any case, the test arrangements were developed to best suit the requirements of this in-

dividual research.  

The set of equipment built for frost heave testing enabled freezing four samples simultane-

ously (Fig. 3.6). Before starting the test, seven thermocouples calibrated in melting crushed 

ice were attached to a sample at 25 mm intervals. The thermocouples were inserted in 

small holes drilled into the mould rings which put them in direct contact with the examined 

material. At the beginning of the test the samples were saturated by keeping them sub-

merged under water for a day (Fig. 3.7a). At the same time the samples were cooled to 1-2 

C. Then the water level was lowered to about 12 mm above the bottom level of the sam-

ple material and the samples were thermally insulated in order to minimise radial heat 

flows (Fig. 3.7b). The samples were cooled in a thermally insulated freezer in the natural 

freezing direction from top to bottom. Freezing was effected by leading the cooling agent 

cooled by another refrigerating machine to the caps of the samples. The temperature of the 

top surfaces of samples was controlled by computer to -3 C and the bottom surfaces of 

samples with the the water circulation of the base pedestals to +1 C. The supply of addi-

tional water for samples was secured during freezing through the bottom mould ring and 

the base pedestal by maintaining the water level about 12 mm above the bottom surface of 
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the sample. Frost heave was measured during the test by displacement transducers attached 

to sample frames. Displacements and temperatures were recorded in the result file at five 

minute intervals. The freezing phase was continued for a minimum of four days. The only 

load resisting frost action in the tests was the 3 kPa pressure from the caps. 

Figure 3.6. Frost heave test arrangement. The samples were lifted onto an auxiliary table 

after the test and thermal insulations were removed. 

Figure 3.7. a) Sample saturation where samples were completely submerged under water. 

b) Thermal insulation of samples during freezing. 

a b
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The realised arrangement corresponds as to certain elements – e.g. freezing method and 

temperatures – to the test arrangement developed by VTT Building and Transport which is 

based on the method description created as part of the Road Structures Research Pro-

gramme (TPPT) (Onninen, 2001). The most essential differences are in the sample mould 

and temperature gauging as with the VTT arrangement the sample is compacted inside a 

splittable mould, frozen to make handling possible and installed inside a rubber membrane 

within the splittable cell for the actual frost heave test. Temperature is measured from the 

cell walls whereby frost heave does not alter measurement planes. However, even with this 

arrangement the friction between the cell wall and the sample causes problems despite the 

silicone lubrication (Koskinen, 1998). Researchers at the University of Oulu have used 

different procedures in order to avoid the sideway friction that constrains frost heave, for 

instance, a cut-up mould arrangement (e.g. Kujala, 1991). 

3.6 Cyclic loading tests in the analysis of aggregate degradation 

3.6.1 Cyclic loading equipment simulating train loading 

Laboratory-scale analysis of the impact of traffic loading on the degradation of the aggre-

gates of transportation infrastructure have been largely limited to arrangements where the 

direction of the load on aggregate remains the same throughout the loading (cf. Ch. 2.4.6). 

In such arrangements degradation has mainly been clearly less than that observed under 

field conditions, and the loading has primarily resulted in compaction of aggregate (Nur-

mikolu, 2004). However, the role of moving wheel load is recently started to receive em-

phasis (Momoya and Sekine, 2005). 

Compared to an arrangement where the loading direction remains unchanged, the impact 

of actual traffic loading on the aggregate is more severe due to the change in direction of 

the load on a certain particle group caused by a moving train load. The change in the direc-

tion of the highest principal stress on the particle group is outlined in principle in Figure 

3.8. Initially, the greatest principal stress on the particle group comes from the direction of 

the arriving train (1). The direction of the principal stress rotates as the train approaches. 

When the axle is directly above the examined particle group, the greatest principal stress 

operates vertically (2). As the axle moves further, the direction of principal stress contin-

ues to rotate (3). Rotation of the direction of loading as presented in Figure 3.8 is mitigated 

in real life somewhat by the fact that the load in practice is transmitted to the structure al-

ways through more than a single sleeper. Yet, the principle concerning the rotation of the 

direction of loading holds. 
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Figure 3.8. Principle governing change of the major principal stress direction affecting a 

given particle group as the train travels forward (1  2  3). 

As a result of the rotation of the loading direction, the movements between particles caus-

ing breakage and wear have a tendency to occur on alternating contact surfaces and in dif-

ferent directions. This is not possible in test arrangements where the loading direction can-

not change, which is why there the materials quite rapidly becomes compacted and stabi-

lises. That is why allowing the principal stress direction to rotate was a key concern in the 

laboratory test arrangements aimed at simulating actual train loading. 

A laboratory-scale loading arrangement (Fig. 3.9) was developed especially for estimating 

the degradation of the aggregates of the frost protection and intermediate layers. The pur-

pose of the equipment was to simulate the aspects of cyclic train loading which essentially 

affect the degradation of aggregates. The equipment consisted of a steel box measuring 

1220 x 600 x 515 mm3 (length x height x width) holding the tested material, three loading 

plates (440 x 250 mm2, length x width) simulating sleeper segments, a loading frame com-

prising three individually controlled hydraulic loading cylinders and a hydraulic unit.  
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.

Figure 3.9. Cyclic loading equipment developed to simulate train loading and its effect on 

degradation of the aggregates of the structural layers of track. 

In principle the aim of the arrangement was to simulate the train load transmitted from the 

sleepers to the track structure along a section covering three sleepers under one rail as 

shown in Figure 3.10. 

Figure 3.10. Outline of track section intended to be simulated in terms of its main effect on 

degradation of aggregate in the test arrangement. 

A A

A - A
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The test box is outlined in Figure 3.11. The bottom of the box was given the desired level 

of flexibility by varying the thickness of sponge rubber sheets that retain their flexibility 

excellently. The aim was to use the bottom to simulate the behaviour of subgrade and un-

derlaying structural layers. In part of the tests 0.5 mm sheet metal was used on top of the 

rubber sheets which distributed the load to some extent; in some tests the aggregate was 

placed directly onto the sponge rubber sheets. When sheet metal was used, the rubber 

simulating subgrade yielded underneath the loading sheet metal over a wider area and 

lesser in magnitude compared to a situation without the sheet metal where individual 

grains could sink deeper. The impacts of the sheet metal will be dealt with later in Chapter 

6.2.2. 

Figure 3.11. Test box prepared for cyclic loading tests. 

Plywood fills and 30 mm sponge rubber layer topped by 0.5 mm sheet metal were used at 

the ends of the box. The rubber was intended to mitigate the interface-related problem at 

the ends of the box by allowing better recoverable movement of aggregate horizontally. An 

sponge rubber layer of 10 mm, topped with 0.5 mm sheet metal, was used for the same 

purpose also on the long sides of the box. Although the use of sponge rubber succeeded in 

mitigating the problem somewhat, degradation observed around the edges of the box was 

without exception stronger compared to other material and does, therefore, distort the deg-
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radation occurring in actual track (cf.Ch. 6.2.4). The limitations of the edge areas were the 

greatest single problem in simulating the effects of actual train loading. 

The tested material was proportioned initially in nine different batches to desired grain size 

distribution (Fig. 3.12a). The material was compacted (Fig. 3.12c) by a standardised vibra-

tion method to the box in three 120 mm layers whereby the total thickness of aggregate 

became about 360 mm. The impact of vibration compaction and aggregate treatment on 

degradation was quite minor (cf. Ch. 6.2.5). Three different sample batches were used for 

each layer and were placed using a split mould (Fig. 3.12b) in order to attain a well mixed 

grain size distribution. As seen from Figure 3.11, the tested aggregate filled 980 mm of the 

box length and 475 mm of its width which means that the aggregate volume of the tests 

was approx. 170 dm3. The bulk densities of compacted aggregate (Fig. 3.12d) ranged, de-

pending on grain size distribution, from uniformly graded (about 1.55 t/m3) to broadly 

graded grain size distributions (about 1.95 t/m3). Thus, each test required normally a good 

300 kg of aggregate. 

Figure 3.12. Placement of aggregate proportioned to the desired grain size distribution in 
nine boxes (a) using a split mould (b). After vibration by layers (c) the surface of the ag-

gregate (d) is level. 

The pressure supplied by automatically controlled electric valves to hydraulic cylinders 

transmitted to the aggregate through the steel loading plates which simulated the sleeper 

segment directly beneath the rail (cf. Fig. 3.10). The load was applied in turn on each load-

dc

ba
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ing plate in an attempt to alternate the direction of the load on a certain particle group as 

when the train moves (cf. Fig. 3.8). For instance, if the direction of travel of the train is 

assumed to be from right to left, the load is first applied to the right-hand loading plate, 

then removed and applied to the middle plate, then removed again and applied to the left-

hand plate. The loading situation is depicted by the example of Figure 3.13 concerning 

measurements of forces applied to the loading plates. A single loading cycle consisting of 

three successive loading pulses as depicted (i.e. ”axle passing”) could be realised with the 

equipment at 2.5-4 Hz depending on the test conditions. The loading direction (i.e. ”direc-

tion of train travel ”) was changed after every 100 cycles. Tests ran for the most part for 

either 3 million or 6 million cycles, so the time taken by a single test was normally 12-25 

days. When using a loading level estimated to correspond to an axle load of 250 kN, 3 mil-

lion cycles can be estimated to correspond to about 150 million ton train loading, if we 

assume on the basis of literature (cf. Ch. 2.1.2) that one loading cycles corresponds, due to 

the unreleased strain, to two successive axles weighing 250 kN. 
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Figure 3.13. Example of loading pulses applied to aggregate during two loading cycles. In 
the depicted case they correspond to about 660 ms, i.e. the loading frequency of the exam-

ple case is 3.0 Hz. 

The loading levels selected for the test series were based on the loading levels occurring at 

different levels of the track structure at different axle loads presented in measurements and 

models in literature (Nurmikolu, 2004 and Ch. 2.1.2). On the basis of literature observa-

tions, the loading level applying to the ballast and intermediate layers depends on many 

factors, for instance, the stiffness of rails and sleepers, stiffness of subgrade, layer thick-

nesses and structural layer materials. Thus, the loading levels occurring at a certain level of 

a structure due to a certain axle load cannot be defined unequivocally.  
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The loading levels of the test series were 150, 225 and 300 kPa, where loading level refers 

to the mean vertical stress applying on the underside of the loading plate during the load-

ing pulse (transmitting to the aggregate). Of the three, 150 kPa was estimated to corre-

spond in a normal case to a mean loading from an axle load of about 250 kN at the top 

surface of the intermediate layer when slight dynamic loading factor is taken into account 

(pulse factor perhaps around 1.2). Since stresss in coarse-grained material are distributed 

unevenly due to the particle-nature of the material, the intermediate layer is locally sub-

jected to clearly higher than average loads from the ballast layer. To take this into consid-

eration, the basic loading level of tests was put at 225 kPa, which provides a margin vis-à-

vis the means loading level of the intermediate layer up to 300 kN axle loading and dy-

namic loading factor. That 225 kPa corresponds in magnitude to the mean quasistatic load-

ing on the ballast layer from a 250 kN axle load obtained in several modellings. The high-

est, 300 kPa, loading was selected to represent a mean quasistatic loading on the ballast 

layer from a 300 kN axle load, or, on the other hand, the load on the ballast layer from a 

250 kN axle load considering a pulse factor of about 1.3. Loading levels were adjusted as 

desired by controlling the operation of the hydraulic pump continuously based on force 

measurements during the test. 

Two different methods were used to prevent turning and twisting attempts of loading 

plates caused by rearrangement of the particles and uneven deformations of the aggregate. 

The simpler one prevented twisting of the plates and limited their turning by tying the 

plates together with two thin and flexible flat iron bars as shown in Figures 3.11 and 3.14a. 

This method proved problematic whenever the loading plates sunk a lot or very unevenly. 

With the second alternative guide pistons attached to the loading plates were forced to 

move inside accurately machined guide bushings (Fig. 3.15 and 3.14b). Contact surfaces 

were lubricated during the test. Said arrangement prevented effectively unwanted move-

ments of loading plates, but the increased friction between the pistons and bushings due to 

the tendency to turn "taxed" the load exerted on the aggregate and made its estimation dif-

ficult (cf. Ch. 6.2.3). In the initial stages of developing the test arrangements narrower, 150 

mm wide, loading plates were also used but were quickly abandoned due to their strong 

tendency to turn and twist which prevented running long test series.  
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Figure 3.14. a) Flat tie bars and b) guiding piston solutions used to prevent turning and 

twisting of loading plates. 

Figure 3.15. Alternative arrangement based on guide pistons and bushings for preventing 

turning and twisting of loading plates. 
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3.6.2 Degradation observation and displacement measurements 

Cyclic loading tests were conducted to determine the impact of various factors on degrada-

tion of aggregates and displacement behaviour. Examined aggregate-related factors con-

sisted of grain size distribution, presence of fines and strength of aggregate. Factors classi-

fied as condition factors in the test series included flexibility of bottom and water whose 

impacts were assessed in both completely saturated and moist material, where evaporation 

was prevented by polyethene sheeting around the test box. Loading level was varied within 

the limits presented in the previous chapter. The effects of the ballast tamping were also 

examined with view of the ballast layer. The summary of conducted tests is presented in 

Chapter 6, Table 6.1. 

The tests focussed primarily on degradation of material. That is why all the material in the 

box was sieved before and after the test. Aggregates used in cyclic loading tests were 

sieved on laboratory scale in a high capacity sieve shaker. Sieve size was 575 x 375 mm2

and used sieve set 63, 50, 40, 31.5, 25, 16, 8 and 4 mm. In deviation from standard EN 

933-2 used sieves were woven (not square-hole sieves). Material of grain size less than 4 

mm was divided using a sample divider in accordance with standard EN 932-2, and the 

divided sample was sieved according to the procedure mentioned in Chapter 3.3.1. After 

sieving, part of each fraction was washed using a 0.063 mm sieve in order to determine the 

amount of fines adhering to the surfaces of grains. Thus, the indicated grain size distribu-

tions are wet sieved results. A single cyclic loading test generally required a good 300 kg 

of aggregate which was sieved in its entirety prior to the test to produce the desired grading 

and afterward to determine degradation. Thus, the sieve scale used enabled sufficient accu-

racy while being the smallest possible. The shaker was used to sieve about 25,000 kg of 

crushed rock aggregate during the project. 

In the development phase of the test arrangement the analysis of degradation involved test-

ing sample bags (Fig. 3.16a) placed in different sections of the test box and mesh fabric 

bags (Fig. 3.16b) dividing the box up. The aim of the separation was to allow examining 

degradation occurring in various sections of the box as well as to reduce the amounts 

needed to be sieved. A limitation of the small fabric bags was found to be that they al-

lowed sorting of aggregate during the placement phase when the mix of the aggregate 

could not be observed. The problem in wet tests would have been the obstruction of the 

free passage of water. Moreover, fabric bags created points of discontinuity in the aggre-

gate making slippage and shearing action easier. The mesh fabric bag allowed unob-

structed passage of water but was surprisingly observed to crucially affect formation of the 

shear zones into the sample and thereby essentially distorting the behaviour of aggregate. 

The issue is dealt with in more detail in connection with the results in Chapter 6.2.1. 
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Figure 3.16. Means of separating aggregates used in degradation tests that were found 

unfit. On left, small fabric bags placed in different sections of box; on right, mesh fabric 

bag used in middle section of box to separate materials. 

Besides degradation, the tests also measured the recoverable and permanent displacements 

of the loading plates with Balluff Micropulse displacement tranducers, built in load cylin-

ders, that tracked the movements of hydraulic pistons (Fig. 3.17a). The force applied by 

the hydraulic cylinders to the loading plates was measured by load cells attached to bottom 

end of cylinders (see Fig. 3.17b). The operation of the hydraulic pump was controlled on 

the basis of force measurements during the test to maintain the desired loading level. 

Figure 3.17. Fixed displacement transducers (a) installed on loading cylinders and load 

cells (b). 

In order to assess load distribution and flexible behaviour of the bottom, part of the tests 

measured permanent and recoverable deformations also using displacement transducers of 

type Hewlett Packard 7DCDT-250 (see Fig. 3.18) installed at different elevations of the 

material and in the bottom rubber. The sensor housings were attached underneath the bot-

tom of the box (Fig. 3.18b). The sensor pins moving inside the housings (and inside the 

sensor, see Fig. 3.18a) travelled in holes drilled in the plastic and rubber sheets at the bot-

tom (cf. Fig. 3.11) to the desired measurement level. The sensor pin used to measure flexi-

bility of the bottom rubber was fastened to a sheet metal on top of the bottom rubber caus-

a b

a b
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ing the pin to follow the movements of the sheet metal. The operation of the sensor was 

based on the position of the lower end of the pin within the sensor. A given shift in the pin 

resulted in a change of a certain magnitude in the electromagnetic field. Displacements 

were also examined within the aggregate by raising the sensor pin above the bottom rub-

ber. The aggregate was placed and compacted normally to the desired level (120 mm or 

240 mm above the bottom). Then, a metal plate, 60 mm in diameter, was attached to the 

end of the sensor pin which made the pin follow the movements of the plate. 

Figure 3.18. Sensor used to measure displacement of aggregate and bottom rubber with 

accessories and assembled (a) as well as attached to bottom of box (b). 

3.6.3 Research on properties of cyclic loading test materials 

The strength and shape properties of crushed rock aggregated used in cyclic loading tests 

(Table 3.4) were analysed in several standardised laboratory tests. Strength analyses were 

conducted with the modified Swedish impact value and the Nordic ball mill methods that 

are falling into disuse (VR, 1995) as well as the new micro-Deval (EN 1097-1) and Los 

Angeles (EN 1097-2) methods. The Nordic ball mill and the micro-Deval tests measure 

mainly the abradability (hardness) of aggregate. On the other hand, the results of the modi-

fied Swedish impact test indicate resistance to fragmentation (toughness). The results of 

the Los Angeles test describe mainly the aggregate's resistance to fragmentation, but also 

to a limited extent abradability as is typical of drum tests. 

In connection with the modified Swedish impact value and Nordic ball mill tests the elon-

gation and flakiness of the used fractions were also determined. Elongation (EN 933-4) 

refers to the ratio of a grain's longest (c) and shortest (a) dimension (c/a). Flatness, again, 

refers to the ratio of the middle (b) and shortest dimension (b/a). Shape index (EN 933-4) 

is determined as the percentage share of elongated grains in the aggregate. The shape of 

some aggregates was studied in flakiness index determinations (EN 933-3). Flakiness in-

dex refers to the percentage share of flaky grains in the aggregate product. 

The bedrock geologist conducted a petrographic thin section and visual analysis on the 

cyclic loading test materials at TUT Laboratory of Engineering Geology (cf. Ch. 3.3.4). 

a b
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Reports on the petrographic analyses and results of strength and shape studies are pre-

sented in Appendix 3. 

In addition to the mentioned tests, the crushed aggregates of the cyclic loading tests also 

underwent the tests of Chapters 3.3 and 3.4 as to the properties of their coarse grains and 

fines. The new crushed rock aggregates used in cyclic loading tests were also used in frost 

heave tests. 
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4. RESULTS OF STANDARD LABORATORY TESTS  

4.1 Principle of the analysis 

Sampling-based analyses of railway ballast degradation have until now been limited 

mainly to determining the grain size distribution of degraded aggregates. On that basis it is 

impossible to assess the significance of different factors in degradation. Consequently, 

there are no research results on the quality of the fines created by degradation and its effect 

on the performance of the aggregate. 

In this study, ballast degradation occurring in an actual track structure over decades was 

determined by extensive series of standard laboratory tests with a special view to the qual-

ity of fines. An attempt was made to cover an extensive range of typical ballast aggregates 

by a geographically distributed sampling at different points of the railway network to be 

able to present general conclusions on the degradation mechanism of ballast aggregates in 

Finnish conditions. To establish the relative significance of different factors contributing to 

degradation, particular attention was paid to possible signs of chemical alteration of the 

aggregate and degradation due to environmental loads. Ballast fines having existed in the 

bed for a long time were thought to be the best, although only indicative, approach consid-

ering the potential degrading effect of environmental loads on crushed rock aggregates of 

the frost protection and intermediate layers. 

The results of standard laboratory tests on ballast samples and their fines will be discussed 

in the following chapters. The results of tests on some gravel and sand materials, unused 

crushed rock aggregates and commercial mineral fines will be discussed for reference. 

Comparison with gravel and sand is sensible particularly in the case of frost protection and 

intermediate layer materials. Sampling sites and analysed materials were presented in 

Chapter 3.2 and the test methods in Chapters 3.3 and 3.4. 

4.2 Grading 

4.2.1 Grain size distribution and amount of fines in ballast bed 

Dry sieved grading curves for ballast samples taken according to the Ballast quality analy-

sis guidelines (Finnish Rail Administration, 1997) are presented in Appendix 1 (Figs. 

A1.1-A1.6) together with wet sieved grading curves for natural reference soils (Figs. A1.7 

and A1.8). Extensive grading data on earlier ballast sample studies have been reported in 

previous publication (Nurmikolu, 2000). 

Degradation numbers calculated from the ballast samples as the sum of the percentages 

passing the 1 mm, 8 mm and 25 mm sieves are presented in Table A1.1 of Appendix 1 

together with fines contents obtained in dry sieving (<0.063 mm) and the internal particle 

size distributions of fines. The shares of different percentages passing are discussed below 
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in Chapter 4.2.2. Data on the grain sizes of fines in natural reference soils and new unused 

crushed rock aggregates are shown in Table A1.2. 

The grain size distribution within fines was quite similar in all ballast bed samples (Fig. 

4.1). The shares of the under 0.02 mm fraction in the fines separated by dry sieving were in 

the 45-60 % range almost without exception, the average being 55 %. Correspondingly, the 

clay fraction contents of fines separated by dry sieving (shares of under 0.002 mm frac-

tions) were relatively low, on average 11 %. As the share of fines in a ballast sample is 

generally about five per cent maximum, the amount of the very finest particles in the fines 

of ballast is rather small. Consequently, the contents of the under 0.02 mm fraction and the 

clay fraction and their variations are generally taken into account in the comparison of 

fines contents. 
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Figure 4.1. Shares of under 0.02 mm and under 0.002 mm particle size fractions in fines of 
ballast samples, new crushed aggregates and natural reference soils separated in dry siev-

ing (<0.063 mm). 

The particle size distributions of fines in samples taken from ballast beds correlated closely 

with those of fines in new crushed aggregates created in aggregate production (Fig. 4.1). 

This indicates that the fines of new crushed rock aggregates do not generally degrade sig-

nificantly in the track structure. Since fines are particularly susceptible to chemical weath-

ering due to their large grain surface, this finding suggests that chemical weathering has 

not played a significant role in the degradation of ballast bed samples. Strong chemical 

weathering could be expected to manifest itself as an increase in the shares of the finest 

fractions of the fines, above all that of the clay fraction. 
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However, to determine the precise amount of fines (<0.063 mm), ballast bed samples 

should be wet sieved, as in some cases a considerable portion of the fines adhere to the 

surfaces of coarser grains in dry sieving. Table A1.3 presents observations on some more 

closely studied samples concerning the separation of fines in dry sieving. The amount of 

fines separated only in wet sieving varied highly between different aggregate types, reflect-

ing differences in the type and strength of the adherence of fines. The total amount of fines 

was not found to correlate with the amount of fines separated only in wet sieving.  

In all cases fines removed only in wet sieving had a clearly smaller particle size than fines 

removed in dry sieving, as Figure 4.2 shows. In the four analysed ballast samples the share 

of the under 0.02 mm fraction in fines obtained by dry sieving was, on average, 60 % 

while the corresponding share in fines obtained by wet sieving was 87 %. The shares of the 

under 0.002 mm fraction were 11 % and 17 %, respectively. Taking into account the shares 

of fines separated in dry and wet sieving, the share of the under 0.02 mm fraction in the 

fines of the samples was, on average, 8 percentage points higher when the fines that sepa-

rated only in wet sieving were considered in addition to those separated in dry sieving. 

Because of the difficulties in recovering fines adhering to surfaces, more detailed analyses 

of fines had to be limited mainly to fines separated in dry sieving. For this reason, the re-

sults of the fines analyses do not accurately reflect the properties of the real fines in aggre-

gates, where the share of fines adhering to coarser grains, and consequently excluded from 

the analyses, is high and its quality differs from that of the fines separated in dry sieving. 
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Figure 4.2. Shares of under 0.02 mm and 0.002 mm particle size fractions in fines sepa-

rated in dry sieving and subsequent wet sieving (<0.063 mm). 
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Worth noting in Figure 4.1 is the markedly high deviation in the particle size distribution 

of natural soils which differs from that of crushed rock aggregate samples. For example, 

the share of the clay fraction was relatively high in materials from Vesilahti and Vesanka. 

The deviation is a natural result of the fact that the fines content is determined by the par-

ent rock of a deposited soil, dispersal and deposition conditions and possible subsequent 

weathering. It is obvious that compared to the variation in these geological factors, the 

variation in the crushed rock aggregate production process and its effects on the grain size 

distribution of produced fines are rather small. 

In the analysis of the total amounts of fines in ballast samples, the effect of internal migra-

tion of materials, made possible by their coarse grain size and uniform grading, should be 

taken into account. In pore space between coarse ballast grains the fines content is locally 

considerably higher than the average fines content measured from the sample.  

4.2.2 Evaluation of the performance of ballast bed by grading analysis  

Commissioned by the Finnish Rail Administration, extensive degradation number analyses 

were conducted on different railway sections in the late 1990s to determine the need for 

ballast cleaning (Nurmikolu, 2000). As shown in Figure 4.3, the results revealed that the 

degradation number varied very heavily within a given railway section even between sam-

ples taken from the same ballast bed from consecutive kilometres. The sampling was found 

to be highly sensitive to variations in sampling depth. On the other hand, based on very 

careful sampling, the average standard error of degradation numbers determined from ad-

jacent sleeper intervals was assessed at only 4.4 units (Nurmikolu, 2000), which means 

that the variation in the degradation number shown in the example of Figure 4.3 cannot be 

attributed to mere random variation. The variation indicates that, besides ballast quality, 

there are also other significant factors contributing to ballast degradation. Further studies 

are required to establish the structural factors that have contributed to degradation numbers 

that are exceptionally high or low compared to the average for the section. Stricter material 

requirements for railway ballast are a limited and economically poor means to reduce deg-

radation, if ultimate causes of exceptional degradation are structural. 

Because of the above-mentioned variation, ballast samples taken at intervals of about one 

kilometre only allow assessing the average degradation of ballast in a railway section. An 

excellent tool for examining the degradation of ballast in a given section is presenting deg-

radation numbers in the form shown in Figure 4.3, which reveals whether the degradation 

numbers fall within the said even variation over the entire railway section. In the 

Seinäjoki-Eskola section shown in the example, three ballast sections with clearly different 

degradation numbers can be distinguished, which has been found to be at least partly at-

tributable to differences in the strength of the ballast material (Nurmikolu, 2000). This 

finding has been made use of in the acquisition of ballast for assessing the effect of ballast 

strength on the service life of the ballast bed and consequently on life-cycle costs. The 

presentation of the figure makes it possible to detect the most degraded subsections and 
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their prioritisation for ballast sieving. A closer sampling interval naturally improves divi-

sion into subsections and, on the other hand, the detection of potential structural factors 

that accelerate degradation. 
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Figure 4.3. An example of high variation in degradation numbers within a given railway 
section and estimation of average ballast layer condition of railway sections Tampere-

Jyväskylä (km 187-341, sampling year 1996) and Seinäjoki-Eskola (km 418-606, sampling 

year 1995). 

Presently, the limit value of the degradation number for ballast cleaning is 88 (cf. Ch 2.4.7, 

or e.g. Nurmikolu, 2004). The water retention and frost susceptibility related performance 

of a ballast bed can be expected to deteriorate especially with an increase in the shares of 

the finest fractions. For this reason, the percentage passing the 25 mm sieve cannot be con-

sidered the best indicator of the performance of the ballast bed. This issue will gain in-

creased importance in the future when evaluation of the degradation of ballast aggregates 

of 31.5/63 mm grain size, used since around 1995, begins. Then, the percentage passing 

the 25 mm sieve will be significantly lower compared to ballast with a similar percentage 

of the finest fractions and original grain size of 25 mm or larger, that is, 25/55 mm that was 

used until 1995. Fines content (<0.063 mm) would certainly be a suitable parameter to 

describe the water retention and frost susceptibility related performance of ballast beds. 

However, in the light of what was said above, its determination requires wet sieving, 

which would considerably increase the sieving workload when processing hundreds of 
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samples. Considering the relationship between the grading parameters shown in Figures 

4.4 and 4.5, a parameter that approximately corresponds to degradation number 88 and, in 

principle, describes the performance of ballast better would be a sum of 35 of the percent-

ages passing the 8 mm and 1 mm sieves (Fig. 4.5). With the exception of the percentage 

passing the 0.063 mm sieve, relationships between different parameters do not seem to 

depend significantly on the basic aggregate.  

However, besides the water retention and frost susceptibility related performance of a bal-

last bed, the cleaning limit should also be examined with respect to rail deficiency meas-

urements and effectiveness of tamping. An attempt to find correlation between the rail ge-

ometry deficiency parameters and certain ballast properties would be a sensible starting 

point for the study. 

Figure 4.4. Correlation of percentages passing different sieves with degradation number. 
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Figure 4.4d shows that in ballast corresponding to degradation number 88, the percentage 

passing the 25 mm sieve is about 50-55 %. As the grains to be returned to track are the 

very grains separated by the 25 mm sieve, on the basis of this estimate, about 45-50 % of 

ballast that has reached the cleaning limit could be returned to track. In many cases the 

recovered percentage of ballast has been about 50 %, thus in these cases ballast cleaning 

seems to have taken place approximately at a theoretically sensible cleaning limit.  
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Figure 4.5. Relation of degradation number to the sum of percentages passing the 1 mm 
and 8 mm sieves. 

Selection of the most suitable sampling depth for grading samples in the assessment of the 

performance of ballast beds is an important but difficult basic question. Fines are known to 

fall to the bottom of the bed through the pore space of ballast. Thus, especially at the be-

ginning of the degradation process, the bottom of a ballast bed contains considerably more 

fines than the higher parts. Pore space is gradually filled with the progress of the degrada-

tion, and fines start to accumulate on the higher levels. A key question here is whether it is 

more important for the performance of a ballast bed that its upper levels still contain pore 

space that maintain its performance or that the pores on the lower levels are filled with 

fines that deteriorate performance. With a view to deformation properties of ballast and 

effectiveness of ballast tamping, pore space at the upper levels of a ballast bed can proba-

bly adequately maintain performance, but, on the other hand, considering water retention 

and frost susceptibility fines are harmful irrespective of level. The contradictory nature of 

this issue is further emphasised in exceptionally thick ballast beds where a relatively little 

degraded layer may go rather deep while a clearly degraded layer still exists at the bottom. 

In the light of the presented problems, it is evident that a sample taken from the level El-30 

cm to El-40cm (El is Elevation line, Figs. 2.10 and 2.18), according to the present Ballast 

quality analysis guidelines (Finnish Rail Administration, 1997), does not unambiguously 

indicate the performance of a ballast bed. On the other hand, fixing the sampling depth at a 
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constant distance from the bottom of the ballast bed would, in the case of variable bed 

thickness, disregard the possible good condition of the top section of the ballast bed. Mor-

ever, determination of the boundary between the ballast and the intermediate layer is sel-

dom unambiguous. 

An excellent tool for solving the dual problem would be the use of a core-sample drill that 

would enable sampling through the entire ballast bed. One such sampler built in an old 

tamping machine, Ballastprovtagare - MUM 9601, is used in Sweden, and has been pre-

sented in an earlier publication (Nurmikolu, 2000). Such an automated sampler also mini-

mises the risk of random errors in sampling. It also enables the assessment of ballast thick-

ness as well as sampling of subballast layers. Solutions for the assessment of the degrada-

tion and performance of ballast may also be provided by ground penetrating radar (GPR) 

applications, whose development, commissioned by the Finnish Rail Administration, is 

under way (Silvast and Nurmikolu, 2005). GPR provides a workable solution already with 

existing applications for assessment of ballast thickness and total thickness of structural 

layers.

It is quite common that due to raised elevation lines and settling of subgrade, ballast thick-

ness is markedly higher than the 550 mm (measured from El) required (Finnish Rail Ad-

ministration, 2002) by a concrete sleeper track (e.g. Kolisoja et al., 2000). For this reason, 

it would be essential to extend ballast cleaning deep enough to remove fines accumulated 

at the bottom of the ballast, on the surface of the intermediate layer. Deep enough cleaning 

is particularly problematic in frost-insulated structures where the frost insulation boards 

immediately below the ballast bed are still working and should be left intact. If this layer 

containing fines is not cleaned in sieving, a frost-susceptible layer that reduces water per-

meability remains in the structure, which compromises the benefit from the cleaning. 

In connection with an excavation along the Tampere-Orivesi section the degradation of 

ballast was studied at different points of the track structure cross-section. Degradation 

numbers determined by sieving are shown in Figure 4.6. The figure reveals that degrada-

tion in the middle of the track was very low. By contrast, there were a lot of fine-grained 

materials at the ends of sleepers, especially accumulated at the bottom of the ballast bed. 

This degradation together with insufficient ballast thickness was deemed to be reason for 

the breakage of about 4,000 recently replaced concrete sleepers in the railway section. The 

low stiffness of highly degraded ballast under the rails and at the ends of sleepers, and the 

high bearing capacity of the clean ballast in the middle, was thought to have caused tensile 

stresses exceeding the breaking strength at the top surfaces of sleepers. Referring to what 

we have already noted in the foregoing, this observation supports the idea that relatively 

sound ballast at the top of a bed is not necessarily enough to ensure the performance of the 

entire ballast bed. 
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Figure 4.6. Strong correlation of degradation to the location of the sampling point at the 

ballast bed cross-section established at the Tampere-Orivesi section in connection with 

investigation into the breakage of concrete sleepers. Samples were taken from below a 
sleeper.

4.3 Physical properties of coarse aggregate particles  

4.3.1 Particle strength, shape and petrography 

Strength, grain size and thin section analysis on ballast samples have been especially ex-

amined in an earlier study (Nurmikolu, 2000). In this research such tests were systemati-

cally made only on new crushed rock aggregates (Chapter 6.6 and Appendix 3) to support 

degradation analyses by the cyclic loading tests discussed in Chapter 6. 

Two individual thin section analyses (Appendix 2) were, however, made on ballasts found 

to have clearly weathered surfaces just by visual inspection in sections Tornio-Kolari (km 

920+180) and Tuomioja-Raahe (km 714+600). The ballast of the Tor-Kol section was 

quite obviously country rock from the chrome production at the Kemi mine. A few dozen 

ballast grains that in visual inspection appeared highly weathered were found at the sam-

pling point (see Fig. 4.10, top row). The thin section analysis revealed the main minerals in 

the mineral composition to be soft talc (43 %) and chlorite (21 %), an alteration product of 

biotite. Other minerals of the sample were also highly altered and fissured, the weathering 

class of the sample being W2-W3 (Uusinoka, 1975). At worst, the chemical weathering of 

the aggregate was so advanced that corners of grains could be removed by hand. 

Chemical weathering of the studied ballast grains from the Tornio-Kolari section was sig-

nificant, but in visual inspection it seemed to be limited, at least at the sampling point, to a 

small number of grains. This material may have been supplementary ballast whose share in 

the ballast material was relatively low, at least at the sampling point. Another explanation 

is that the original aggregate contained only a small amount of the most weathered mate-
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rial. Nevertheless, strong alteration in feldspar, pyroxene and hornblende (Appendix 2) 

suggests that the weathering that had weakened the aggregate had taken place over hun-

dreds of thousands of years before the crushing of the aggregate. Thus, the main problem 

at that point is not the chemical weathering of the ballast in the track structure but the use 

of aggregate weakened by long-term chemical weathering. The low strength of the ballast 

would surely have been detected already in strength tests and petrographic analysis before 

ballast installation that are currently required for the CE marking of ballast. 

In sample Tmj-Raa 714+600 chemical weathering was manifested as iron compounds de-

posited on grain surfaces (Fig. 4.7). The thin section analysis (Appendix 2) ascertained that 

the iron originated from the material itself and not from external sources. In the thin sec-

tion analysis the aggregate was found to contain easily weathering opaque minerals (4.4 

%). In the weathering of opaque (sulphides, oxides) and dark (biotite and amphibole) min-

erals, iron separates from the aggregate, oxidises and turns into different compounds that 

form deposits (ferric hydroxides and oxides) (eg. Uusinoka, 1975). On the other hand, iron 

deposited on grain surfaces may in some cases originate from a source external to the ac-

tual ballast aggregate. In railways such potential sources of iron include material fallen 

from iron ore wagons and, at least in theory, material released by the wear of rails, wheels 

or brake shoes or the grinding of rails and, locally, other random factors. For this reason, it 

is important in the study of iron deposits to determine if the iron originates from the ballast 

aggregate and is thus a sign of the chemical weathering of the ballast, as in the case of the 

thin section analysis here. Also in the case of sample Tmj-Raa 714+600, the iron was 

found to have been released when mica had weathered into chlorite (26 %). 

Figure 4.7. Clearly weathered ballast sample Tmj-Raa 714+600 covered by iron com-
pounds (right) and ordinary unweathered sample (left). 
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Unlike the Tor-Kol sample, chemical weathering in this Tmj-Raa sample had probably 

taken place after aggregate production, as the surface texture of coarse particles was 

weathered on all crushed faces. Therefore it is the first clear and verified observation on 

chemical weathering along a Finnish railway line during the service life of the aggregate in 

the track structure. On the other hand, according to present knowledge, a maximum of 3 % 

of opaque minerals and 5 % of chlorite are allowed in ballast materials, which require-

ments have also been included in the present quality requirements for ballast by the Fin-

nish Rail Administration (cf. Ch. 7.1.1) (Finnish Rail Administration, 2005b). Another 

Tmj-Raa section sample (km 703+170) also displayed iron compounds on grain surfaces 

but clearly less than in sample km 714+600. In other studied ballast samples iron com-

pounds could be observed only in individual grains of some samples (Fig. 4.8). 

In previously reported thin section analyses of samples from the bottom of the shoulders of 

the ballast bed (Nurmikolu, 2000), no chemical alteration weakening the structure of the 

aggregate was found. Likewise, no significant visually observable chemical weathering 

was found in the present study, except in the above-mentioned samples from the Tornio-

Kolari and Tuomioja-Raahe sections. 

A general observation pertaining to the planning of the renovation of tracks is that deter-

mining the strength of aggregate in ballast beds is important in order to evaluate if the re-

turn of coarse grains to the track makes sense. The requirements set on new supplementary 

ballast should also be considered in the evaluation. This issue is of principal importance, 

because the strength of the ballast in beds renovated in the 1960s to 1980s seldom con-

forms to present requirements in Finland. 
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Figure 4.8. Overview of iron compounds adhering to ballast grains after wet sieving of 
ballast samples. The figure also shows the colours of the fines of the samples before (right) 

and after (left) ignition (see also Fig. 4.13). 
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4.3.2 Water absorption  

The porosity of aggregate and possible related water absorption are decisive factors as to 

the susceptibility of the aggregate to frost weathering during the service life of the material 

in the structure. On the other hand, water absorption reflects already occurred chemical 

weathering of aggregates and the resulting increase in porosity. To some extent water ab-

sorption may be thought to indicate possible susceptibility to chemical weathering during 

service life. 

With the 26 studied ballast bed samples, the mean of water absorptions determined from 

the 4/31.5 mm fraction (cf. Ch. 3.3.2) was 0.20 %. Exceptionally high water absorptions 

(0.80 % and 0.40 %) were found in samples from the Tuomioja-Raahe section (Fig. A1.9, 

Table A1.4). The water absorptions of other ballast samples were quite low (max 0.28 %) 

and their deviation quite small. Without the samples from the Tuomioja-Raahe section, the 

mean of water absorptions was 0.16 %, but clearly higher rates were also found for sam-

ples Tor-Kol 920+180 (water absorption 0.28 %), Oul-Lau 756+150 (0.25 %), Iis-Yvk 

664+600 (0.23 %) and Kok-Oul 699+900 (0.22 %). The findings concerning weathering 

and iron deposits in the samples discussed in the previous chapter are quite in line with 

these results. In relation to the above-mentioned weathering, the relatively low water ab-

sorption of sample Tor-Kol 920+180 can be explained by the low share of highly weath-

ered grains in the sample, or, on the other hand, the hydrophobic properties of talc. 

Water absorptions were determined from the finer (0.063/4 mm) fraction of five ballast 

bed samples after humus was burned off (cf. Ch. 3.3.2). Water absorption of each sample 

was higher than in the coarser fraction of the same sample. In the case of sample Tor-Kol 

920+180 the difference was small, but with four other samples water absorptions in the 

0.063/4 mm fraction were 2 to 5 fold compared to the 4/31.5 mm fraction. The correlations 

between water absorptions determined from different fractions were surprisingly low (Fig. 

4.9), especially considering the standardised grading of the samples (cf. Ch. 3.3.2). 
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Figure 4.9. Correlations of water absorptions determined from different fractions. 

The results of water absorption tests on new crushed rock aggregates and gravel and sand 

materials are illustrated in Figure A1.10. The water absorptions of finer fractions of these 

samples were also higher compared to coarser fractions in each of the four analysed cases. 

Worth noting in the case of natural soils is the clearly higher deviation in water absorptions 

compared to ballast samples and, on the other hand, the relatively high water absorptions, 

in particular, of the gravel of Vesilahti. The deviation may, at least to some extent, be 

thought to reflect differences in the progress of weathering. In general the preconditions 

for the weathering of natural soils have during thousands of years been completely differ-

ent from those of crushed rock aggregates whose grain surfaces have been exposed to cli-

matic loads for only a few decades (cf. Ch 4.4.4). 

The general level of the water absorptions of new crushed rock aggregates corresponded 

closely to the general level of the ballast bed samples, with the exception of the samples 

from the Tuomioja-Raahe section. Despite the small amount of new crushed rock samples, 

it appears that the water absorptions of aggregates in ballast beds have normally not in-

creased significantly, at least in the coarser fractions. This seems to indicate that the struc-

ture of coarse ballast grains has not generally deteriorated significantly. 

The water absorptions of the grains from the Tornio-Kolari section (km 920) with highly 

weathered surfaces, discussed in the previous chapter, were determined separately for each 

grain (cf. Ch. 3.3.2). For reference, the test was also made on grains with no visually ob-

servable weathering and from different rock materials, whose water absorptions were with 

one exception (0.39 %) in the range of 0.06-0.24 %. Even clearly weathered grains had 

surprisingly low water absorptions. In fact, the water absorption of a grain appearing 

highly weathered (App. 2) was 1.42 %, but the water absorptions of three less but still no-
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tably weathered grains were only 0.30-0.48 % (see Fig. 4.10). According to practices based 

on present knowledge (EN 13242, EN 13450), the weathering resistance of aggregates 

should be ensured by additional tests if the water absorption of the material, in a conducted 

test version (EN 1097-6: annex B), exceeds 0.50, which would not have applied to the 

three most clearly weathered grains. The relatively low water absorptions suggest that the 

clearly visible weathering of the grains is limited mainly to their surfaces, without causing 

a marked increase in their porosity that would increase water absorptions and thus enable 

frost weathering and accelerated degradation due to train loading and tamping. 

Figure 4.10. Grain-specific water absorptions determined for ballast grains with clearly 

weathered surfaces (top row) and for grains with no visually observable weathering. Miss-
ing is the grain with the highest water absorption (1.42), which was used for the thin sec-

tion shown in Appendix 2. 

4.3.3 Freeze-thaw behaviour  

Differences in the results for the freeze-thaw tests (cf. Ch. 3.3.3) on the ballast bed samples 

followed the results of the water absorptions tests. The test result for sample Tmj-Raa 

714+600 was in a class of its own among the nine aggregates selected for the test (Fig. 

A1.11). The test result from the 8/16 mm fraction (2.58 %) was about ten-fold compared to 

other samples (0.12-0.31 %) and very high also in comparison with other research results. 

For example, in an extensive European reference study (Pétursson and Schouenborg, 

2003), which had a particular focus on loose and porous rock types, the highest average 

freeze-thaw test result, 1.87 %, was measured for limestone and the next highest, 1.21 %, 

for altered basalt. To some extent the high test result for sample Tmj-Raa 714+600 may be 
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attributable to the loosening of iron compound deposits on the grains due to the test, but 

this does not alter the fact that freeze-thaw cycles degraded the aggregate rather effec-

tively. Therefore, it is susceptible to frost weathering also in the track structure. 

The second highest test result (0.31 %) concerned sample Tor-Kol 920+180 discussed 

above, which had some clearly weathered grains. The test results for the finer fraction (4/8 

mm) were considerably higher, on average over 2.5 times the results for the 8/16 mm frac-

tion. Figure 4.11 shows that water absorption correlates rather closely with the result of the 

freeze-thaw test. 
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Figure 4.11. Correlation of water absorptions and freeze-thaw test results. 

4.3.4 Specific gravity 

Deviation in specific gravities between ballast samples and between new crushed rock ag-

gregates could be observed due to natural variations in bedrock (Figs. A1.12 and A1.13). 

The specific gravities of samples varied in the 2.63-3.15 t/m3 range. The specific gravities 

of gravel and sand samples (Fig. A1.13), in contrast, were very close to each other, which 

is explained by the sorting due to migration and deposition during the formation of these 

materials, and their variation range was only 2.64-2.68 t/m3. In the case of ballast samples, 

the specific gravity determined for the smaller fraction was in each five cases found 

somewhat higher than that of the coarser fraction. 
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4.4 Physical properties of fines  

4.4.1 Mineralogy 

The mineralogy of fines of the samples was studied with the X-ray diffraction method (cf. 

Ch. 3.4.2). The indicative estimates of the mineral compositions of the ballast samples 

obtained by the method are presented in Figure A1.14.  

The most common rock minerals, quartz, feldspars (plagioclase and potash feldspar), and 

amphiboles (mainly hornblende) generally constituted most of the fines of the ballast sam-

ples. These hatched sections of the bars in Figure A1.14 can be considered an inevitable 

result of the mechanical degradation that even strong aggregates are subject to in a ballast 

bed. Their high percentage in the total amount of fines can be considered a good thing as it 

indicates that these minerals resist chemical weathering even when they are contained in 

fines that have a thousands of times larger grain surface exposed to chemical activity com-

pared to coarser particles. 

The conspicuous coloured sections in Figure A1.14 are soft and easily degraded talc and 

mica minerals, easily degradable and soluble carbonate minerals and soft weathering prod-

ucts, chlorite, clay minerals and clearly observed iron compounds (cf. Ch. 4.4.2). Soft min-

erals have the lowest mechanical resistance in an aggregate, and they probably accumulate 

in fines. 

The effects of potential chemical alteration of the materials of a track structure can be ex-

amined basically in terms of three factors: 

1) At worst deterioration caused by the alteration of minerals weakens the entire 

structure of rock, which makes the aggregate decisively more susceptible to me-

chanical degradation.  

2) Especially minerals in fine fractions with a very large grain surface area may due 

to chemical alteration become more harmful for the performance of the aggregate. 

Evidence of differences between hard rock minerals in the harmfulness of fines 

has not been produced. Presumably any possible differences between these min-

erals cannot be associated with the mineral species but only their degree of altera-

tion and porosity of the rock aggregate. Compared to them, talc, mica and chlorite 

may due to their softness or weathering generally be considered to be more harm-

ful minerals in terms of the properties of their fines. There is clear evidence (Ch. 

2.3.4) on the harmfulness of different clay minerals based on such properties as 

their water retention and susceptibility to frost. 

3) The weathering of coarser particles releases new fines that deteriorate the per-

formance of the material. 
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A crucial question in the assessment of the possible chemical weathering of ballast sam-

ples is whether the alteration of minerals has taken place mainly over millions of years 

within bedrock prior to the crushing of the aggregate. If this is true, the weathering prob-

lem is obviously the result of a wrong material selection that would be avoided based on 

present knowledge, as the aggregate installed in the track has already been weathered. If, 

on the other hand, the decisive factor in the progress of the weathering process has been 

that the grain surface area exposed to environmental loads has increased thousands of 

times by the crushing and mechanical degradation of the rock aggregate, the situation is 

more difficult. Then, it would be essential to be able to determine the aggregates and min-

erals that despite their originally sound condition are susceptible to chemical alteration in 

the track structure due to an increase in their grain surface area. Compared to ballast, this 

issue is even more important in the frost protection and intermediate layer aggregates that 

have originally larger grain surface area and a longer service life requirement. 

Among individual samples, worth noting was sample Tor-Kol 920+180, whose large 

amount of very soft talc indicated a very low mechanical strength of the aggregate. Talc 

also occurred in samples Oul-Lau 756+150 and Lau-Rov 866+250, although in clearly 

lesser quantities. All of the above samples were also estimated to contain marked amounts 

of chlorite, which is the weathering product of biotite and amphiboles. Along the con-

cerned sections in the Oulu-Tornio region the presence of talc and chlorite is obviously the 

result of the use of low-strength country rock from the Kemi chrome mine as railway bal-

last. In addition to the above samples, the share of chlorite was estimated to be rather sig-

nificant in samples Oul-Lau 806+250, Pmk-Kuo 402+470, Tor-Kol 999+300 and Kon-Var 

680&710. The shares of mica, by contrast, were estimated rather low in all ballast bed 

samples considering their assumed accumulation into the fines. Together with the presence 

of chlorite this may indicate the weathering of mica into chlorite. A very large amount of 

biotite was found in two new crushed rock aggregates (Lakalaiva and Kerava-Lahti line 

km 85+600; Fig. A1.15). Some gravel samples also contained considerable amounts of 

mica. Calcite was found in small quantities in two ballast samples. The prevalence of clay 

minerals would also be an alarming indication of advanced weathering of hard rock miner-

als. For this reason their estimated low shares, not more than about 5 %, can be regarded as 

a good sign of the weathering resistance of even the finest fractions, which eliminates the 

possibility of a disastrously rapid weathering progress. On the other hand, minor amounts 

of clay minerals were estimated to occur in a relatively large number of samples. 

As regards the weathering of chlorite-containing samples, a decisive but difficult question 

is whether the chlorite has formed during the relatively short service life of the material 

after the production of the crushed rock aggregate. The same applies to the origin of clay 

minerals, where basic materials may, at least in theory, also be feldspars. It is obvious that 

most of the observed chlorites have formed over millions of years and been present in the 

rock during crushing; nevertheless, there is no proof that especially biotite and amphiboles 

turned into fines by mechanical degradation had not weathered in the highly intensified 

weathering conditions in the decades after crushing. In fact, thin section analysis of sample 
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Tmj-Raa 714+600 revealed this to be the case with biotite even with some coarse particles 

(cf. Ch. 4.3.1 or App. 2). In practice, the significance of such chemical weathering, if it 

occurs, depends on whether the alteration essentially reduces the strength of coarse ballast 

particles or is essentially limited to their surfaces or finer fractions produced by mechani-

cal degradation. Reduction in the strength of coarse particles would crucially promote me-

chanical degradation in the long run, but based on the findings it has generally not oc-

curred to a significant extent in the ballast samples. Possible weathering of fine-grained 

material might to some extent increase its harmfulness as a factor deteriorating the per-

formance of the aggregate, but it should be borne in mind that even if it occurs, only part 

of the fines is susceptible to alteration. 

The general situation with the mineralogy of fines of ballast bed materials can be depicted 

roughly as shown in Figure 4.12. Hard rock minerals, quartz, feldspars and amphiboles 

constitute, on average, up to 80 % of the fines of the analysed 35 ballast samples. In the 

light of what was said above, this may be considered a good thing in terms of resistance to 

chemical weathering, although, with the exception of quartz, the alteration process of these 

minerals might have begun. 
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Figure 4.12. Indicative average mineral content of the 35 ballast samples based on X-ray 

diffraction analyses. 

Maybe even somewhat surprisingly, no systematic difference was found in the proportions 

of minerals in fines separated in dry sieving or only in subsequent wet sieving (Fig. 

A1.16). However, in some aggregates, especially the sample Oul-Lau 756+150 and the 

sand from Kankaanpää, the shares of mica, chlorite and talc were estimated to be some-

what higher in the fines separated by wet sieving conducted after dry sieving than those 

separated in dry sieving. In general, the fines adhering most tightly to the surfaces of 

coarser grains were not be observed to have a systematically assorted mineral content. 
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Differences in mineral content between fines and a fine-grained 0.5/1 mm fraction were 

rather small in the analysed samples (Fig. A1.17). The same also applied to coarser frac-

tions of individual samples from the Tpe-Orv section. This suggests, on the one hand, that 

the fines have evidently mechanically separated from the basic aggregate and, on the other 

hand, that the analysed aggregate has not contained significant amounts of particularly 

weak minerals, which would have heavily accumulated in the fines. The aggregates are 

rather similar in type, and weathering-resistant quartz and feldspar constitute an over-

whelming majority of the aggregate, which is why the results cannot be generalised to ag-

gregates containing large amounts of dark or soft minerals. 

Based on the studies discussed in Chapter 4 the mineralogical recommendations for the 

crushed rock aggregates used in track structures are represented in chapter 7.1.  

4.4.2 Organic material and iron deposits 

Figure A1.14 depicting the mineralogical compositions of the fines of ballast samples also 

shows the losses on ignition (cf. Ch. 3.4.6) of the samples. The losses on ignition generally 

seem to be rather high in the majority of samples, on average 5.1 %. It should be noted that 

in the course of decades all organic material driven by wind, coming off the wooden sleep-

ers, and, in particular in earlier times, dropping from wagons accumulates on the uncov-

ered ballast bed (ch Ch. 2.4.1). In the observed proportions, organic matter plays an essen-

tial role in binding water in the ballast bed as discussed further in the following chapter.  

Loss on ignition was found to be less in fines separated in dry sieving than in those sepa-

rated only in subsequent wet sieving (Fig. A1.16). This indicates that some of the organic 

matter adheres more tightly to surfaces of coarse particles than mineral fines. 

Besides chlorite and clay minerals, discussed in the previous chapter, the presence of iron 

deposits in ballast samples may be an indication of their chemical weathering (cf. Ch. 

4.3.1). Iron content was indicated by the reddish colour of fines (Fig. 4.13). Iron com-

pounds may also be observed in X-ray diffraction analysis if they are sufficiently crystal-

lised. Otherwise the determination of their proportions requires chemical analysis. Among 

the aggregates studied both by X-ray diffraction and colour, Tmj-Raa 714+600 was esti-

mated to contain a lot of iron. The fines were reddish brown and after ignition a rather in-

tense red. Even in visual inspection of the coarser grains, the sample appeared clearly 

weathered and after wet sieving still completely covered by reddish brown material (ch. 

Cg. 4.3.2, Fig. 4.7). The X-ray diffraction analysis suggested that iron compounds occur in 

significant quantities also especially in the fines of another sample from section Tuomioja-

Raahe (km 703+170) and of sample Kuo-Iis 518+837 (cf. Fig. A1.14). These samples were 

also among the most reddish in colour (Figs. 4.8 and 4.13). 

Loss on ignition and iron deposits are also relevant in the assessment of the effects of dif-

ferent fines qualities in that the effects of water bound by organic material and iron depos-
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its have been found to be different from those of water adsorbed by minerals (Nieminen, 

1985). 

Figure 4.13. Colours of ballast sample fines before (right) and after (left) ignition. 

4.4.3 Specific surface area and water vapour adsorption 

The mean of the specific surface areas determined for the fines of the 36 studied ballast 

bed samples was 6,500 m2/kg and water adsorption 2.8 %. A striking general observation 

was that the specific surface areas (Fig. A1.18) and water adsorption rates (Fig. A1.19) of 

ballast samples varied extensively. Many ballast samples had a very large specific surface 

area and water adsorption, which also applied to part of the gravel and sand samples (Figs. 

A1.20 and A1.21). Figures A1.18 and A1.19 show that in the case of ballast samples spe-

cific surface area and water adsorption seem to correlate with the loss on ignition of the 

samples to some extent. Figure 4.14 which depicts the correlations reveals that, in practice, 

loss on ignition largely determines the water adsorption of ballast samples. The value of 

the linear correlation coefficient of determination (R2) is 0.83. The correlation of loss on 

ignition with specific surface area is weaker, and, correspondingly, the coefficient of de-

termination is 0.49. 
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Figure 4.14. Correlation of the water vapour adsorption (a) and specific surface area (b) 

of fines in ballast samples to loss on ignition. 

The water adsorption of fines also correlated, though not very closely, with the share of the 

under 0.02 mm fraction in the fines. The value of the linear correlation coefficient of de-

termination (R2) is 0.27, or 0.38 excluding the Tmj-Raa section samples that deviate from 

the trend. 

The effect of ignition on the specific surface areas of ballast samples is illustrated in Figure 

A1.18. In samples with large specific surface areas before ignition, the areas had decreased 

essentially after ignition. This means that the organic material burned off in the ignition 

must have a clearly larger specific surface area compared to the remaining (mineral) mate-

rial of the same sample. The difference must be really pronounced, because the specific 

surface area of several samples was reduced to one fourth of the original due to a loss on 

ignition of merely 7 %. The effect of ignition on specific surface area is well depicted by 

Scanning Electron Microscope images of the fines of sample Tmj-Raa 714+600 (loss on 

ignition 13.1 %) before and after the ignition as a considerably reduced amount of the very 

finest particles after the ignition (Fig. 4.15). 
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Figure 4.15. SEM images of the fines of sample Tmj-Raa 714+600 before (left) and after 

(right) the ignition. 

The fact that loss on ignition is generally not as closely related to the specific surface areas 

as to the water adsorptions of samples (Fig. 4.14b) may be due to variation in the quality of 

the organic material. This idea is supported by the fact that the specific surface areas of all 

ignitioned aggregates settle to much the same level despite marked differences in specific 

surface areas determined before ignition, as Figure 4.16 clearly reveals. The settlement of 

the specific surface areas on the same level after ignition is an indication of relatively simi-

lar characteristics of mineral (rock-based) fines of ballast bed samples. The specific surface 

areas of the analysed 14 ballast samples after ignition were in the 2,600-5,900 m2/kg range 

(mean 3,800 m2/kg), whereas before ignition they were in the 2,900-22,200 m2/kg range 

(mean 9,200 m2/kg) with the same samples. The post-ignition level is relatively low, for 

example, compared to evidently weathered natural soils, gravel from Vesilahti (23,300 

m2/kg) and sand from Vesanka (9,300 m2/kg), or to new crushed rock aggregates with a 

high mica content, Lakalaiva (8,500 m2/kg) and km 85+600 (6,800 m2/kg). This finding 

suggests that the rock-based fines of the ballast samples were quite sound and unweath-

ered.
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Figure 4.16. Specific surface areas of fines in ballast samples in relation to loss on igni-
tion and observed general level of the specific surface areas of ignitioned samples. 

A similar reducing effect of ignition on water adsorption cannot be observed in Figure 

A1.19. The water adsorptions of some samples decreased to one third of the original due to 

ignition, but those of some other samples more than doubled. Thus the ignition somehow 

distorted the water adsorption properties of the mineral material. In any case, based on 

Figure 4.14a it is evident that organic material has a decisive impact on the water adsorp-

tion of ballast samples especially in case exceeding 4 % of the amount of fines.  

Fines of the ballast samples can be approached from two angles. Organic material should 

be taken into account in the study of the fines of the entire ballast bed. On the other hand, 

when assessing the degradation of ballast aggregate based on the properties of fines, or-

ganic material should be excluded from the studied fines. However, the organic material of 

the ballast bed effectively retains water, which contributes, among others, to future degra-

dation (cf. Ch. 6.5). For this reason, determination of water adsorption before burning hu-

mus off is well suited to describing the properties of ballast bed material, and it can be 

supplemented by the determination of specific surface area. To assess the degradation be-

haviour of mineral aggregate, the properties of mineral fines can be examined based on 

the specific surface area of an ignitioned sample. However, ignition evidently distorts the 

water adsorption properties of mineral material at least at the ignition temperature of 800 

C used here. Based on the average for the studied material (2.8 %) and observed varia-

tions, it can be noted that if the result of the water adsorption test before ignition is over 4 

%, the fines of the sample can be considered more water adsorbing than regular fines in 

ballast beds. On the other hand, with a view to the obvious weathering of sample Tmj-Raa 

714+600 established in the previous chapter, the weathering of the aggregate or more 

harmful than average quality of mineral fines should be taken into serious consideration at 

least where the specific surface area of the ignitioned sample exceeds 5,000 m2/kg. Differ-
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ent research methods complement each other to form a system for the assessment of the 

degradation of the aggregate and water adsorption of the ballast bed. 

As regards the fines of the ballast bed in individual samples, the highest water absorption 

and largest specific surface area prior to ignition were observed with sample Tmj-Raa 

714+600 (22,220 m2/kg, 9.23 %), where loss on ignition was also highest (13.1 %). A 

large specific surface area, over 10,000 m2/kg was found in a total of seven of the analysed 

36 ballast samples. As to water adsorption, the next highest value after the Tuomioja-

Raahe section was found in the sample Lau-Rov 866+250, although its adsorption was 

considerably lower (4.50 %).  

The correlation of water adsorption and specific surface area is not unambiguous (Fig. 

4.17). This is partly a natural result of the fact that the determination of specific surface 

area based on the nitrogen adsorption excludes the smallest pores up to slightly bigger di-

mensions than in the case of water adsorption (Nieminen, 1985). An explanation may also 

be found from the differences in the water adsorption of materials with a given specific 

surface area and, consequently, the thickness of water molecule layers adhering to the sur-

faces of particles in water adsorption tests. The figure reveals, for example, how the water 

adsorptions of fines in ballast beds separated only in washing after dry sieving were higher 

than average in relation to their specific surface areas. The relative shares of the finest frac-

tions in the fines of these samples were higher than average (cf. Table A1.4). On the other 

hand, the situation with the gravel and sand samples with the lowest amounts of the finest 

fractions was opposite to the average situation. 
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test materials. 
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Differences in the specific surface areas of fines separated in dry sieving or only in subse-

quent wet sieving are presented in Figure A1.22, and differences in water adsorption in 

Figure A1.23, respectively. The figures also present average values calculated considering 

the proportions of fines separated at different stages. In the case of the specific surface 

areas of four analysed ballast samples no significant systematic difference between fines 

separated at different stages could be observed. By contrast, the water adsorptions of the 

ballast samples were at least 1.5-fold compared to water adsorptions in the fines separated 

only in wet sieving than in the fines separated in dry sieving. Compared to average fines of 

the sample, the difference was naturally smaller. In the Kankaanpää sand and new crushed 

rock aggregate from km 85+600 differences between fines separated in dry sieving and in 

wet sieving were very big both in terms of the specific surface area and water adsorption, 

but in these samples most of the material was separated already in dry sieving (cf. Table 

A1.4), which meant that the effect of fines separated in wet sieving on the properties of 

average fines was low. In Vesanka sand the difference in the specific surface area was sig-

nificant also for the average fines, because as much as 69 % of the fines of the sample were 

separated only in wet sieving. 

4.4.4 Porosity and surface texture 

The pore size distributions of the fines of the samples were analysed with a mercury po-

rosimeter (cf. Ch. 3.4.5). The average total pore volume of the fines of the analysed ballast  

bed samples was 0.51 ml/g. With crushed rock aggregates, the largest pore volume was 

found for sample Tor-Kol 920+180 (0.655 ml/g; Fig. A1.24). The overall variation range 

of the results was rather narrow. Among the analysed reference samples, the pore volume 

was markedly large in the Vesilahti gravel (0.658 ml/g). When pores were divided accord-

ing to Nieminen (1985) into gravitation (>10 m), capillary (1-10 m) and adsorption 

pores (0.006-1 m), capillary pores were found to constitute the main part of the pore vol-

umes of the fines (Figs. A1.25 and 4.18). The total surface area of pore walls (Fig. A1.26), 

on the other hand, was determined mainly based on the very smallest adsorption pores 

(Fig. 4.19). Thus, especially a large pore surface area may indicate weathering. 

The average pore wall surface area of the fines of the analysed ballast samples was 7.1 

m2/g. The largest pore surface areas were found for the fines of samples Vii-Sii 541+920 

(10.1 m2/g), Iis-Yvk 664+600 (10.1 m2/g) and Tor-Kol 920+180 (9.8 m2/g; Fig. A1.26). 

The pore areas of both analysed new crushed rock aggregates, Lakalaiva and Kerava-Lahti 

shortcut line km 50+700, corresponded to the lowest pore areas of ballast samples (under 5 

m2/g). This observation suggests that the pore area of the fines of some ballast samples 

may clearly increase in the track structure, but this conclusion calls for verification by 

more extensive research material on new crushed rock aggregates.  

A particularly noteworthy finding regarding pore areas is that among the analysed refer-

ence materials, gravels from both Vesilahti (15.8 m2/g) and Vesanka (13.6 m2/g) displayed 

very large pore areas of fines. This together with the high water adsorptions and specific 
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surface areas of the samples in question supports the idea that the fines of the naturally 

sorted coarse-grained materials are in some cases more harmful than fines created from the 

crushed rock aggregates by degradation in the track structure. In general, the preconditions 

for the chemical alteration of the fine-grained material contained in sands and gravels into 

more porous, and thus more harmful, materials have in the course of millennia been highly 

stricter than with rock aggregates mechanically degraded in the track structure, crushed 

only a few decades ago. On the other hand, the material of coarse-grained soils has already 

during sorting been freed of the material most susceptible to alteration, unlike crushed rock 

aggregate. In this respect the mineralogical requirements for crushed rock aggregate used 

in track structures are justified. 

Figures 4.18-4.20 illustrate differences in the pore size distributions of samples most di-

vergent from typical ballast samples. It should, however, be stressed that in general the 

curves depicting the pore size distributions of ballast samples are quite congruent, as 

shown in Figures 4.18-4.20. As regards the most divergent samples, Figures 4.20 and 4.18 

reveal that the higher than average total pore volume of Vesilahti gravel and ballast sample 

Tor-Kol 920+180 resulted from the exceptionally high number of both 4-6 m and 30-50 

m pores. Correspondingly, the extremely large total pore area of Vesilahti gravel and 

Vesanka sand was due to the large number of adsorption pores under 0.2 m in size (Figs. 

4.19 and 4.20). It was interesting to note from an enlargement of Figure 4.20 a clear peak 

in the pore volume of these samples at the approx. pore size of 0.1 m. The frost suscepti-

bility of the divergent samples shown in the figures was also found exceptionally high con-

sidering their fines content; this observation will be discussed in more detail in Chapter 5 

(e.g. 5.4.1). 
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Figure 4.18. Cumulative pore volumes in relation to pore size with regular ballast samples 

and with samples diverging the most from the analysed fines. 
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Figure 4.19. Cumulative pore surface areas in relation to pore size with regular ballast 
samples and with samples diverging the most from the analysed fines. 
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Figure 4.20. Incremental intrusion of mercury into pore space due to gradual pressure 

increase (increase of cumulative pore volume in Fig. 4.18) with regular ballast samples 
and samples diverging the most from the analysed fines. 

The correlation of the total pore volume of fines and the volume of gravitation and capil-

lary pores with loss on ignition, water adsorptions and specific surface areas of fines dis-

cussed above was weak. The linear correlation coefficient of determination (R2) remained 

in all cases under 0.1. This was also the case with total pore areas and the areas of each 

pore size category. Distinct differences between tests methods are indicated, for example, 

by the fact that the correlation of specific surface area, determined by the nitrogen adsorp-

tion, and the total pore surface area, determined with a mercury porosimeter, was very 

weak (Fig. 4.21a). The variation range of areas determined with a mercury porosimeter 

was clearly smaller than with specific surface areas determined by the nitrogen adsorption. 

Unlike other pore volume and pore area parameters, the volume of adsorption pores corre-

lated to some extent with loss on ignition (R2=0.41; Fig. 4.21b), water adsorption 

(R2=0.39) and specific surface area (R2=0.25). Particularly noteworthy, however, is the 

correlation of loss on ignition with the volume of the very smallest pores. Thus, organic 

material contained in the fines of the ballast samples affects not only water adsorption and 

the specific surface area discussed in the previous chapter (cf. Fig. 4.14) but also the vol-

ume of adsorption pores. 
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Figure 4.21. Poor correlation of pore areas determined with a mercury porosimeter with 

specific surface areas determined as the nitrogen adsorption (left), and the distinct corre-
lation of adsorption pore volume with the loss on ignition (right) in the fines of the ballast 

bed samples. 

The discussed findings on porosity gained by a mercury porosimeter, as well as assump-

tions about weathering based on specific surface areas, were strongly supported by Scan-

ning Electron Microscope images (Figures 4.15 and 4.22). The SEM images showed that 

the surface texture of the mineral fines particles of the ballast bed samples, as well as that 

of new crushed rock aggregates, was generally fairly sound. In sample Tor-Kol 920+180, 

which deviated clearly from the others in most index tests, the particle size was generally 

slightly smaller and the particle shape clearly more flaky compared to the other ballast bed 

fines. However, surface texture was found to be fairly sound also in sample Tor-Kol 

920+180. In another diverging sample, Tmj-Raa 714+600, the deviations in index proper-

ties of fines were largely induced by organic matter (Fig. 4.15) although some weathering 

of mineral particles could also be seen. In contrast to ballast bed samples and new crushed 

rock aggregates, the surface texture of some natural soils, especially the gravel from Vesi-

lahti and sand from Vesanka, was highly porous as a result of distinct weathering. 
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Figure 4.22. SEM images of fines at 500-fold magnification. Top row: examples of an un-
weathered ballast bed sample and a new crushed rock aggregate. Middle row: ballast bed 

samples with divergent index properties. Bottom row: weathered gravel and sand samples. 
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5. FROST HEAVE TEST RESULTS 

5.1 Review of the results 

5.1.1 Conducted tests and principle of their analysis 

Frost heave tests investigated the frost susceptibility of ballast samples, and samples of 

these proportioned to the desired gradings, in freeze tests where sample materials could 

absorb extra water during freezing. Moreover, to achieve comparability, tests were con-

ducted on some naturally sorted coarse-grained soils and new crushed rock aggregates. 

The key issue in minimising technical test constraints was the use of a cut-up sample 

mould pipe. Frost heave test arrangements and sample preparation techniques were dealt 

with in more detail in Chapter 3.5.  

The test and aggregate data as well as result parameters relating to run frost heave tests are 

listed in Appendix 5. The grading curves for tested aggregates can be found in Appendix 6. 

Grain size distributions of samples were for the most part made to correspond to ones that 

may be possible in the frost protection and intermediate layers due to degradation. The 

focus of the survey was, thus, on aggregates with fines contents under 10 %.  

The following provides a general review of the results, result parameters and their mutual 

correlations and an assessment of the repeatability of the frost heave test. Analysis of the 

frost susceptibility of aggregates starts with the evaluation of the impact of fines content on 

the frost susceptibility of examined samples (Ch. 5.2). Other properties of the aggregates 

used in frost heave tests, and especially their fines, were examined in extensive laboratory 

tests whose results were reviewed in Chapter 4. That review will continue later (Ch. 5.4) 

where the impact of the qualitative properties of aggregate particles on frost susceptibility 

will be evaluated independently of grading. 

Correlations between parameters indicating frost susceptibility and fines contents will be 

described by Pearson's Correlation Coefficient. Pearson's Product Moment Correlation 

Coefficient was also used in the other correlation surveys to be presented. 

5.1.2 Interpretation of results and parameters depicting frost susceptibility 

Temperatures measured at different levels of samples during freezing could be presented 

as in Example Figure 5.1. The frost heave test can be divided in two phases based on the 

progress of freezing. At the beginning, as the sample starts to freeze, the frost front pene-

trates downward. This phase is called transient freezing. When the frost front no longer 

migrates in the sample, the stationary freezing phase sets in. According to the segregation 

potential concept presented by Konrad (1980), the segregation potential depicting frost 

susceptibility should be determined at the moment the transient freezing phase changes 

into the stationary freezing phase, that is, as the frost front stops migrating in the sample. 

Finnish TPPT guideline (Onninen, 2001) suggests that the actual result parameter of the 
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frost heave test, the frost heave coefficient, should be determined at a corresponding transi-

tion point between freezing phases. A problem was found to be, however, that this point 

can generally be determined much less definitely than in the example of Figure 5.2 where 

the migration of the frost front depicted by the Z-h curve levels off quite abruptly. On the 

other hand, the frost heave coefficient changes radically right in the transition zone be-

tween the transient and stationary phases (Fig. 5.3). Thus, the determination of the frost 

heave coefficient involves considerable uncertainty which must be considered when using 

it. Yet, due to differences in test arrangements, segregation potential (or the frost heave 

coefficient) is the most widely accepted method of assessing quantitative frost susceptibil-

ity and it is widely used, for instance, in investigating frost heave in road structures. 

Ito et al. (1998) found that segregation potential variation diminishes essentially as the 

prevailing temperature gradient of a test is reduced. This must be considered in the devel-

opment of the frost heave test method. On the other hand, when operating very close to 0 

ºC, requirements for the temperature regulation of the equipment increase. 
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Figure 5.1. Typical example on temperatures at different elevations of sample during 

freezing phase of a frost heave test. 
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Figure 5.3. Typical result of frost heave test where parameters depicting frost susceptibil-

ity are presented as a function of time. 

Several parameters derived from measurement results can be used to depict frost suscepti-

bility. All parameters are dependent on freezing time which is why reference parameters 

must correspond to a certain point in time. 
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Frost heave (h) is a clear parameter derived directly from displacement measurement. 

Frost heaves produced by one and four day freezing (h24h and h96h) were selected as pa-

rameters from among the test results.  

Frost heave rate (v) refers to the frost heave in a unit of time and can thus be easily calcu-

lated from test results. The selected reference parameter was frost heave rate at the time 

after 24 hour freezing (v24h) and an average frost heave rate of the second, third and fourth 

days of freezing (v24-96h).

Frost heave ratio indicates the ratio of frost heave (h) to the thickness of the frozen layer 

(Z). The selected reference parameter was the frost heave ratio after one and four days, 

((h/Z)24h) and ((h/Z)96h), respectively. 

The frost heave coefficient (SP) related to the segregation potential concept is calculated as 

the ratio of frost heave rate to the temperature gradient of the frozen sample section ac-

cording to Equation 5-1 (e.g. Onninen, 2001). In order to stabilise the fluctuation of the 

frost heave coefficient, the frost heave increment ( h) was observed at three hour intervals 

( t). To point out the unloaded nature of frost heave tests, the symbol used for frost heave 

coefficients was SPo. The thickness of the frozen sample section (Z) needed to calculate 

the frost heave coefficient and the frost heave ratio, is calculated on the basis of the unfro-

zen sample section height (Zu), initial sample height (H) and frost heave (h) using Equation 

5-2. Due to the inaccuracy of the determination of the frost heave coefficient described 

above, an average frost heave coefficient in the 12-24 hour freezing range (SPo(12-24h)) was 

selected as the reference parameter. 

tsTt

Zh

gradT

v
SP

0
      (5-1) 

uZhHZ         (5-2) 

where  

SP is frost heave coefficient, (mm2/Kh)

v is frost heave rate, (mm/h)

gradT– is average temperature gradient of frozen sample section, (K/mm)

h is frost heave increment in time interval t, (mm)

t is time interval, (h)

Z is height of frozen sample section (i.e. frost penetration depth), (mm) 

Tts.  is top surface temperature of sample ( C) 

H is initial sample height, (mm) 

h is frost heave at time of observation, (mm) 

Zu is height of unfrozen sample section, (mm) 
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The difference in principle between the frost heave coefficient and segregation potential is 

that the v in Equation 5-1 indicates the flow-rate of water into the freezing zone instead of 

frost heave rate when determining segregation potential as shown earlier in Equation 2-2 

(Ch. 2.3.2) (Konrad, 1980). Thus, in theory, segregation potential does not consider the 9 

% increase in volume due to the freezing of water in contrast to the frost heave coefficient. 

Consequently, the frost heave coefficient can in principle be considered about 1.09-fold 

compared to segregation potential with the assumption that all the water flowing to the 

freezing zone ends up thickening the ice lens. In situ frost heave (cf. Ch. 2.3.1) occurring 

in completely or nearly water saturated material is accounted for by the frost heave coeffi-

cient but not by segregation potential, which increases the above mentioned difference in 

water saturated material. On the other hand, the difference in principle between the con-

cepts is also that when determining segregation potential, the temperature gradient is ob-

served in the partly frozen zone at the frost front (Equation 2-2) – not in accordance with 

Equations 5-1 and 5-2 throughout the frozen layer, which is easier to measure. 

When using cut-up mould rings, as the rings and the attached thermocouples move due to 

frost heave, determination of the height of the unfrozen sample section becomes inaccu-

rate. The error becomes the larger the stronger the frost heave. The height of the unfrozen 

sample section is calculated on the basis of thermocouples readings by interpolating the 

zero degree elevation. Due to frost heave, as the upper mould ring of the thermocouple 

interval containing zero degrees rises, the distance between the thermocouples increases 

from the original 25 mm. No attempt was made to take that into account in calculations 

since, in practice, it is difficult to determine what share of the frost heave is reflected in 

increased distance between thermocouples, and, on the other hand, because the resulting 

error is minor even with moderate frost heaves. For instance, if frost heave causes a 3 mm 

separation between thermocouples over the interval to be interpolated in a sample frozen to 

a depth of about 100 mm, frost penetration depth is estimated to be a maximum of 3 mm 

too much. This causes the temperature gradient of the frozen layer to be calculated 3 % 

smaller than it actually is. Thus the frost heave coefficient is correspondingly calculated 3 

% larger than actual. The 3 mm separation in the transient phase of the example was 

among the largest for the examined samples. In the stationary phase separation, especially 

in tests of long duration with samples subject to frost heaving, was larger in several sam-

ples than in the example case, but that separation does not affect the frost heave coefficient 

determined at the transition point between the transient and stationary phases. Considering 

the uncertainty in determining the transition point between freezing phases and its impact 

on the frost heave coefficient, the error in the coefficient due to the separation of the mould 

rings was found insignificant in examined samples which also favoured using cut-up 

mould pipes. 
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5.1.3 Assessment of error limits for frost susceptibility parameters 

Thanks to automated temperature regulation, the operation of the freezing apparatus does 

not cause any major problems with repeatability. Possible problems in temperature control 

would be revealed by a survey illustrated in Figure 5.1. Thus, it can be estimated that the 

repeatability of the frost heave test depends largely on sample preparation and, especially 

in the case of coarse-grained crushed rock aggregates, which nevertheless contain fines, on 

how equal in grading the sample material placed in the mould is. 

The impact of the slight non-homogeneity of sample material during the early freezing 

phase as the frost front penetrates (transient freezing) is likely to be minor. At the later 

stationary freezing phase, the properties of the sample material just at the freezing level 

and underneath affect the developing frost heave decisively. The already frozen section of 

the sample has hardly any effect on frost heave then. A possible unwelcomed situation 

might be one where an amount of fines deviating from the average is placed during sample 

preparation at the bottom of the sample, and specifically at the freezing level of stationary 

phase. 

Figure 5.4 shows the frost heave curves from parallel tests on three different reference ma-

terials. The curves from the four tests on the clearly frost-susceptible material C are quite 

close to each other throughout the freezing period and remain within the ± 10 % error lim-

its of the average frost heave curve. With the exception of the earliest freezing phase, the 

curves even fall inside the ± 5 % error limits. The curves depicting the four parallel tests 

on the nearly non-frost-susceptible material A are also quite congruent falling mainly 

within the ± 10 % error limits of the average curve. The curves for the six frost heave tests 

on material B are clearly less congruent – the two most deviant curves do not even fit 

within the ± 10 % error limits of the average frost heave curve but would require ± 20 % 

error limits. 
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Figure 5.4. Frost heave curves for parallel tests on three materials and ±10 % error limits 
drawn for average curves. 

The standard deviations of result parameters determined from parallel samples (Table 5.1) 

increased primarily as the averages of parameters increased. Thus, it is sensible to examine 

standard deviations in relation to averages, that is, as coefficients of variation. The coeffi-

cients of variation for the result parameters of parallel tests on material C were generally 

slightly smaller than those of the test series on materials A and B. The smallest average 

coefficient of variation for three series (bottom of Table 5.1) was calculated for frost 

heaves after four and one day (h96h and h24h), where the standard deviation (average for 

three series) was less than 10 % of the series' average (Fig. 5.5). It should be noted that the 

deviation in the frost heave coefficient (SPo) was the largest for any parameter and its cor-

responding average coefficient of variation for a series of three was about 20 %. 
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Table 5.1. Deviations and coefficients of variation in result parameters of frost heave test 
from test series on parallel samples of three different materials (A, B, C). 

h24h (h/Z)24h v24h SPo SPo (12-24h) h96h (h/Z)96h v24-96h

Mean 0.99 0.80 0.53 0.9 1.12 1.88 1.48 0.30 

Standard error of mean 0.04 0.05 0.05 0.2 0.07 0.09 0.10 0.02 

Sample standard deviation (s) 0.08 0.09 0.10 0.3 0.15 0.18 0.20 0.04 

1.64·s 0.13 0.15 0.16 0.4 0.24 0.30 0.33 0.07 

Coefficient of variation (V) [%] 8 12 18 30 13 10 13 14 M
at

er
ia

l 
A

,  
N

=
4 

1.64·V (%) 13 19 30 49 21 16 22 23 

Mean 2.56 2.23 1.34 1.7 2.96 4.09 3.37 0.51 

Standard error of mean 0.19 0.21 0.10 0.1 0.24 0.20 0.23 0.02 

Sample standard deviation (s) 0.46 0.52 0.24 0.1 0.58 0.49 0.55 0.05 

1.64·s 0.75 0.85 0.40 0.2 0.96 0.81 0.91 0.09 

Coefficient of variation (V) [%] 18 23 18 8 20 12 16 11 M
at

er
ia

l 
B

,  
N

=
6 

1.64·V (%) 29 38 30 13 32 20 27 18 

Mean 4.19 3.39 1.66 3.2 4.33 6.38 5.03 0.73 

Standard error of mean 0.07 0.04 0.11 0.4 0.37 0.15 0.12 0.04 

Sample standard deviation (s) 0.15 0.08 0.23 0.7 0.73 0.31 0.24 0.09 

1.64·s 0.24 0.13 0.38 1.1 1.21 0.51 0.40 0.14 

Coefficient of variation (V) [%] 4 2 14 21 17 5 5 12 M
at

er
ia

l 
C

,  
N

=
4 

1.64·V (%) 6 4 23 34 28 8 8 19 

Mean [%] 10 12 17 20 17 9 12 12 

V

Sample standard deviation (sV) 7 11 3 11 3 4 6 2 

Mean [%] 16 20 28 32 27 15 19 20 

1
.6

4
·V

  

Sample standard deviation (s1.64V) 12 17 4 18 6 6 10 3 

The average coefficient of variation for three series determined for each result parameter 

(Table 5.1, Figure 5.5) is the best estimation of the expected value of the coefficient of 

variation, that is, the mean standard deviation of said parameter in relation to the average.  

On this basis it can be estimated that the probability is 90 % that the deviation between the 

result parameter gained from a single test and the expected parameter value presented in 

the table does not exceed 1.64 times the mean coefficient of variation. The calculational 

constraint in the establishment of probability limits is, however, that deviations, and con-

sequently coefficients of variation, vary between series. In the case of the examined pa-

rameters, the coefficient of variation varied the least between series in the case of parame-

ters v24h, v24-96h, SP12-24h and h96h and the most with parameters SPo and (h/Z)24h. The stan-

dard deviation of coefficients of variation determined for different series (Table 5.1, sV)

should be taken into account when establishing confidence intervals – the problem is that 

the distribution is not known. For instance, if the distributions of the values of the coeffi-

cients of variation for different series were normal, the coefficient of variation for an indi-
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vidual series would be a maximum of 1.28.sv greater than the expected value with a 90 % 

probability. To simplify the interpretation on later surveys of factors impacting frost sus-

ceptibility, attention will be focused on results deviating more than 25 % from the mod-

elled expected value (e.g. Fig. 5.8 below). 
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Figure 5.5. Standard deviation as a percentage of series mean (coefficient of variation) 

with different result parameters of frost heave test. The red bar depicts the mean coeffi-

cient of variation of three series. 

5.1.4 Correlations between frost susceptibility parameters and frost susceptibility 

classification

The results presented in Table 5.2 indicate that the highest correlation (R=1.00) between 

parameters depicting frost susceptibility occurred with frost heave after four days (h96h)and 

frost heave ratio ((h/Z)96h) (Fig. 5.6a). This was partially the result of the fact that an at-

tempt was made to make the samples of equal height (150 mm) and, therefore, differences 

in heights of the frozen sample section (Z) were relatively small in the examined quite 

similar sample materials. The situation with frost heave after one day (h24h) and frost heave 

ratio ((h/Z)24h) (R=0.99) was essentially the same. Correlations between frost heaves and 

frost heave ratios of one and four days (h24h, (h/Z)24h, h96h and (h/Z)96h) were very high 

(R=0.97-0.98) (e.g. Figure 5.6b). All correlations shown in Table 5.2 were statistically 

highly significant (P < 0.001).  

Correlation of the frost heave coefficient (SPo) (Fig. 5.7) was highest (R=0.95) in relation 

to frost heave after four days (h96h). The average frost heave coefficient applicable to 12 

and 24 hour freezing (SPo(12-24h)) correlated, on average, better with other parameters than 

the actual frost heave coefficient (SPo). Frost heave and frost heave ratio after four days 
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(h96h and (h/Z)96h) correlated, on average, the best with other frost susceptibility parameters 

while frost heave rates (v24h and v24-96h) correlated the worst. 

Table 5.2. Mutual correlation coefficients (R) of frost heave test result parameters in tests 

with fines contents under 15 %. 

 N h24h (h/Z)24h v24h SPo SPo (12-24h) h96h (h/Z)96h v24-96h

h24h 122   0.99 0.87 0.92 0.97 0.98 0.97 0.86 

(h/Z)24h 122 0.99  0.89 0.91 0.97 0.98 0.98 0.87 

v24h 122 0.87 0.89  0.87 0.90 0.93 0.92 0.95 

SPo 118 0.92 0.91 0.87  0.93 0.95 0.94 0.91 

SPo (12-24h) 122 0.97 0.97 0.90 0.93  0.97 0.97 0.89 

h96h 118 0.98 0.98 0.93 0.95 0.97  1.00 0.95 

(h/Z)96h 118 0.97 0.98 0.92 0.94 0.97 1.00  0.94 

v24-96h 118 0.86 0.87 0.95 0.91 0.89 0.95 0.94  

Figure 5.6. Mutual correlations of parameters depicting frost susceptibility in frost heave 

tests.

In the absence of a widely accepted standardised frost heave test method, comparison of 

tests involving different equipment, freezing arrangements and sample sizes for classifying 

frost susceptibility is generally not possible based on, for instance, frost heave or frost 

heave rate. ISSMFE (1989) has suggested classification (cf. Ch. 2.3.4) based on segrega-

tion potential according to Table 5.3. Besides actual frost heave, also the freezing condi-

tions affecting it are taken into account in the calculation of segregation potential (Equa-

tion 2-2) whereby the segregation potential basically reflects the frost susceptibility of the 

aggregate itself independent of used equipment and test conditions. Due to the basic differ-

ence between the frost heave coefficient and segregation potential (cf. Ch. 5.1.2), the limit 

values of segregation potential classification have been multiplied by 1.09 for classifica-

tion based on the frost heave coefficient in Table 5.3. The resulting frost heave coefficient-

R
2
 = 0.99

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12

(h/Z)96h  (%)

h9
6h

 (
m

m
)

R
2
 = 0.95

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10
h24h  (mm) 

h9
6h

 (
m

m
)

a b



143 

based classification was converted in the table on the basis of parameter correlation equa-

tions to build also on other frost susceptibility parameters dependent on equipment and test 

conditions. 

Figure 5.7. Correlations between frost heave coefficient and other frost susceptibility pa-

rameters in frost heave tests. 

Table 5.3 Frost susceptibility classification based on segregation potential (ISSMFE, 

1989). Based on correlation equations of the frost heave coefficient and other parameters, 
classification was expanded to other parameters partly dependent on test arrangements.  

Frost susceptibility 
Segregation 

potential, 

SPw

Frost heave 
coefficient,

SPo

h24h h96h SPo(12-24h) v24h

Negligible < 0.5 < 0.5 < 0.6 < 1.2 < 0.7 < 0.1 

Low 0.5-1.5 0.5-1.6 0.6-2.2 1.2-3.7 0.7-2.4 0.1-1.1 

Medium 1.5-3.0 1.6-3.3 2.2-4.5 3.7-7.4 2.4-5.0 1.1-2.6 

Strong > 3.0 > 3.3 > 4.5 > 7.4 > 5.0 > 2.6 
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Figure 5.7 shows that the aggregate could be designated as non-frost-susceptible based on 

the classification of Table 5.3 in only a few individual tests. This was the case despite the 

fact that a large part of the tests involved samples assumed to be practically non-frost-

susceptible due to very low fines contents (cf. App. 5). Yet, it is also clear that in the case 

of very low total frost heaves (e.g. in Fig. 5.4 material A has h96h  2 mm), an increase in 

frost heave after the frost front stops migrating must result from events related to the frost 

heave phenomenon. Thus, the significance of non-frost susceptibility as a concept is 

mainly theoretical. In its stead we should consider the concept of practical non-frost sus-

ceptibility. This has been more or less the case also with the frost susceptibility criteria 

presented in literature and discussed in Chapter 2.3.4.  

Practical non-frost susceptibility can be thought to depend on the permitted (slight) frost 

heaves and consequences of exceeding them under the most severe possible structural con-

ditions at the actual site. Thus, frost heave observations from the site or large-scale tests 

should be available for setting the limits of practical non-frost susceptibility. In their ab-

sence it might be feasible to mitigate the values of Table 5.3 to serve as limits of practical 

non-frost susceptibility. Due to the high smoothness requirements of the rails, a sensible 

limit value for a practically non-frost-susceptible track structure material could be the frost 

heave coefficient of 1.0 mm2/Kh, which corresponds to a four day frost heave of 2.2 mm 

with the used test arrangements. 

5.2 Effect of fines content on frost susceptibility 

5.2.1 Aggregate-specific analysis 

It is natural to start an analysis of the effect of fines content on frost susceptibility with test 

results on a specific aggregate with different fines contents. Figure 5.8 shows the close 

correlation between the fines content (<0.063 mm) of the crushed rock aggregate of km 

50+700 and frost susceptibility. Linear dependence correlations between all frost suscepti-

bility parameters and fines content are presented separately for each analysed aggregate in 

Table 5.4. The correlation survey was limited, with view to the feasible fines contents oc-

curring at actual aggregate use sites, to tests involving fines contents under 15 %. This was 

despite the fact that few tests with higher fines contents slightly improved correlation. 
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Table 5.4. Linear dependence correlations between parameters depicting frost susceptibil-
ity and fines contents of aggregates (% < 0.063 mm). Included were tests of fines contents 

<15 %. 

km 50+700 
N=31 

Lakalaiva 
N=4

km 85+600 
N=4

km 88+200 
N=4

km 87+500 
N=4

 R   P R P R P R P R P 

h24h 0.95 <0.001 0.98 0.021 0.97 0.032 1.00 0.001 1.00 0.002 
(h/Z)24h 0.94 <0.001 0.98 0.018 0.97 0.032 1.00 0.001 1.00 <0.001 
v24h 0.88 <0.001 0.97 0.027 0.94 0.057 0.96 0.036 0.98 0.024 
SPo 0.95 <0.001 0.91 0.086 0.90 0.102 0.99 0.009 0.92 0.081 
SPo (12-24h) 0.93 <0.001 0.98 0.025 0.96 0.040 1.00 0.004 0.98 0.019 
h96 h 0.97 <0.001 0.95 0.052 0.96 0.044 0.99 0.005 0.99 0.008 
(h/Z)96h 0.96 <0.001 0.95 0.055 0.95 0.047 0.99 0.005 0.99 0.006 
v24-96h 0.91 <0.001 0.89 0.114 0.93 0.067 0.96 0.037 0.97 0.035 

An increase in fines at the examined under 15 % fines contents increased the frost suscep-

tibility of each crushed rock aggregate very linearly. This finding is in line with recent ob-

servations by Konrad and Lemieux (2005). Correlation of the parameters depicting frost 

susceptibility with fines content was very close. The coefficient of determination (R2) for 

the main aggregate under study (km 50+700) was largest in respect to frost heave after 

four days (h96h) at as much as 94 %. The coefficient of determination for the frost heave 

coefficient (SPo), again, was 90 %. Clearly the weakest coefficient of determination in the 

case of the studied main aggregate was frost heave rate (v24h) (R
2 = 77 %). All correlations 

concerning aggregate km 50+700 were statistically highly significant (P < 0.001). It should 

be noted that all the plotted points in the graph for h96h fall within lines drawn at a distance 

of ±25 % from the correlation line. Said lines indicating ±25 % deviations depict, on the 

basis of what was said in Chapter 5.1.3, the estimated error limits for an individual meas-

urement result, that is, the correlation can be determined to be fully linear within the error 

limits of the evaluated test method. Only isolated observations remained just outside the 

±25 % limits even in the graphs for SPo and h24h.
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Figure 5.8. Correlation of parameters depicting frost susceptibility (h96h,SPo,h24h and v24h)

with under 0.063 mm fraction of km 50+700 crushed rock aggregate. Lines delineating the 
error limits of a single measurement were drawn on both sides of correlation lines at a 

distance of ±25 %. 

Correlation between parameters depicting frost susceptibility and fines content was strong 

with each aggregate, but the location of the correlation line varied (Fig. 5.9) indicating 

qualitative differences in aggregates and their fines. Of the analysed aggregates, the frost 

susceptibility of the main subject of study (km 50+700) in relation to fines content was of 

average level. The km 85+600 aggregate was most frost-susceptible in relation to fines 

content. The km 88+200 aggregate, again, was the least frost-susceptible in relation to its 

fines content. Differences between aggregates were, however, relatively small. Since the 

particle size distributions of fines were similar in all tests of certain aggregate, the correla-

tion coefficients of Figures 5.8 and 5.9 and Table 5.4 were also similar to those with under 

0.02 mm and under 0.002 mm fractions. The next chapter will examine the relationship 

between the frost susceptibility of aggregates and fines content by considering them to-

gether. 
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Figure 5.9. Correlation lines between parameters depicting frost susceptibility (h96h and 

SPo) and fines content with different aggregates.  

5.2.2 Combined analysis of new crushed rock aggregates 

The next phase involved examining the correlation between unused crushed rock aggre-

gates and fines content in a combined analysis instead of the aggregate-specific treatment 

of the previous chapter. There the correlation between frost susceptibility and the fines 

content of aggregate was weaker than in the aggregate-specific studies, but still strong as 

the examples of Figure 5.10 show.  

Figure 5.10. Correlation between parameters depicting frost susceptibility (h96h and SPo)
and the content of under 0.063 mm fraction. The survey included all tests on new crushed 

rock aggregates of under 15 % fines content. 

In the case of the study presented in Figure 5.10 it must be, however, considered that the 

large number of tests conducted on the km 50+700 aggregate distort correlation when at-
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tempting to determine correlation with the fines content of new crushed rock aggregates in 

general. In order to eliminate this distortion, the correlations of Table 5.5 and Figure 5.11 

were determined by including in the survey material only the same number of observations 

from tests on km 50+700 aggregate as in the case of other aggregates. The observations 

concerning km 50+700 were selected from the means of parallel tests. Thus, the survey 

included six different aggregates, each with four fines contents (N=24). Since the particle 

size distributions within fines vary with aggregates, correlation with contents of even finer 

fractions was determined in addition to fines content (<0.063 mm). Correlation with frost 

susceptibility was better with under 0.02 mm fraction and under 0.002 mm fraction con-

tents than with fines content (<0.063 mm). All shown correlations were statistically highly 

significant (P<0.001). 

Table 5.5. Correlations between parameters depicting frost susceptibility and contents of 

various  fines fractions in new crushed rock aggregates. The survey covered six aggregates 

and four tests on each ( N=24). For all correlations P<0.001. 

 % < 0.063 mm % < 0.02 mm % < 0.002 mm 

 R R R 

h24h 0.85 0.92 0.97 

(h/Z)24h 0.83 0.90 0.95 

v24h 0.80 0.84 0.86 

SPo 0.78 0.82 0.85 

SPo (12-24h) 0.87 0.92 0.93 

h96 h 0.83 0.88 0.92 

(h/Z)96h 0.80 0.86 0.90 

v24-96h 0.75 0.78 0.79 

mean 0.81 0.86 0.90 

Figure 5.11 and Table 5.5 reveal that the shares of the finest fractions in aggregates explain 

the parameters depicting frost susceptibility generally very well. The correlation improves 

clearly when frost susceptibility is examined in relation to the content of under 0.02 mm 

and under 0.002 mm material instead of fines content. For instance, the frost susceptibility 

of the km 80+500 and km 88+200 aggregates was below the trend on the basis of the under 

0.063 mm material (Figs. 5.11a and b). Their fines, however, contained less of the finest 

material compared to other aggregates which is why they deviated little from the trend 

with regard to under 0.02 mm and under 0.002 mm material (Figs. 5.11c-f). On the other 

hand, the plotted points depicting the aggregate km 85+600 fell primarily slightly above 

the error limit estimated for an individual test also in the graph drawn for the under 0.002 

mm material. Thus, in their case frost susceptibility cannot be fully explained by the 

amount of the finest fractions, but it is to some extent affected by factors related to the 

quality of fines or coarse particles which will be looked into later in Chapter 5.4. 
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Figure 5.11. Correlation between frost susceptibility of unused crushed rock aggregates

(h96h and SPo) and contents of finest fractions in aggregate (<0.063, <0.02 and <0.002 

mm). The survey covered only four of the tests on the km 50+700 aggregate meaning that 

the number of tests on each aggregate was the same, unlike in Figure 5.10. Lines delineat-
ing the error limits of a single measurement were drawn on both sides of correlation lines 

at a distance of ±25 %. 
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The result parameters that correlated most closely with the amounts of fines fractions were 

frost heave after one day freezing (h24h) and the mean frost heave coefficient (SPo (12-24h))

determined for the 12-24 hour interval. Correlation was weakest with average frost heave 

rate of the second, third and fourth days of freezing (v24-96h).

5.2.3 Combined analysis of new crushed rock aggregates and ballast samples 

The following is a continuation of the examination of the correlation between frost suscep-

tibility and fines content of aggregate where samples made of degraded aggregates having 

served for decades as ballast are included alongside the new crushed rock aggregates of the 

previous chapter. Special attention is given to the frost susceptibility of ballast samples in 

relation to the frost susceptibility of crushed rock aggregates of equivalent fines contents. 

When the data of the correlation analysis in Figure 5.11 and Table 5.5 was complemented 

with tests on ballast samples proportioned to the desired grading (App. 6), the correlation 

between frost susceptibility and fines content (<0.063 mm) proved to be in accordance 

with Table 5.6 and Figure 5.12. Correlation between frost susceptibility and fines fractions 

was clearly weaker than in earlier studies of specific aggregates (Fig. 5.9, Table 5.4) or all 

new crushed rock aggregates (Fig. 5.11, Table 5.5). Yet, correlation, especially with the 

contents of under 0.02 mm and under 0.002 mm fractions, was still strong varying by re-

sult parameters within 0.69-0.81. Correlation was best with the mean frost heave parame-

ter, SPo (12-24h), frost heaves h24h and h96h as well as frost heave ratios (h/Z)24h and (h/Z)96h 

following frost heaves. Correlation was weakest with frost heave rates (v24h and v24-96h) and 

the actual frost heave coefficient (SPo). 

Table 5.6. Correlations between parameters depicting frost susceptibility and contents of 
<0.063 mm, <0.02 mm and <0.002 mm materials in all studied crushed rock aggregates. 

The study covered the material of Table 5.5 as well as 44 tests on railway ballasts (N 

=68). All correlations were statistically highly significant ( P<0.001). 

 % < 0.063 mm % < 0.02 mm % < 0.002 mm 

 R R R 

h24h 0.65 0.79 0.79 

(h/Z)24h 0.66 0.78 0.80 

v24h 0.58 0.70 0.73 

SPo 0.58 0.73 0.69 

SPo (12-24h) 0.68 0.81 0.80 

h96 h 0.66 0.79 0.79 

(h/Z)96h 0.66 0.77 0.78 

v24-96h 0.61 0.72 0.71 

mean 0.63 0.76 0.76 
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Figure 5.12. Correlations of frost heaves after four days (h96h) and frost heave coefficients 
(SPo) with different fines fraction contents. The analysis included in addition to the mate-

rial of Figure 5.11 also tests on degraded railway ballast samples. Lines delineating the 

error limits of measurement were drawn on both sides of correlation lines at a distance of 
±25 %, and materials deviating the most from the trends are designated. 

In line with the observation described in the previous chapter, frost susceptibility corre-

lated more closely with under 0.02 mm and under 0.002 mm material contents than fines 
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content (<0.063 mm), also considering the ballast layer samples. Correlation with clay 

fraction content (<0.002 mm) may have been weakened by the deviation in the particle 

size distribution of material adhering to the surfaces of coarser grains from that of fines 

particles removed in dry sieving (cf. Ch. 4.2.1). On the other hand, determination of clay 

fraction content based on the examined very small contents unavoidably causes inaccu-

racy. Thus, the share of under 0.02 mm material can be considered most suitable for frost 

susceptibility analysis. This view is also supported by observations on the frost susceptibil-

ity of natural soils of e.g. Kujala (1991) and Vinson et al. (1987) (cf. Ch. 2.3.4).  

Regression equations related to the under 0.02 mm material content of frost susceptibility 

parameters h96h and SPo assumed the form of equations 5-3 and 5-4. On the basis of the 

equations, under 0.02 mm material content of about 1.5 % corresponds to suggested limits 

(SPo 1.0 mm2/Kh and h96h  2.2 mm, cf. Ch. 5.1.4) of practical non-frost susceptibility of 

track structure materials. Based on internal particle size distribution of ballast fines (cf. Ch. 

4.2.1) this corresponds to an average fines content (<0.063 mm) of about 2.7 %. 

h96h = 1.32 ·(% <0.02 mm) + 0.24   (R2=0.62) (5-3) 

SPo = 0.57· (% <0.02 mm) + 0.14   (R2=0.53) (5-4) 

In the case of ballast samples, regression parameters of correlation between frost suscepti-

bility and fines content was much the same as with new crushed rock aggregates. This in-

dicates that the fines accumulated over decades in the ballast layer aggregates were not, on 

average, essentially more frost-susceptible than the mechanically produced fines in crush-

ing new aggregates. Individual materials that deviated slightly from the general frost sus-

ceptibility trend as to their fines content can be detected by the analysis illustrated in Fig-

ure 5.12. Aggregate Tor-Kol 920+180 was clearly more frost-susceptible than average in 

relation to its fines content. It should be noted that also one of the unused aggregates, km 

85+600, was slightly more frost-susceptible than average in relation to its fines content. 

This speaks in favour of the view that the observed differences were dependent on proper-

ties of fines created in production of rock aggregate, not so much of their changes in track 

structure (ch. Ch. 4.4). Correspondingly, the least frost-susceptible in relation to the con-

tent of the finest fractions were aggregates Kok-Oul 653+700 and Kuo-Iis 518+837.  

Factors explaining the behaviour of materials deviating from the correlation line will be 

dealt with later in Chapter 5.4 on the effects of material quality. On the whole, it appears 

that the frost susceptibility of the examined crushed rock aggregates correlates linearly 

quite closely with the finest fraction contents of the materials. 

5.2.4 Combined analysis of crushed rock aggregates and natural soils 

Correlation between frost susceptibility and fines content remained significant when the 

crushed rock aggregates of the previous chapter were complemented by 21 tests: 13 on 
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gravels and sands, 4 on aggregates degraded in cyclic loading tests (cf. Ch. 6) and 4 on 

aggregates with quartz and feldspar fines.  At under 15 % fines contents (under 8 % <0.02 

mm material contents and under 2 % clay fraction contents), correlation coefficients were 

as shown in Table 5.7. Compared to correlations between crushed rock aggregates alone 

(Table 5.6), the most significant difference was the clearly weaker correlation in relation to 

under 0.063 mm fractions. In relation to the under 0.02 mm and under 0.002 mm fractions 

correlations remained the same. This indicates the primary impact of the finest particles of 

fines on frost susceptibility. In relation to clay fraction content (<0.002 mm), correlation 

coefficients of frost heaves, frost heave ratios and mean frost heave coefficient (SPo (12-24h))

reached the level R=0.78-0.79. 

Table 5.7. Correlations between parameters depicting frost susceptibility and <0.063 mm, 

<0.02 mm and <0.002 mm material contents in all analysed crushed rock aggregates and 

reference materials of under 15 % fines contents (N =89). In all correlations P<0.001. 

 % < 0.063 mm % < 0.02 mm % < 0.002 mm 

 R R R 

h24h 0.54 0.75 0.78 

(h/Z)24h 0.56 0.76 0.79 

v24h 0.48 0.68 0.72 

SPo 0.46 0.69 0.69 

SPo (12-24h) 0.56 0.77 0.79 

h96 h 0.53 0.75 0.78 

(h/Z)96h 0.54 0.75 0.79 

v24-96h 0.48 0.69 0.73 

mean 0.52 0.73 0.76 

All correlations were statistically highly significant (P<0.001). A few individual tests with 

higher fines contents would have improved correlation except for the test on Kankaanpää 

sand where frost heave after four days with 23 % fines content was significantly less than 

the trend at only 6.8 mm (Test no. 101, App. 5). The behaviour of Kankaanpää sand was 

due to the large proportion of the coarsest particles (0.02-0.63 mm) in the fines, which 

does not increase frost susceptibility as crucially as the finest particles of fines. In relation 

to the under 0.02 mm fraction, the frost susceptibility of Kankaanpää sand followed the 

general trend. A corresponding reverse observation was made concerning Vesanka sand 

whose frost susceptibility in relation to the under 0.063 mm fraction was considerably 

higher than average (Fig. 5.13). However, the fines of Vesanka sand contained clearly 

more of the finest particles than average (cf. Ch 4.2.1). Thus, in relation to the amount of 

under 0.002 mm material, the frost susceptibility of Vesanka sand did not deviate essen-

tially from the trend. The same cannot be said for Vesilahti gravel on the basis of Figure 

5.13 as the frost susceptibility of the sample is clearly above the trend in relation to every 

fines fraction.  



154 

Based on fines content (<0.063 mm) the Vesilahti and Vesanka materials were clearly 

more frost-susceptible than crushed rock aggregates. On the other hand, the situation with 

Kankaanpää sand was the opposite. On the whole, when the frost susceptibility of natural 

coarse-grained soils is assessed on the basis of fines content, there seems to be considera-

bly more deviation than with crushed rock aggregates, although it should be noted that the 

number of analysed gravel sand samples was restricted. However, a corresponding obser-

vation was made as to other properties of fines earlier in Chapter 4. Despite the sorting of 

material during the dispersal and deposition of natural soils, exposure to climatic stress 

over tens of thousands of years has degraded the weakest materials of some formations. 

Environmental loads have increased the porosity (cf. Ch. 4.4.4) and water retaining capac-

ity of aggregates which, again, has increased their frost susceptibility. The climatic loading 

on crushed rock aggregates for a few decades following crushing as well as its conse-

quences are minor compared to the weakest gravels and sands. This may be interpreted as 

a positive finding considering the introduction of the use of crushed rock aggregates in 

subballast layers. However, it should be remembered that the service life of the examined 

ballast samples has been less than 50 years at a maximum while the substructure is ex-

pected to provide 100 years of service. 

The substructures of tracks have mainly been built decades ago. Based on what was known 

then almost all gravel and sand materials may have been considered suitable for structural 

layers, for example, in terms of their frost susceptibility or water absorption properties, 

which is not necessarily true in the light of the results reported above. On the other hand, 

increased smoothness requirements posed by higher speeds and axle loads have also meant 

stricter requirements on subballast materials. The combined effect of such factors makes it 

possible that the railway network contains sections where frost problems are actually at-

tributable to frost-susceptible subballast material instead of frost penetrating into frost-

susceptible subgrade. In such instances, ballast cleaning or increasing the thickness of the 

frost protection layer are ineffective in reducing frost heave damage. In railway sections 

suffering from frost heave, the analysis of the frost susceptibility and water absorption 

properties of the frost protection and intermediate layers should not be precluded. 
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Figure 5.13. Correlation between frost susceptibility (h96h and SPo) and various fines frac-
tion contents. The material of the previous Figure 5.12 has been complemented with re-

sults from natural gravel and sand materials, crushed rock aggregates degraded in cyclic 

loading tests and feldspar and quartz fines mixed with crushed rock aggregates. The ±25 
% lines delineating the error limits of an individual measurement have been drawn around 

the correlation lines for crushed rock aggregates and are thus the same as in Figure 5.12. 
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Figure 5.13 also presents the results of tests where the fines of a new crushed rock aggre-

gate (km 50+700) had been replaced with industrially separated (see Ch. 3.2.3) quartz and 

feldspar fines. The frost susceptibility of said samples in relation to various fines fractions 

followed the trend. The figure also shows observations from frost heave tests on some ag-

gregates degraded in cyclic loading tests. Cyclic loading tests and their results will be 

dealth with in more detail in Chapter 6. Fines produced in cyclic loading tests conducted 

on water saturated samples (Tests 14 and 15, see Table 6.1 or App. 4) were found to be 

considerably more frost-susceptible than average (Figs. 5.13a-d). In the saturated state tests 

the fines pumped along with the water had become extremely fine (see Ch. 6.5.2). Thus, 

even there frost susceptibility is closest to the trend assessed on the basis of clay fraction. 

The frost susceptibility of fines produced in dry cyclic loading tests was about the same as 

the average for the fines of new crushed rock aggregate. 

5.3 Impact of other grading features on frost susceptibility 

The amount of fine-grained material coarser than fines (>0.063 mm) was observed to have 

an insignificant effect of the frost susceptibility of crushed rock aggregates within the 

range of variation normally occurring in the case of materials of the track structure. For 

instance, tripling of the amount of the 0.063-0.125 mm fraction, with the fines content re-

maining the same, did not affect the frost susceptibility of examined aggregates (Tests 86, 

87 and 103, App. 5).  

The impact of the other features of grain size distribution on frost heave was also found 

insignificant in practical terms with the examined crushed rock aggregates and the grain 

size distribution variation range (App. 6) allowed by the test method. In light of the univer-

sal applicability of the result, it should be noted that the maximum grain size of the materi-

als had to be limited to 31.5 mm. Observations by Konrad (1999, 2000) and Casagrande, 

(1932) (cf. Ch 2.3.4) suggest that the frost susceptibility of uniformly graded material may 

be lower than that of broadly-graded material containing an equal amount of fines. In 

crushed rock aggregates, however, especially in the case of a uniform grain size distribu-

tion with a large maximum grain size which allows internal sorting, as with ballast, the 

finest fraction accumulates at the bottom of the material whereby the frost susceptibility of 

the material depends decisively on the examined elevation. In fact, internal sorting may 

result in a non-frost-susceptible material becoming locally frost-susceptible. 

5.4 Impact of aggregate particles' quality on frost susceptibility 

5.4.1 Deviations in frost susceptibilities estimated on the basis of fines contents 

In the previous chapters the frost susceptibility of some aggregates was found to deviate 

quite clearly from the correlation lines based on fines contents. For analysing the surface 

properties of particles that affect frost susceptibility, Table 5.8 lists the frost heave tests, 

where frost susceptibility deviated the most from the linear regression models based solely 

on the amounts of different fines fractions in crushed rock aggregates. Deviation in frost 
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susceptibility has been analysed as the mean percentage deviation of four parameters de-

picting frost susceptibility (SPo, SPo (12-24h), h24h and h96h) from the values produced by re-

gression models based on the amounts of the above-mentioned fines fractions. Table 5.8 

presents the tests where the frost susceptibility of the aggregate is over 45 % higher or over 

35 % lower than the value from the regression model based on a certain fines fraction 

(<0.063 mm, <0.02 mm or <0.002 mm). Large deviations suggest deviant properties of 

aggregate particles. 

The table reveals that the number of aggregates whose frost susceptibility deviated from 

the trend beyond the mentioned limits was quite small. Vesilahti gravel was clearly the 

most frost-susceptible with respect to fines content (Test 123, App. 5). Its frost susceptibil-

ity evaluated in the above-mentioned way was 284 % higher than the value of linear re-

gression model for the examined crushed rock aggregates using the same under 0.063 mm 

material content. In relation to the under 0.02 mm material content, the difference was 218 

%, and compared to the under 0.002 mm material content 104 %. Of the natural soils the 

frost susceptibilities of the sample from the intermediate layer gravel at Orv-Jmk km 248 

and Vesanka sand were also exceptionally high compared to their fines content. 

Due to deviations in the internal particle size distribution of fines, the frost susceptibility 

deviated strongly from the trend with some aggregates in relation to the under 0.063 mm 

material, but clearly less as to the finer fractions. Earlier Chapters 5.2.2 and 5.2.4 dealt 

with these observations as they were related to the fines formed in cyclic loading tests 14 

and 15, samples km 80+500 and km 88+200 and partially Vesanka sand. The observations 

contributed partially to the fact that frost susceptibility correlated more closely with the 

contents of the very finest fractions than fines contents. 

Crushed rock aggregates, whose exceptionally high frost susceptibility in relation to fines 

content could not be fully explained by internal particle size distributions of fines, included 

samples Tor-Kol 920+180, km 85+600, Oul-Lau 756+170, Säk-Joe 598+000 and Tmj-Raa 

703+170. The frost susceptibility of these samples was 45-93 % higher than estimated by 

regression models based on under 0.02 mm or under 0.002 mm material contents. Corre-

spondingly, crushed rock aggregate samples of exceptionally low frost susceptibility were 

Kuo-Iis 518+837, Kok-Oul 653+700 and Kok-Oul 624+810, whose frost susceptibility 

was a good 40 % lower than calculated by regression models based on under 0.02 mm or 

under 0.002 mm material contents. The fines of materials with high and low frost suscepti-

bility ranked according to their fines content are visualised by SEM images (Fig. 4.22). 

The surface texture of the fines with high frost susceptibility in Vesanka sand and Vesilahti 

gravel samples was found distinctly porous and weathered. In sample Tor-Kol 820+180 

the particles were much more flaky and slightly smaller in size compared to fines of the 

other crushed rock aggregates. In sample Kok-Oul 653+700 with fines of low frost suscep-

tibility, the grain surfaces were observed to be fairly sound. 
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Table 5.8. Frost heave tests where frost susceptibility was found to be at least 45 % higher 
or at least 35 % lower compared to frost susceptibility trend  of crushed rock aggregates 

based on the sample's fines content (<0.063, <0.02 or <0.002 mm). Included were samples 
with a clay fraction content of at least 0.2 %. 

Deviations from frost 
susceptibility trend (%) 

Test Basic aggregate / fines (if foreign) 

%
 <

 0
.0

63
 m

m
 

%
 <

 0
.0

2 
m

m
 

%
 <

 0
.0

02
 m

m
 

with 
< 0.063 

mm
fraction

with 
< 0.02 

mm
fraction  

with  
< 0.002 

mm
fraction 

123 Vesilahti gravel 4.7 3.0 1.0 +284 +218 +104
73 km 50+700 / Cyclic loading test 15 5.8 5.0 3.2 +210 +88 -35 
72 km 50+700 / Cyclic loading test 14 5.8 5.0 3.2 +192 +77 -39 
125 Tor-Kol 920+180, wet sieving 5.0 4.6 0.8 +150 +46 +69
102 Vesanka sand 8.5 6.3 2.7 +136 +61 -17 
124 Tor-Kol 920+180 6.0 4.0 0.8 +115 +68 +75
114 Orv-Jmk 248, intermediate layer gravel 2.8 1.3 0.3 +113 +165 +108
109 Vesanka sand / km 50+700 7.6 4.0 0.9 +86 +80 +60
110 km 50+700 / Vesanka, test 102 material 7.5 5.6 2.4 +82 +25 -36 
128 Oul-Lau 756+170 5.8 3.9 0.6 +72 +34 +67
71 km 50+700 / Cyclic loading test 4 6.0 3.9 1.1 +66 +32 +2 
79 km 85+600 3.1 1.4 0.3 +62 +93 +67
78 km 85+600 5.4 2.5 0.5 +58 +77 +69
131 Lau-Rov 866+250 5.7 3.9 1.0 +55 +18 -3 
10 Tku-Tjl 260+300 8.0 4.5 1.0 +48 +33 +24 
46 Tku-Tjl 260+300 5.5 3.1 0.7 +47 +35 +22 
83 Lakalaiva 3.3 1.6 0.3 +42 +59 +52
37 Säk-Joe 598+000 7.0 3.0 0.7 +37 +65 +43
57 Säk-Joe 598+000 6.7 2.8 0.7 +31 +58 +36
44 Tmj-Raa 703+170 7.3 3.4 0.6 +22 +34 +55
58 Tmj-Raa 703+170 7.2 3.3 0.6 +14 +25 +45

96 km 80+500 5.9 1.5 0.2 -64 -27 -24 
93 km 80+500 5.8 1.5 0.2 -61 -20 -17 
105 km 50+700 / Kankaanpää sand 5.7 1.3 0.2 -59 -5 -14 
101 Kankaanpää sand 23.1 5.6 0.9 -55 -10 +13 
95 km 80+500 5.8 1.5 0.2 -53 -4 -2 
103 Kuo-Iis 518+837 6.1 2.8 0.5 -53 -47 -43 
94 km 80+500 5.8 1.5 0.2 -51 -1 +2 
91 km 88+200 3.8 1.7 0.2 -51 -41 -18 
34 Kok-Oul 653+700 5.7 3.0 0.6 -44 -45 -48 
12 Kok-Oul 653+700 6.9 3.6 0.8 -44 -46 -47 
90 km 88+200 6.0 2.7 0.3 -43 -35 +3 
45 Kok-Oul 624+810 3.3 1.6 0.4 -37 -30 -42 
48 Kok-Oul 653+700 5.5 2.9 0.6 -35 -36 -40 

> +80 % 
+50%…+80% 
+35%...+50% 

 -35%...+35% 
-50%…-35% 

< -50% 
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The following chapters will examine the significance of various properties of fines and the 

water absorption of coarse particles as determining variables of frost susceptibility. The 

results of a related stepwise regression analysis are presented in Chapter 5.4.5. However, 

only those tests could be used in the stepwise regression analysis for which all the aggre-

gate properties selected as determining variables had been defined. Test series on various 

properties did not completely cover all aggregates. Thus, in order to maximise the material 

to be included in the investigation, the investigation initially targeted (Chs. 5.4.2-5.4.4) the 

relative deviations between observed frost susceptibilities and frost susceptibilities deter-

mined by the linear regression models based just on fines fraction contents. The connec-

tion of these relative residuals was sought to be established with surface properties of ag-

gregate particles. These relative deviations are represented, for instance, by the percent-

ages of Table 5.8. The examination included tests where the targeted aggregate property 

had been analysed and the aggregate met the following criteria: 

1) The coarse-size grains and fines of the sample were from the same aggregate (cf. 

App. 5) 

2) Clay fraction content (% of < 0.002 mm) was at least 0.2 % (cf. App. 5) 

3) Of the 31 tests on km 50+700 aggregate four were included (cf. Ch. 5.2.2) 

4) Tests on Tmj-Raa track section samples were excluded due to highly deviating 

aggregate properties (cf. Chs. 4.3 and 4.4). 

5.4.2 Loss on ignition, water adsorption and specific surface area of fines 

The loss on ignition of fines had no statistically significant relationship with frost suscepti-

bilities deviating from the normal in relation to the fines content (Table 5.9, Figure 5.14). 

The organic matter of samples, at the examined under 10 % humus contents, did not affect 

the frost susceptibility of ballast bed samples of a certain fines content. 

Table 5.9. Correlations between relative residuals of fines fraction content-based frost 
susceptibility models and losses on ignition and water adsorption of fines. 

 Loss on ignition Water adsorption 
before ignition 

 N R P N R P 

Residuals of  model based on %<0.063 mm 34 0.18 0.314 59 0.67 <0.001 

Residuals of  model based on %<0.02 mm 34 0.10 0.561 59 0.43 0.001 

Residuals of  model based on %<0.002 mm 34 0.15 0.400 59 0.25 0.052 

Chapter 4.4.3 showed how water adsorption was found to depend largely (R2=0.83) on loss 

on ignition. Therefore, it is slightly surprising that correlation between water adsorption 

and the residuals of the regression analysis based on under 0.063 mm material contents is 

quite close (R=0.67), although that was not the case between loss on ignition and the re-

siduals. However, in practice the correlation is partly a result of the fact that water adsorp-

tion of fines also correlates with the under 0.02 mm and under 0.002 mm material contents 
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of fines (see Ch. 4.4.3), which are also better at modelling frost susceptibility. Thus, corre-

lation between water adsorption and deviations in frost susceptibility weakens clearly 

(Figs. 5.14d and f) when viewed in relation to residuals of more accurate models based on 

the finest fractions (<0.02 and <0.002 mm). 

Figure 5.14. Deviations (%) in frost susceptibilities from those modelled for crushed rock 
aggregates on the basis of contents of fines fractions (<0.063 mm, <0.02 mm and <0.002 

mm) in relation to loss on ignition (left) and water adsorption (right).  
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The relationship between the specific surface areas of fines and the residuals of fines frac-

tion contents-based frost susceptibility models is correspondingly presented in Table 5.10 

and Figure 5.15. As in the case of water adsorption above, correlations with specific sur-

face area also weaken as the fines fraction serving as the basis of the examined model gets 

smaller. Even these correlation coefficients are misleadingly close. Figures 5.15a, c and e 

show that the correlations are significantly affected by the fact that an individual observa-

tion falls apart from the others at the extreme end of the specific surface area scale. The 

deviating observation excluded, the correlations become clearly weaker (R<0.063mm=0.31,

R<0.02mm=0.20, R<0.002mm=0.04). Thus, in practice, specific surface area does not allow as-

sessing deviations in the aggregate's frost susceptibility on the basis of fines fractions. 

Table 5.10. Correlations between relative residuals of fines fraction content-based frost 

susceptibility models and specific surface areas of fines. 

 Specific surface 
area

before ignition 

Specific surface 
area

after ignition 
 N R P N R P 

Residuals of  model based on %<0.063 mm 59 0.55 <0.001 16 0.71 0.002 

Residuals of  model based on %<0.02 mm 59 0.47 <0.001 16 0.30 0.255 

Residuals of  model based on %<0.002 mm 59 0.24 0.064 16 0.34 0.196 

The weak correlation between both water adsorption and specific surface area and devia-

tions in frost susceptibility is partly due to the decisive effect of humus and iron deposits 

on specific surface area and water adsorption (cf. Ch. 4.4.3). The impact of water bound in 

humus or iron deposits differs, according to Nieminen (1985), from the impact of water 

bound in mineral fines. Thus, the decisive impact of humus or iron compounds on water 

adsorption or specific surface area does not necessarily manifested itself as increased frost 

susceptibility. As a result, the connection between specific surface area and deviating frost 

susceptibilities was also examined as to specific surface areas determined after ignition. 

Significant correlation (R=0.71) between the residuals of a frost susceptibility model based 

on the amount of under 0.063 material contents was achieved. Correlations with residuals 

of models based on contents of finer fractions were not statistically significant. 
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Figure 5.15. Deviations (%) in frost susceptibilities from those modelled for crushed rock 
aggregates on the basis of contents of fines fractions (<0.063 mm, <0.02 mm and <0.002 

mm) in relation to specific surface areas of fines (left) and specific surface areas after ig-

nition (right). 

5.4.3 Porosity of fines 

The most deviant pore size distributions among the examined samples were dealt with in 

Chapter 4.4.4 (cf. Figs. 4.18-4.20). Table 5.8 shows that said most deviant samples as to 
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pore size distribution were clearly more frost-susceptible in relation to their fines content 

than average.  

Correlation between the results on the porosity of fines measured with the mercury po-

rosimeter – the volume of adsorption pores, the combined volume of adsorption and capil-

lary pores, total pore volume and total pore surface area (see Ch. 4.4.4) – and the devia-

tions in frost susceptibility assessed by the above-mentioned means was examined. Of 

these, total pore volume and area correlated the most closely with the deviations: the mod-

erate correlations with residuals of fines fraction contents-based frost susceptibility models 

are presented in Table 5.11 and Figure 5.16. Especially worth noting are the moderate cor-

relations with residuals of models based on under 0.02 mm and under 0.002 mm materials 

that depict frost susceptibility more accurately. 

Table 5.11. Correlations between relative residuals of fines fraction content-based frost 

susceptibility models and total pore volumes and areas of fines. 

 Total pore  
volume 

Total pore  
area

 N R P N R P 

Residuals of  model based on %<0.063 mm 38 0.38 0.018 38 0.71 <0.001 

Residuals of  model based on %<0.02 mm 38 0.34 0.034 38 0.55 <0.001 

Residuals of  model based on %<0.002 mm 38 0.45 0.004 38 0.43  0.007 

Figures 5.16b, d and f show that two individual pore area observations fall slightly apart 

form the others at the upper end of the total pore area scale which for its part contributes to 

moderate correlation coefficients. On the other hand, Figures 5.16a, c and e indicate that 

the moderate correlations for total pore volume given in Table 5.11 depict the actual rela-

tionship which would even be strong without the individual diverging observations. The 

total pore volume of fines allows revising the frost susceptibility models based on fines 

fraction contents as will be later shown in Chapter 5.4.5. 



164 

Figure 5.16. Deviations (%) in frost susceptibilities from those modelled for crushed rock 
aggregates on the basis of contents of fines fractions (<0.063 mm, <0.02 mm and <0.002 

mm) in relation to total pore volumes (left) and pore areas (right) of fines. 

5.4.4 Water absorption of coarse particles 

The water absorption determined for the aggregate particles of the 4/31.5 mm fraction (cf. 

Ch. 4.3.2) was the variable that correlated best with the observed deviations from frost 

susceptibilities modelled based on fines fraction contents. In a correlation analysis of the 

type presented earlier, the correlation coefficient (R) of water absorption was over 0.60 
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with respect to residuals of each frost susceptibility model based on contents of fines frac-

tions. Figure 5.17 shows how an individual plotted point falls separately at the top end of 

the scale with respect to water absorption, but its elimination would affect correlation coef-

ficient less than in the case of the parameters dealt with earlier. Without a deviating water 

absorption observation the correlation are: R<0.063mm=0.47, R<0.02mm=0.53, R<0.002mm=0.53.

Table 5.12. Correlations between relative residuals of fines fraction content-based frost 

susceptibility models and water absorptions of the 4/31.5 fraction. 

  Water absorption of  
4/31.5 mm fraction  

    N R P 

Residuals of  model based on %<0.063 mm    56 0.65 <0.001 

Residuals of  model based on %<0.02 mm    56 0.69 <0.001 

Residuals of  model based on %<0.002 mm    56 0.63 <0.001 

Figure 5.17. Deviations (%) in frost susceptibilities from those modelled for crushed rock 

aggregates on the basis of contents of fines fractions (<0.063 mm, <0.02 mm and <0.002 
mm) ) in relation the water absorptions of coarse particles. 
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5.4.5 Frost susceptibility model that considers quality of aggregate particles 

The frost susceptibility of aggregates could be best modelled by models incorporating the 

particle properties of the examined aggregates and the contents of fines fractions. The 

stepwise regression analysis examined the parameters depicting frost susceptibility as de-

termining variables alongside the amounts of fines fractions (<0.063 mm, <0.02 mm and 

<0.002 mm), the water adsorption, specific surface area, total pore volume and total pore 

area of fines as well as water absorption of coarse particles. The analysis was performed on 

the results of frost heave tests where the properties of all independent variables of aggre-

gates had been determined and that met the criteria set in Chapter 5.4.1. Thus, the total 

number of analysed tests was 36. 

The outcome of the stepwise regression analysis was unambiguous. Based on the index 

properties of aggregate particles, the predictability of each parameter depicting frost sus-

ceptibility could be improved significantly compared to examinations based solely on the 

contents of fines fractions. The best correlation, which supported the observations of ear-

lier chapters based on a larger number of materials, was achieved by using as independent 

variables the content of under 0.002 mm material, water absorption of coarse particles 

(WA24) and total pore volume of fines (Vtot). Both water absorption and total pore volume 

clearly improved the coefficient of determination. This provided parameters h96h, h24h, SPo

and SPo (12-24h) with coefficients of determination (R2) between 0.80-0.88, on the basis of 

Equations 5-5 to 5-8. These were relatively close to the coefficients of determination ob-

served for frost susceptibility in aggregate-specific analysis based only on the content of 

fines (cf. Ch. 5.2.1). Other independent variables did not improve the attained coefficients 

of determination. 

h96h = 6.88·(%<0.002 mm) + 15.83·WA24 + 10.64·Vtot – 7.99 (R2=0.86) (5-5) 

h24h = 4.51·(%<0.002 mm) + 12.58·WA24 + 5.53·Vtot – 5.03 (R2=0.89) (5-6) 

SPo = 2.77·(%<0.002 mm) + 10.01· WA24 + 4.57·Vtot – 3.82 (R2=0.80) (5-7) 

SPo (12-24h) = 5.03·(%<0.002 mm) + 11.23· WA24 + 7.23·Vtot – 5.83 (R2=0.88) (5-8) 

where 

(%<0.002 mm) is share of under 0.002 mm material in aggregate (%) 

WA24 is water absorption of 4/31.5 mm fraction (%) 

Vtot is total pore volume of fines (ml/g)  

Correlations between observed and modelled frost susceptibility parameters are presented 

in Figure 5.18. Equations 5-9 to 5-12 show the regression models based on the amount of 

under 0.02 mm material content while Equations 5-13 to 5-16 show regression models 

based on under 0.063 mm material content whose coefficients of determination (R2 = 0.76-

0.81) came relatively close to those of models based on under 0.002 mm material content. 

When setting up the models, the content of under 0.002 mm material was eliminated from 
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the independent variables. Parallel application of models based on coarser fines fractions 

may be practical in case there are inaccuracies involved in determining the internal size 

distribution of fines (see e.g. Ch. 4.2.1). 

h96h = 1.46·(%<0.02 mm) + 19.02· WA24 + 9.26·Vtot – 7.67 (R2=0.76) (5-9) 

h24h = 0.95·(%<0.02 mm) + 14.71· WA24 + 4.59·Vtot – 4.77 (R2=0.78) (5-10) 

SPo = 0.63·(%<0.02 mm) + 11.17· WA24 + 4.14·Vtot – 3.86 (R2=0.77) (5-11) 

SPo (12-24h) = 1.10·(%<0.02 mm) + 13.44· WA24 + 6.33·Vtot – 5.75 (R2=0.81) (5-12) 

h96h = 0.79·(%<0.063 mm) + 23.46· WA24 + 9.93·Vtot – 8.90 (R2=0.76) (5-13) 

h24h = 0.51·(%<0.063 mm) + 17.59· WA24 + 4.99·Vtot – 5.53 (R2=0.78) (5-14) 

SPo = 0.33·(%<0.063 mm) + 13.08· WA24 + 4.35·Vtot – 4.29 (R2=0.76) (5-15) 

SPo (12-24h) = 0.59·(%<0.063 mm) + 16.80· WA24 + 6.76·Vtot – 6.58 (R2=0.80) (5-16) 

Figure 5.18. Correlations between observed parameters and parameters depicting frost 
susceptibility modelled by equations 5-5 to 5-8 (h96h, h24h, SPo and SPo (12-24h)). 
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6. CYCLIC LOADING TEST RESULTS 

6.1 Overview of results 

6.1.1 Conducted tests 

The cyclic loading test equipment developed to simulate train loading, as well as the gen-

eral test setup and the measurements made are discussed in Chapter 3.6. The objective of 

the cyclic loading tests was to determine the effect of train loading, recurring millions of 

times, on the degradation of crushed rock aggregates used in the track structure, especially 

in the case of those used in frost protection and intermediate layers. In the highly acceler-

ated laboratory loading conditions, loading corresponding to dozens of years of train traffic 

could be compressed into a test lasting only a few weeks. The relatively short duration of 

the test enabled the study of the effects of several variables affecting degradation. A total 

of 35 cyclic loading tests were conducted in January 2003 March 2005.  

The conducted tests are listed in Table 6.1. The table presents data on loading, material and 

test conditions, as well as the degradation and deformation parameters of aggregates ob-

tained from the tests. Degradation and deformation parameters are discussed in the next 

chapter (6.1.2). In Table 6.1 the tests are divided by horizontal lines into three sections of 

comparable technical test conditions. Most important changes in test equipment were the 

change from 150 mm wide loading plates to 250 mm wide plates after the first three tests 

and the removal of the sheet metal from the top of the bottom rubber after Test 22. Other 

technical issues pertaining to the test results were the use of a mesh fabric for dividing the 

aggregate and solutions used for the prevention of uncontrollable movements of the load-

ing plates. The technical test setups were discussed in Chapter 3.6 and their effect on the 

test results later in Chapter 6.2. The main observations on technical settings of each test 

and also the parameters of test conditions and studied aggregate data are shown in boldface 

in Table 6.1. The results of the aggregate strength and shape analyses are presented in Ap-

pendix 3. 

Appendix 4 presents the wet-sieved grain size distributions of materials before and after 

each test. The main observations on changes in test equipment, technical test conditions 

and results are discussed briefly for each test in Appendix 4. Each variable used in the tests 

is discussed separately in more detail in later chapters. 
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Table 6.1. The loading, material and condition data of the conducted cyclic loading tests 
and resulting degradation and deformation parameters. 

Test setup Test conditions and aggregate Result parameters 
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1 X X       300 0.3 50 Lakalaiva 4/32       2.3 0.6   

2 X X    300 6.0 20 Lakalaiva 4/32    0.9 0.2 2.1 3.3 

3 X X       300 1.3 40 Lakalaiva 4/32       1.2 0.4 2.6  

4 X   X     225 6.0 50 Lakalaiva 4/32       7.8 5.6 3.6 22.8 

5     X     225 6.0 50 50+700 2/50     0.4 0.2 2.5  3.4 

6     X     225 6.0 50 50+700 2/50 X     0.3 0.3 2.5  2.1 

7           225 3.6 50 50+700 4/32       2.4  5.1 

8           225 6.0 50 50+700 8/40     0.8 0.1 2.6  3.6 

9           225 6.0 50 Lakalaiva 4/32     1.3 1.3 3.0  7.8 

10           225 6.0 50 Lakalaiva 4/32     1.0 0.6 2.9  4.8 

11           225 6.0 50 50+700 0/40     0.3 1.1 2.4  3.1 

12      225 6.0 100 50+700 8/40    0.9 0.2 3.6  4.0 

13           300 0.5 50 50+700 0/50 X     2.4 9.6 5.5  

14      225 3.0 50 50+700 0/50 X   1.7 8.8 4.5 16.6 

15      225 3.0 50 80+500 0/50 X   2.1 9.3 5.4 22.5 

16           225 3.0 50 85+600 0/50 X     3.4 10.9 5.5 32.3 

17           150 3.0 50 50+700 0/50 7%     0.4 2.2 2.6  7.8 

18          150 3.0 50 85+600 0/50 7%     1.1 2.7 2.6 12.3 

19 X        225 3.0 50 50+700 4/32     6.6 3.0 2.4 27.3 

20   X  X 300 3.0 30 50+700 16/63  X  0.8 0.3 3.3  5.7 

21     X   X 300 3.0 30 50+700 16/63   X X 13.1 2.0 3.1  

22     X   X 225 6.0 50 50+700 0/50 5%     1.0 0.2 2.9 10.6 

23   X X X 225 3.0 50 50+700 4/32   5.0 2.8 1.8 16.4 

24    X X 225 3.0 50 50+700 0/50   2.3 1.9 2.5  9.5 

25    X X 150 3.0 50 50+700 4/32   1.7 1.0 1.2 11.1 

26    X X 225 3.0 50 50+700 4/32   9.1 3.5 2.1 23.7 

27    X X 225 3.0 10 50+700 4/32   2.3 1.0 1.5 16.9 

28    X X 300 3.0 10 50+700 4/32    5.7 2.1 1.8 26.4 

29    X X 225 3.0 50 50+700 4/63    3.4 3.0 2.8 13.9 

30       X X 225 3.0 50 50+700 1/40       6.2 2.9 2.1 14.4 

31    X X 225 3.0 50 Lakalaiva 0/40    1.7 1.5 2.9  7.3 

32    X X 225 3.0 50 85+600 0/40    1.2 1.0 3.0  5.1 

33    X X 225 3.0 50 88+800 0/40   4.8 2.5 2.3 20.8 

34    X X 225 3.0 50 80+500 0/40   4.7 2.3 2.2 16.5 

35    X X 225 3.0 50 88+200 0/40   8.3 2.6 2.0 19.7 

*) The X in the test setup column refers to a water saturated state 
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6.1.2 Reference parameters 

To compare the degradation and deformation behaviour that occurred in different tests, 

some reference parameters were determined from the results. There was generally no sense 

in making comparison of degradations between aggregates with different original grain 

size distributions based on changes in the percentages passing a single sieve size. Changes 

in the entire grain size distribution needed to be taken into account in the comparisons of 

degradation. For this reason the average change in the percentages passing the 25, 16, 8 

and 4 mm sieves (Hi25/16/8/4 mm; Equation 6-1) in the test was selected as the reference pa-

rameter indicating the degradation of coarser grains. Correspondingly, the average change 

in the percentages passing the 0.063, 0.125 and 0.25 mm sieves (Hi0.063/0.125/0.25 mm; Equa-

tion 6-2) was selected as the reference parameter for the degradation of the fine-grained 

fractions. The selected parameters enable a quantitative comparison of the results, in addi-

tion to which general changes in the grain size distributions were also considered in the 

degradation analyses. 

4

)()()()( 481625
4/8/16/25

PPPP
Hi mm

 (6-1) 

3

)()()( 25.0125.0063.0
25.0/125.0/063.0

PPP
Hi mm

  (6-2) 

where 

(Pi) is change in the percentage passing the X mm sieve before and after the test  

The reference parameters for displacements were the permanent displacement of the load-

ing plates and the recoverable displacement of the loading plates during a loading pulse. 

The settlement of the loading plates was large in the beginning of the test while the mate-

rial continued to compact (e.g. Fig. 6.1a). To reduce the impact of the initial compaction 

and other random factors at the beginning of the test, the average permanent displacement 

of three loading plates that occurred at the loading interval of 0.5-3.0 million cycles was 

chosen as the reference parameter, which was better suited for depicting the long-term 

behaviour of the material. In several tests, the differences between displacements of vari-

ous loading plates were more significant, especially at higher loading levels, than in Test 

18 illustrated in Figure 6.1a. 
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Figure 6.1. Example (Test 18) of the development of permanent displacements of loading 

plates (left) and the magnitude of the recoverable displacement of loading plates during a 
loading pulse (right) as the test proceeded. 

Another displacement parameter was the overall recoverable displacement of the studied 

aggregate and the bottom rubber underneath. The recoverable displacement was measured 

from the recoverable movement of the loading plate during a loading pulse. The average 

recoverable displacement at a loading interval of 0-3.0 million cycles measured from three 

loading plates was chosen as the reference parameter. The recoverable displacement of 

the central loading plate was on average 20 % smaller in the tests than that of the outer 

plates (e.g. Fig. 6.1b). This resulted from the technical constraints of the test setup due to 

the dimensions of the test box (cf. Ch. 3.6.1). 

6.1.3 General displacement measurement observations  

Besides the reference parameters for displacements presented in the previous chapter, per-

manent and recoverable vertical displacements measured from different levels of the ag-

gregate and from the bottom rubber (cf. Ch. 3.6.2) could be used to assist in the determina-

tion of the displacement behaviour. Figure 6.2 illustrates the development of the permanent 

displacement of the loading plate and the permanent displacement measured from the ag-

gregate under the plate on two levels in example of Test 4. The permanent compression of 

the bottom rubber was found to be very low in the test: even at its highest level in Test 4 

with a strong degradation after six million loading cycles it was under 1 mm. Therefore, 

results corresponding to those shown in Figure 6.2 can be used to determine the displace-

ment in different aggregates at different levels. Permanent displacement both on the 120 

mm and the 240 mm level from the bottom of the material was rather low in the tests com-

pared to the overall permanent displacements of the loading plates, as seen in example Test 

4 illustrated in Figure 6.2. The observations were highly congruent in all tests (1-9, 11) 
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where displacements were measured on different levels. This means that most of the dis-

placement of the loading plates resulted from a reorganisation of the upper third of the 

aggregate and its intrusion upward between the loading plates.  

Concentration of reorganisation at the upper levels of the structural layer probably also 

occurs in actual track loading situations, but the intrusion of the aggregate upward from 

under the loading plates is, even in principle, only possible in the ballast layer of a track. 

Because of the distribution of loading in the ballast layer, a significant upward intrusion of 

the subballast layer aggregate is improbable with appropriate structural materials and 

proper draining. For this reason, the test setup does not fully correspond to the real situa-

tion on the surface of the intermediate layer. 

Figure 6.2. Overall permanent displacement of the loading plate in Test 4 in relation to the 

permanent displacement measured from the aggregate under the plate 120 mm above the 
bottom level (left) and 240 mm above the bottom level (right). The figure also shows the 

small extent of permanent compression of the bottom rubber during the test. 

The above described displacement measurement arrangement used in Tests 1-9 and 11 

allowed the determination illustrated in Figure 6.2 for permanent displacements also in the 

case of recoverable displacements. Figure 6.3 shows measurement results from Test 11 as 

an example. In this test, the recoverable compression of the bottom rubber under the cen-

tral loading plate during the loading pulse was 1.1 mm and the average overall recoverable 

displacement of the central loading plate was 1.9 mm. Thus, the recoverable vertical de-

formation of the aggregate accounted for about 0.8 mm of the overall recoverable dis-

placement. In observed Tests 2-8, 10, 11, 14 and 15 the recoverable deformations of the 

aggregate calculated in this way were rather similar and, despite marked differences in 

overall recoverable displacements, varied only between 0.7-1.1 mm. 
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Figure 6.3. Recoverable displacements measured during loading pulses in Test 11. Left: 

overall recoverable displacement of the central loading plate and the recoverable com-
pression of the bottom rubber measured underneath. Right: the overall recoverable dis-

placement of an outer loading plate and the recoverable displacement measured under-

neath 240 mm above the bottom level. 

As we have already noted, the recoverable displacement of the central loading plate was 

due to limitations in the test setup, on average, about 20 % smaller compared to the recov-

erable displacements of the outer loading plates. The difference was thought to be caused 

mainly by the difference in the recoverable compression of the bottom rubber. Figure 3.11 

showing the test box reveals that the loading under the outer loading plates cannot be dis-

tributed towards the ends of the box. For this reason, the loading of the outer loading plates 

concentrates on a smaller area of the bottom rubber than in the loading of the central load-

ing plate. Consequently, the loading of the outer plates causes greater recoverable com-

pression of the bottom rubber. This interpretation is supported by the fact that in all tests 

the difference between overall recoverable displacement of the outer loading plates and the 

recoverable displacement measured from under the plate 240 mm above the bottom level 

was of the same order (0.5-1.0 mm) as the recoverable deformation calculated for the en-

tire aggregate from measurements under the central loading plate (e.g. Fig. 6.3). This was 

the case, despite the markedly high overall recoverable displacements of the outer loading 

plates in some tests. Thus, recoverable movements in the aggregate take mainly place in 

the upper third of the material. This observation is also supported by displacement meas-

urements from under the outer loading plates 120 mm above the bottom level. 

Displacement behaviour is illustrated by the example set of continuous displacement 

measurement results from Test 4 shown in Figure 6.4. The set covers a period of two load-
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ing cycles (see Ch. 3.6.1) spanning about 660 ms, where each loading plate alternatively 

loads the aggregate twice. Displacement curves measured from different levels under the 

loading plates conform in shape to the loading plates’ displacement curves, verifying the 

reliability of the measurements. 
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Figure 6.4. An example showing two loading cycles of the continuous displacement meas-

urement results in Test 4. 

The share of the recoverable compression of the bottom in the overall recoverable dis-

placement of the central loading plate varied in the studied Tests 2-8, 10, 11, 14 and 15 

between 60-80 %. Its average share in the tests was 65 %. Differences in recoverable dis-

placement with a bottom rubber of a given thickness and at a given loading level in differ-

ent tests indicated differences in the ability of the aggregate to distribute loads and differ-

ences in magnitude of displacements between particles. For example, in Tests 14 and 15 on 

an aggregate containing fine-grained material in a water saturated state, the recoverable 

compression of the bottom rubber was over twofold compared to regular tests in a dry state 

although the loading level and the thickness of the bottom rubber were equivalent in the 

tests (Fig. 6.5a). The strong recoverable compression of the bottom rubber suggests a weak 

distribution of loading in the aggregate and the formation of distinct vertical slide zones in 

the aggregate between the loading plates. Consequently, the loading of the aggregate under 

the loading plate is, in the worst case, directed only to the section of the bottom rubber 

directly under the loading plate, causing a high recoverable compression of the rubber. In 

slide zones particles are subject to abrasion and strong impacts as they collide which leads 

to marked degradation of the aggregate as a result of millions of loading cycles. The result 

can be seen from Tests 4, 14 and 15 with the strongest degradation, where the recoverable 
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compression of the bottom rubber was also exceptionally high. In tests comparable in 

terms of loading level and bottom rubber thickness, where the recoverable compression of 

the bottom rubber was measured (Tests 4, 5, 6, 7, 10, 11, 14 and 15), the magnitude of the 

recoverable compression of the bottom rubber correlated strongly with the degradation of 

fine-grained aggregate fractions (Fig. 6.5b). 

Figure 6.5. The magnitude of the recoverable compression of the bottom rubber under the 

central loading plate within the loading interval of 1.0-2.0 million pulses (left) and the 
correlation of the recoverable compression of the bottom rubber with the degradation of 

fine-grained aggregate fractions (right). The analysis included only tests with comparable 

bottom rubber thickness and loading level, where the recoverable compression of the bot-
tom rubber was measured, i.e., Tests 4, 5, 6, 7, 10, 11, 14 and 15. 

In the displacement measurements, the distribution of loading in the aggregate was also 

studied on the basis of displacements caused by individual loading pulses. Figure 6.6 pre-

sents a comparison of the compression of the bottom rubber within a period of one second 

in Tests 4 and 5. In Test 4 the aggregate degraded strongly and the recoverable compres-

sion of the bottom rubber was high, whereas in Test 5 the aggregate displayed virtually no 

degradation and recoverable compression of the bottom rubber was clearly smaller, as can 

also be seen from Figure 6.6. A more essential observation from Figure 6.6, however, is 

how the bottom rubber compresses under the central loading plate when loading is directed 

to the adjacent loading plates. In Test 5 the rubber under the central plate is compressed 

during the loading of the outer plates considerably more than in Test 4. This indicates a 

much better distribution of loading in the aggregate used in Test 5. The compression 

caused by the loading of the outer plates in the rubber under the central plate in Test 5 is 

about 70 % of the compression caused by the loading of the plate right above. The corre-

sponding percentage for Test 4 is about 25 %, which results in the formation of slide zones 
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degrading the aggregate, as noted in the foregoing. The behaviour observed in Tests 14 and 

15 was in principle similar to the situation of Test 4, and, correspondingly, in other tests 

where no degradation occurred to Test 5.  
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Figure 6.6. The recoverable compression of the bottom rubber under the central loading 
plate caused by the loading pulses within a period of one second in Tests 4 and 5. The 

moments of loading by the central loading plate appear as the highest compressions at 

200, 520 and 850 ms. The smaller troughs in the compression curves result from the im-
pacts of the outer loading plates. 

The results of cyclic loading tests are discussed in the next Chapters 6.2-6.7 with a view to 

the specific effects of each studied variable on the degradation and deformation behaviour 

observed in the test. 

6.2 Observations on technical test setup  

6.2.1 Mechanisms underlying degradation and the effect of the mesh fabric 

The original plan was to determine the degradation of the aggregate separately in different 

parts of the test box by dividing the aggregate into sections by a mesh fabric to prevent the 

mixing of the material (cf. Fig. 3.16b). However, the mesh fabric was found to distort the 

behaviour of the aggregate dramatically. In Test 4, the mesh fabric was installed vertically 

between the loading plates. The test was performed on Lakalaiva aggregate with a grada-

tion of 4/32 mm. The loading level in that test was 225 kPa and the thickness of the bottom 

rubber covered with a 0.5 mm sheet metal was 50 mm. The aggregate degraded very 
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strongly in the test. The degradation index of coarse grains (Hi25/16/8/4 mm) turned out to be 

7.8 and that of fine-grained fractions (Hi0.063/0.125/0.25 mm) as high as 5.6 (Fig. 6.7). The aver-

age of Tests 9 and 10, otherwise similar but without the mesh fabric, for Hi25/16/8/4 mm was 

1.2 and for Hi0.063/0.125/0.25 mm 1.0, respectively. The permanent displacement of the loading 

plates was clearly higher in Test 4 than in Tests 9 and 10. 

Figure 6.7. Effect of mesh fabric on degradation indices (left) and recoverable and perma-

nent displacements of loading plates (right) in Test 4, and the results obtained as averages 
of Tests 9 and 10. 

To confirm the dramatic effect of the mesh fabric, the situation was repeated with another 

aggregate (km 50+700) and in a shortened test. Test 19 used the mesh fabric, and Test 7 

was otherwise similar but without the mesh fabric. Due to a technical problem, the degra-

dation of the aggregate could not be determined by sieving in Test 7, but based on visual 

evaluation degradation was very low and degradation indices very probably under 1.0. In 

Test 19, Hi25/16/8/4 mm was 6.6 and Hi0.063/0.125/0.25 mm was 3.3, respectively.  

The dramatic effect of the mesh fabric resulted from the formation of slide zones in the 

aggregate around the fabric. The fabric was enough to ease the movement between parti-

cles, resulting in strong degradation. As the particles slid in relation to each other, they 

collided and abraded each other. As the test proceeded, the degradation zone expanded to 

the vicinity of the fabric, but degradation directly under the loading plates was markedly 

weak, as can be seen from the example of Test 26 in Figure 6.8. The described conclusion 

is supported by displacement measurement observations discussed in the previous chapter 

and the estimates of the distribution of loading based on them (e.g. Fig. 6.6). Considering 
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the actual loading situation in the track structure, a positive observation was that the for-

mation of a significant slide surface under the test conditions required the presence of the 

mesh fabric, and the worst-case scenario was not realised in Tests  9, 10 or 7 without the 

fabric. 

It should be noted that the observation of the decisive effect of the mesh fabric was very 

surprising. At the same time, the observation also shed more light on the basic mechanism 

of a dramatic degradation phenomenon, which was also similar in the tests without the 

mesh fabric where degradation was significant. A typical example is the situation of Test 

26 in Figure 6.8, where strong degradation occurred. After the test, the rounding of grains 

was visible on top of the material at the slide zones between the loading plates (Fig. 6.8a). 

In the lower regions of the aggregate, degradation could be observed to have taken place 

mainly in the slide zone, and due to the interface problem (cf. Ch. 6.2.4) near the edges of 

the box (Fig. 6.8b). 
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Figure 6.8. Distinct degradation zones between the loading plates as an example of Test 
26. The marker is located at the central loading plate. The photograph showing the surface 

of the aggregate (top) reveals the rounding of coarse grains at the degradation zone. The 

photograph showing a lower region of the aggregate (bottom) reveals distinct degradation 
zones between the loading plates. 
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6.2.2 Sheet metal on top of the bottom rubber 

The 0.5 mm sheet metal placed on top of the sponge rubber layer of the bottom had a clear 

effect on the degradation of the aggregate. The sheet metal was used in Tests 1-22 to pre-

vent the strong intrusion of individual aggregate grains into the bottom rubber by dividing 

the loading on the rubber somewhat more evenly. The sheet metal was not used in Tests 

23-35 but the aggregate was placed directly on top of the bottom rubber.  

The effect of the sheet metal can be seen in two different cases, Tests 24 and 11 as well as 

Tests 26 and 7. In Tests 24 and 11, that were similar with the exception of the sheet metal, 

the aggregate had a rather wide grain size distribution (0/40 mm), and degraded very little 

in Test 11 with the sheet metal. In Test 24, without the sheet metal, degradation clearly 

occurred (Fig. 6.9). The difference between Tests 26 and 7 was similar but clearly bigger, 

which was due to a grain size distribution (4/32 mm) more susceptible to degradation. 

Thus, the removal of the sheet metal clearly increased degradation, which also brought out 

better the differences in the degradations of the aggregate between different tests. It should 

be noted that the differences in degradation cannot be explained by an increase in overall 

flexibility, because the recoverable displacement of the loading plates did not increase 

when the sheet metal was removed. The test setup without the sheet metal made it possible 

to determine the effects of different variables also under conditions where no degradation 

had occurred earlier when the sheet metal was used. 

Figure 6.9. Effect of sheet metal on degradation indices (left) and recoverable and perma-

nent displacements of loading plates (right) in Tests 11 and 24. The difference in degrada-

tion was even more pronounced between Tests 7 and 26. 
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It is hard to say which situation depicts real subgrade conditions better. It should be borne 

in mind here that the removal of the sheet metal did not increase the overall recoverable 

displacement of the loading plates (e.g. Fig. 6.9b). Therefore, the difference between the 

situations was probably mainly due to the fact that, without the sheet metal, the grains in 

the particle chain transmitting the highest stresses could intrude into the rubber. Compared 

to the situation with the sheet metal, the result would be a higher degree of movement, and 

thus collisions and abrasions between grains of the particle chains that intrude more into 

the rubber and those that intrude less. Of course, correspondence with the behaviour of 

actual subgrade depends partly on the type of subgrade in question. In either case, the deg-

radation results are not absolute values directly applicable to the actual track environment. 

However, because of the removal of the sheet metal, the tests from 23 onwards can only be 

compared with each other, not with earlier tests.

6.2.3 Solutions for tying loading plates  

To prevent uncontrollable movements of the loading plates, two alternative solutions pre-

sented in Chapter 3.6.1 were used (e.g. Fig. 3.14). The guide piston/bushing solution was 

used in Tests 4-6 and 20-23. Other tests were made using the flat tie bar solution. The main 

problem with the guide pistons and bushings was that, despite lubrication, there was still 

friction between them, and its magnitude was difficult to estimate. The friction reduced 

actual loading on the aggregate and caused uncertainty about its actual level. As the level 

of the friction presumably also depended on the unevenness of the deformations of the 

aggregate in each case, the tests made using guide pistons were disregarded in the analysis 

of the effects of different variables. 

The results of Tests 23 and 26 can be compared as an example of the loading reducing 

effect of guide pistons. The tests were otherwise equivalent, but Test 23 was made with the 

guide piston solution and Test 26 with regular flat tie bars. Figure 6.10 presents the recov-

erable displacements of the loading plates during the tests. The figure reveals that in Test 

26 the displacements varied relatively little during the test. By contrast, variation was high 

in Test 23, and the trend of the recoverable displacements was decreasing in the course of 

the test. The variation and the decreasing trend of the displacements indicated the presence 

of friction, and its increase as the test proceeded, and uneven deformations of aggregate 

tended to tilt the loading plates and the attached guide pistons. Due to the reduced actual 

loading level, degradation was also naturally lower in the guide piston Test 23 than in Test 

26 with the flat tie bars. 
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Figure 6.10. Recoverable displacements of the loading plates in Test 26 with the flat tie 

bars (left) and Test 23 with the guide pistons (right). 

6.2.4 Inner box walls 

The biggest individual problem in the simulation of the actual track structure was ensuring 

the correspondence of the performance of the interfaces between the aggregate and the box 

walls with a real-life situation. This was not fully achieved, which is why the degradation 

results obtained can by no means be treated as absolute values applicable to the actual 

track structure. The marked effect of the sheet metal placed on top of the flexible rubber on 

the degradation was discussed in Chapter 6.2.2. The most problematic factor which re-

mained unsolved, however, was the abrasion of the aggregate against the walls of the box. 

Although the problem could be somewhat alleviated by the use of a sponge rubber covered 

with sheet metal also in the vertical walls (cf. Ch. 3.6.1), the degradation observed near the 

inner walls of the box was always stronger than with the rest of the material (Figs. 6.11 

and 6.8b), and thus distorted the degradation situation of the real structure. The worst 

situation prevailed in the lower regions of the box. The flexible rubber used in Tests 1-19 

was no longer used on the long sides of the box in Tests 20-35 (cf. Table 6.1).  

The developed loading arrangement thus constituted a model test that had clear defects 

compared to the actual loading situation. However, a perfect laboratory-scale solution 

would require considerable additional inputs in the development of the equipment and, in 

practice, a considerable enlargement of test scale. The force control of horizontally mov-

able vertical walls as suggested by Indraratna and Salim (2003) (cf. Fig. 2.24) could be 

applied in the development work. 
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Figure 6.11. Abrasion of the aggregate against the inner box walls was possibly the big-

gest problem distorting the degradation results in relation to the real loading situation.  

6.2.5 Degradation in vibration compaction 

The effect of compaction, handing and sieving on degradation of aggregate was studied in 

a single test on a Lakalaiva aggregate with the grain size distribution of 4/32 mm. The ag-

gregate was compacted into the test box by the method used in the tests (see Ch. 3.6.1). 

The box was one third of the original length to reduce sieving work. The degrading effect 

of the compacting and handling was found to be relatively low. The degradation index of 

coarse grains (Hi25/16/8/4 mm) was 0.5 and the index for fine-grained fractions (Hi0.063/0.125/0.25 

mm) was 0.1, respectively. In the case of aggregates containing fines, especially the index 

for fine-grained fractions, would probably have been slightly higher.  

6.3 Effects of bottom flexibility and loading level  

To simulate the resilient behaviour of subgrade, the recoverable displacement of the used 

bottom rubber was normally set at a good 1 mm. The tests indicated this to correspond to 

the normal situation, like Test 11 with a sponge rubber thickness of 50 mm in Figure 6.3, 

which was therefore selected as the reference case for tests. Rubber thickness was varied in 

individual tests to evaluate the effect of the flexibility of the bottom on the degradation of 

aggregate. This effect can be examined by comparing the results of Tests 8 and 12 as well 

as 26 and 27.  

The aggregate of Tests 8 and 12 was km 50+700 with a grain size distribution of 8/40 mm 

and the loading level was 225 kPa (cf. Table 6.1); the only difference between the tests 

was the thickness of the bottom rubber. In Test 8 the thickness of the bottom sponge rub-
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ber was 50 mm and in Test 12 it was 100 mm. A 0.5 mm sheet metal was placed on top of 

the bottom rubber. The recoverable compression of the bottom rubber during loading 

pulses under the central loading plate was, on average, 1.3 mm in Test 8 and 2.2 mm in 

Test 12. A similar difference could be observed in the recoverable displacements of the 

loading plates during a loading pulse (2.6 mm vs. 3.6 mm, respectively). Although recov-

erable displacement was higher with the thicker rubber, the distribution of loading in the 

aggregate was favourable also in this case. This observation was made during the determi-

nation of the recoverable compression of bottom rubber discussed in Chapter 6.1.3 (cf. Fig. 

6.6). When the outer loading plates were loaded, the recoverable displacement of the rub-

ber determined under the central loading plate was almost 70 % of the compression caused 

by a direct vertical loading, as Test 5 in Figure 6.6 reveals. This explained why the aggre-

gate did not degrade at all due to loading in either of the tests. The observed minor degra-

dation corresponded to the degradation occurring in the compacting and treatment of the 

aggregate depicted in Chapter 6.2.5. Permanent displacement of the loading plates was 

also very low in both tests, and differences caused by the flexibility of the bottom could 

thus not be observed.  

The thickness of the bottom rubber was also the only variable between Tests 26 and 27. 

The tests were made for the aggregate km 50+700 with the grain size distribution of 4/32 

mm and a loading level of 225 kPa (cf. Table 6.1). The thickness of the bottom rubber in 

Test 26 was 50 mm but in Test 27 only 10 mm. There was no sheet metal on top of the 

bottom rubber, but the aggregate was placed directly on top of the rubber sheet. The aver-

age recoverable displacement of the loading plates during the test was 1.5 mm with a 10 

mm rubber and 2.1 mm with a 50 mm rubber. The effect of the bottom flexibility on the 

degradation of aggregate was very high, as the 50 mm bottom rubber caused a triple or 

fourfold increase in degradation, depending on the parameter, compared to the test with a 

bottom rubber thickness of 10 mm (Fig. 6.12). Likewise, the average permanent displace-

ment of the loading plates between 0.5-3.0 million cycles increased from 16.9 mm to 23.7 

mm. Thus, the effect of bottom rubber thickness on degradation was markedly higher than 

its effect on the recoverable or permanent displacement. 

When assessing the effects of the stiffness of subgrade, its effect on the magnitude of the 

loading level directed to structural layers should also be considered (cf. Ch 2.1.2, Fig. 2.4). 

When the stiffness of subgrade increases, the deflection of the rail decreases, and, conse-

quently, loading is not distributed over as many sleepers but is mostly transmitted to the 

ballast layer by the sleeper directly under the wheel. This means that loading levels di-

rected to structural layers increase with the stiffness of the subgrade. The loading level 

directed to structural materials should, therefore, be assumed to depend on the stiffness of 

subgrade and not only on axle loads. The selection of the loading levels used in the tests 

and their correspondence to the axle loads of trains are discussed in Chapter 3.6.1 and in a 

previous publication (Nurmikolu, 2004). 



185 

Tests 25 and 26 compared the effect of loading level on the km 50+700 aggregate with the 

grading of 4/32 mm, when the thickness of the bottom rubber was 50 mm. There was no 

sheet metal on top of the bottom rubber. Increasing the loading level from 150 kPa (Test 

25) to 225 kPa (Test 26) increased degradation decisively. In particular, the degradation 

index of coarse grains increased fivefold (Fig. 6.12). The index representing the creation of 

the most fine-grained material increased 3.5-fold. The permanent displacement of the load-

ing plates doubled, and the recoverable displacement of the loading plates also increased 

beyond proportion to the increase in loading. At the lower loading level, overall degrada-

tion was rather weak. 

Figure 6.12. Degradation indices (left) and recoverable and permanent displacements of 

the loading plates (right) in Tests 25, 26, 27 and 28. 

Tests 27 and 28 were performed on the same aggregate as in Tests 25 and 26, but had a 

less flexible bottom, as the thickness of the bottom rubber was only 10 mm. Loading level 

was 225 kPa in Test 27 and 300 kPa in Test 28. Due to the increase in the loading level, 

the degradation indices increased about twofold while the permanent displacement of the 

loading plates increased 1.5-fold. 

An interesting finding in the results is that a decrease in loading level from 225 kPa to 150 

kPa reduced degradation with a 50 mm bottom rubber as much as did reducing the thick-

ness of the bottom rubber from 50 mm to 10 mm. On the other hand, compared to the ref-

erence case (225 kPa, 50 mm, Test 26), increasing the loading level to 300 kPa and a si-
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multaneous thinning of the bottom rubber to 10 mm (Test 28) caused a relatively clear 

reduction of degradation and a slight increase in permanent displacement. 

6.4 Effect of grain size distribution 

The effect of grain size distribution on aggregate degradation was examined by two sets of 

comparisons with aggregate km 50+700, a loading level of 225 kPa and a 50 mm bottom 

rubber thickness. In Tests 5, 7, 8, 11 comparable in this respect, a sheet metal was used on 

top of the bottom rubber, and the number of loading was 6.0 million cycles. Tests 24, 26, 

29 and 30, respectively, were made without the sheet metal and involved 3.0 million load-

ing cycles. The used grain size distributions are presented in Figures 6.13 and 6.14. 
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Figure 6.13. Grain size distributions varied in set 1 (sheet metal on top of the bottom rub-

ber). 

In Tests 5, 7, 8 and 11 with the bottom sheet metal, the aggregate did not degrade practi-

cally at all under the loading. Only the grading of 4/32 mm (Test 7) displayed very slight 

degradation. For this reason, the effect of grain size distribution on degradation could 

hardly at all be determined on the basis of these tests. The recoverable displacements of the 

loading plates during the loading pulses were equal in each test (2.4 to 2.6 mm). The per-

manent displacement of the loading plates at the interval of 0.5-3.0 million cycles was low, 

but with the grading of 4/32 mm slightly higher than in other tests (5.1 mm vs. 3.1 to 3.6 

mm). 
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Figure 6.14. Grain size distributions varied in set 2 (no sheet metal on top of the bottom 
rubber). 

The removal of the bottom sheet metal changed the situation so that degradation occurred 

and differences caused by different grain size distributions could be observed in Tests 24, 

26, 29 and 30. Among these tests, the clearly strongest degradation was observed for the 

most uniformly graded aggregate with a grading of 4/32 mm in Test 26 (cf. Fig. 6.8). 

There, the degradation index of the coarser fraction was 9.1 and that of the fine-grained 

fractions 3.5 (Fig. 6.15). The degradation of the coarse fractions was 1.5-fold compared to 

that of the second most degraded grading of 1/40 mm. With the gradations of 1/40 mm and 

4/63 mm the amounts of the most fine-grained fractions produced were equal, but the deg-

radation index of the coarser fractions was clearly lower with the grading of 4/63 mm. 

Among the four reference grain size distributions, the least degraded was the aggregate 

with a grading of 0/50 mm of Test 24, which already contained about 10 % of grains under 

4 mm. 

The order of the permanent displacements of the loading plates conformed to the degrada-

tions. With the grading of 4/32 mm the average permanent displacement was clearly higher 

than with the other grain size distributions. The recoverable displacement of the loading 

plates was largest (2.8 mm) with the coarsest 4/63 mm grain size distribution. An explana-

tory factor may be uneven stresses: because of the coarse grading, only a few particle 

chains transmitted the loading and caused a higher recoverable compression of the bottom 

rubber under the loaded particles. The recoverable displacement of the loading plates was 

slightly larger (2.5 mm) with the least degraded material of 0/50 mm grain size distribution 

compared to the situation (2.1 mm) with the two other grain size distributions. 
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Figure 6.15. The effect of grain size distribution on degradation indices (left) and recover-

able and permanent displacements of loading plates (right). 

6.5 Effect of water and fine-grained material

6.5.1 Effect of water or fine-grained material separately 

When a sheet metal was used on top of the bottom rubber, the degradation in Tests 5, 7, 8 

and 12 on dry materials discussed in Chapter 6.4, was found to be virtually non-existent 

irrespective of the grain size distributions or bottom rubber thickness. The grain size distri-

bution of the aggregate used in Test 11 was originally chosen so as to contain a lot of fine-

grained material, about 25 % of the under 4 mm fractions. However, even the presence of 

fine-grained material in the original aggregate did not cause significant degradation in dry 

Test 11. 

The effect of water on degradation was first examined in Test 6 on an aggregate with the 

grading of 2/50 mm, which originally did not contain under 2 mm fraction. In Test 5 on a 

similar material and under otherwise similar but dry conditions, the aggregate did not de-

grade. Raising the water level to the loading plates, that is, a completely water saturated 

state did not change the situation in Test 6, and the aggregate did not degrade in this test, 

either. 
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6.5.2 Combined effect of water and fine-grained material 

The combined effect of water and fine-grained material on aggregate degradation was ex-

amined based on Tests 13-18 and 22. In these tests the original grading of the aggregate 

was 0/50 mm, containing about 13 % of the fractions under 4 mm.  

During the mixing of the material before placing it in the box in Test 22, the water content 

of the aggregate was raised to 5 %, the maximum amount that could be retained by the 

used aggregate with a grading of 0/50 mm. Evaporation during the test was prevented by a 

plastic film (Fig. 6.16). The water content of five per cent used in Test 22 caused no sig-

nificant increase in degradation compared to the dry tests.  

Figure 6.16. The vapour barrier used to prevent evaporation in the wet state tests (left). 
Owing to this arrangement, the aggregate stayed thoroughly moist during the test (right). 

Tests 17 and 18 were performed on different aggregates with a grading of 0/50 mm at a 

water content of 7 %, which meant that the aggregate could not retain all the water. The 

water level in these tests was about 80-100 mm above the bottom level of the material, and 

thus about one fourth of the aggregate was in a water saturated state. The free water caused 

clear degradation of the fine-grained fractions into fines despite the used loading level of 

150 kPa, which was lower than in the reference case. During the test, the slurry in the pore 

space of the water saturated region was probably in a slight but constant motion under the 

loading pulses, which degraded the water-borne material in motion further. The degrada-

tion of coarser grains in the km 50+700 aggregate with a higher resistance to wear (cf. Ch. 

6.6) was inexistent.  

Tests 14, 15 and 16 were performed on different aggregates with a loading level of 225 

kPa and with the bottom sheet metal so that water level was kept level with the top surface 

of the loading plates, which means that the aggregate was completely saturated with water. 

The degradation of the aggregates was dramatic in this setup irrespective of the material 

a b
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(Fig. 6.17). The degradation index of the fine-grained fractions varied in the tests between 

8.8-10.9 (Fig. 6.18). A particularly noteworthy observation in these tests was that, in prac-

tice, all material under the grain size of 2 mm degraded into fines (<0.063 mm). Moreover, 

the produced fines were very fine-grained, as more than 90 % of it had a particle size less 

than 0.02 mm and the clay fraction content (<0.002 mm) was 50-60 %. The respective 

shares in fines before the tests were about 50 % (<0.02 mm) and 10 % (<0.002 mm; cf. 

Table A1.2).  

The very strong degradation observed in Tests 14-16 resulted from the fact that the loading 

pulses set the water-borne slurry into a constant pumping motion throughout the pore 

space of the material. The moving mass abraded heavily especially itself, that is, the mate-

rial in motion. The degradation of the coarse fractions was clearly weaker and depended on 

the wear properties of the aggregate (cf. Ch. 6.6). Hi25/16/8/4 mm varied in the range of 1.7-

3.4. The movement of the slurry seemed to be directed from the space under the loading 

plates into the space between the plates and further upwards to the surface of the material. 

This assumption was supported by the slurry areas observed between the loading plates 

during the disassembly of the sample (Fig. 6.17d) and, on the other hand, the slurry 

pumped to the surface of the material during the test (Fig. 6.17a and b). 

Figure 6.17. Strong degradation observed in tests on aggregates containing fine-grained 
material in a water saturated state. Slurry that was in the worst case pumped to the sur-

face of the material (a and b), slurry under the loading plates after the test (c) and regions 

of slurry situated deeper down under the plates (d). 

a

c

b
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Likewise, the recoverable and permanent displacements of the loading plates were very 

high in Tests 14, 15 and 16. More significant than the overall flexibility was perhaps the 

poor distribution of the loading in the aggregate. Correspondingly, the recoverable com-

pression of the bottom rubber measured under the central loading plate during the impact 

of the outer loading plates was relatively low compared to the maximum recoverable com-

pression of the bottom, as shown in the case of Test 4 in Figure 6.6. The dramatic com-

bined effect of water and fines on the degradation and displacements is illustrated in Figure 

6.18. 

Figure 6.18. Separate and combined effects of water and fine-grained material on the deg-

radation indices (left) and recoverable and permanent displacements of loading plates 
(right). The figure reveals the effects in principle, despite the fact that Tests 17 and 14 

were only 3.0 million loading cycles in duration while the others were 6.0 million cycles. 

Moreover, the loading level in Test 17 was 150 kPa whereas in the other tests it was 225 
kPa.

6.6 Effect of the aggregate quality 

The effect of the aggregate grade on degradation was studied from the results of Tests 24, 

31, 32, 33, 34 and 35. Test duration was 3.0 million cycles, loading level was 225 kPa and 

a 50 mm bottom rubber was used. To bring out differences, no sheet metal was used on top 

of the bottom rubber. The aggregate grading in the tests was 0/40 mm, as shown in Figure 

6.19, except in Test 24 (km 50+700 aggregate), whose grading (0/50 mm, Fig. 6.19) dif-

0.40.3

1.1

0.3 0.3

1.0

0.20.4

2.2
1.7

8.8

0.2

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

Hi 25/16/8/4 mm  Hi
0.063/0.125/0.25

mm

Dry, no fine-grained mat. (Test 5)
Dry, with fine-grained mat. (Test 11)
Water satur., no fine-grained mat. (Test 6)
w= 5%, with fine-grained mat. (Test 22)
w= 7%, with fine-grained mat. (Test 17)
Water satur., with. fine-grained mat. (Test 14)

a

2.52.4

0.3

2.5

0.2

2.9

1.1

2.6

0.8

4.5

1.7

0.3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Recoverable
displacement (mm)

Permanent
displacement (cm)

Dry, no fine-grained mat. (Test 5)
Dry, with fine-grained mat. (Test 11)
Water sat., no fine-grained mat. (Test 6)
w= 5%, with fine-grained mat. (Test 22)
w= 7%, with fine-grained mat. (Test 17)
Water sat., with fine-grained mat. (Test 14)

b



192 

fered so little that it was included in the comparison. The grain size distribution chosen for 

the comparisons was based on the grain size distributions used in an actual track construc-

tion situation of the Kerava-Lahti shortcut line.  

The results of the strength tests on the studied aggregates (cf. Ch. 3.6.3) are presented in 

Figures 6.20 and 6.21, and in more detail in Appendix 3. On the basis of preliminary tests, 

the aggregates were chosen so that part of them did not meet the limit value set for the 

modified Swedish impact test indicating impact strength (cf. Ch. 2.2.4, Finnish Rail Ad-

ministration, 1999), and, correspondingly, one part exceeded the limit value for the Nordic 

ball mill test indicating wear properties (Fig. 6.20). Figure 6.21a shows that the Nordic ball 

mill test correlates very well with the new wear resistance test method conforming to the 

EN standard, the micro-Deval. A strong correlation can also be observed between the 

modified Swedish impact value and the Los Angeles coefficient (Fig. 6.21b). 
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Figure 6.19. Grading curves for aggregates in Tests 24, 31, 32, 33, 34 and 35 concerning 

the effect of aggregate grade on degradation. 
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Figure 6.21. Correlation of old strength test methods (Nordic ball mill and modified Swed-

ish impact value) with new test methods conforming to the EN standard (micro-Deval and 

Los Angeles test) among the studied aggregates. 

The degradations and recoverable and permanent displacements of the loading plates ob-

served in tests to determine the effect of the aggregate grade are presented in Figure 6.22. 
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(Test 35), which also displayed the lowest impact strength in the strength tests. Corre-

spondingly, and perhaps somewhat surprisingly, the clearly lowest degradations were 

found for the km 85+600 and Lakalaiva aggregates, which on the basis of the strength tests 

had the lowest resistances to wear but were, however, among the materials with the best 

impact strengths. Moreover, as we will establish later, the effect of the wear properties is 

substantially higher in a moist environment, which was not taken into consideration in 

these tests under dry conditions. As regards displacements, a somewhat contradictory ob-

servation was that in the least degraded Lakalaiva and km 85+600 aggregates, the recover-

able displacement of the loading plates during a loading pulse was slightly bigger than in 

other aggregates. On the other hand, in keeping with the degradation results, the permanent 

displacement of the loading plates within the loading interval of 0.5-3.0 million cycles was 

smallest in the km 85+600 and Lakalaiva aggregates.  

The clear correlation of the modified Swedish impact value and Los Angeles tests, indicat-

ing mainly impact strength, with degradation can be seen in Figure 6.23. When impact 

strength decreases, degradation increases markedly, although the correlation is not unam-

biguous due to deviation since degradation is affected also by other factors besides the 

impact strength of the aggregate. 

Figure 6.22. Effect of aggregate grade on degradation indices (%), recoverable displace-
ments and permanent displacement of the loading plates in dry materials. 
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Figure 6.23. Observed correlation between degradations of coarse- and fine-grained frac-

tions and the Los Angeles coefficient and the modified Swedish impact value of the aggre-
gate. 

Tests 17 and 18 were made on different aggregates with a grading of 0/50 mm at a water 

content of 7 %, whereby the aggregate could not absorb all the water (cf. Ch. 6.5.2). Free 

water that covered about one fourth on the material (80-100 mm) at the bottom of the box 

caused marked degradation of the fine-grained fractions into fines. The degradation of the 

coarser fractions was rather low in both tests, which is attributable to the low loading level 

of 150 kPa. The presence of water brought out the significance of the aggregate's wear 

properties, because the degradation of the km 50+700 aggregate with a better resistance to 
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wear (cf. the Nordic ball mill and micro-Deval coefficients of Fig. 6.20) was lower than in 

the weaker km 85+600 aggregate (Fig. 6.24).  

The slurry in the water saturated pores at the bottom of the material was probably in a 

slight but constant motion due to loading pulses and vibration during the test, which 

caused further degradation of the moving water-borne material. It should be noted that no 

degradation of coarser grains occurred in the km 50+700 aggregate with a better resistance 

to wear (Hi25/16/8/4 mm = 0.4). In the km 85+600 aggregate with clearly lower Nordic ball 

mill and micro-Deval coefficients, the above-mentioned movement of fine-grained mate-

rial was evidently sufficient to degrade even coarser grains, although to a very small extent 

(Hi25/16/8/4 mm = 1.1). The permanent displacement of the loading plate was also slightly 

bigger with the km 85+600 aggregate than with the km 50+700 aggregate. 

Figure 6.24. Effect of the aggregate grade on degradation indices (left) and recoverable 

and permanent displacements of loading plates (right) in a moist material (w=7 %) with a 
water saturated bottom section. 
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level reached the top of the loading plates. Degradation was very strong in all tests (cf. Ch. 

6.5.2). A comparison of the effect of aggregate grades in Figure 6.25 reveals that the deg-

radation of the aggregate and the permanent displacement of the loading plates increase 

when the aggregate's resistance to wear decreases (cf. Fig. 6.20 and Appendix 3). The 
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mill and micro-Deval coefficients. The permanent displacement of the loading plates was 

also highest with this aggregate. 

Figure 6.25. Effect of aggregate grade on degradation indices (left) and recoverable dis-

placements and permanent displacement of loading plates (right) in completely water satu-
rated materials. 

On the basis of the observations, impact strength tests (the modified Swedish impact value 

and the Los Angeles coefficient) indicate best the strength of the aggregate in a dry or 

slightly moist state. Under wet conditions the significance of wear properties increases and 

becomes decisive, if the aggregate is in a completely water saturated state that enables the 

movement of abrasive water-borne fines. 

6.7 Effect of ballast tamping  

Ballast-sized aggregate (16/63 mm) was studied in dry Tests 20 and 21. The aggregate of 

both tests was km 50+700, the loading level was 300 kPa and the thickness of the bottom 

rubber was 30 mm. A sheet metal was used on top of the bottom rubber, and the guide pis-

tons shown in Figure 3.14b were used to prevent the uncontrollable turning of the loading 

plates. The duration of the tests was 3.0 million loading cycles. 

In standard setup Test 20, practically no degradation of the aggregate occurred. Test 21 

was made to simulate the tamping of railway ballast with the arrangement shown in Figure 

6.26. The loading plates simulating railway sleepers were raised off the aggregate, after 

which supplementary ballast was placed under the loading plate where needed and a ham-
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mer drill with a tamping rod (Hilti TE 75) was pushed for about 250 mm depth into the 

aggregate four times from both sides of each loading plate. Besides the immediate crushing 

effect, the depicted insertion of the tamping rod also mixed the aggregate that had com-

pacted under the loading plate due to previous loading cycles, which is also the case with 

actual tamping. Tamping was repeated 11 times during the first two million loading cycles 

of the test, that is, at intervals of about 200,000 loading cycles. 

Figure 6.26. Arrangement for simulating ballast tamping. 

The effect of the tamping simulation arrangement on the degradation of the aggregate was 

crucial. Especially the degradation of coarse grains was very strong (Hi25/16/8/4 mm = 13.1), 

clearly exceeding that observed in any other test setup discussed previously. The extent of 

the degradation shows clearly in the grading curves presented in Figure 6.27 and in the 

photograph of Figure 6.28. Based on this observation, it is evident that the immediate 

crushing effect of tamping rods on aggregates, together with the increasing reorganisation 

of particles due to the mixing of the material caused by the tamping, are highly significant 

factors in the degradation of railway ballast.  

a b
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Figure 6.27. Grain size distributions of ballast-sized aggregates before and after the test. 

Figure 6.28. Aggregate used in the tamping simulation test before (left) and after the test 

(right).  

Figure 6.29 presents the development of the permanent displacement of a single loading 

plate during the test. The figure reveals how the development of the permanent displace-

ment, decelerated by the compacting effect of the loading cycles, reaccelerates rapidly dur-

ing the loading cycles following the tamping. Besides the degrading effect, the rapid set-

tlement after the tamping also compromises the benefit of the operation. 

a b
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7. DISCUSSION OF RESULTS AND RECOMMENDATIONS 

7.1 Ballast sample analysis 

The properties of ballast samples taken from different points of the railway network after a 

service life of decades were studied in several different laboratory tests. Besides the grad-

ing of the samples, the tests also addressed the water absorptions and, especially, the prop-

erties of the fines of samples. In the light of the results it was possible to assess the degra-

dation mechanism of ballast aggregates and differences in the quality and harmfulness of 

fines in different samples. Besides ballast samples degraded in their actual loading envi-

ronment, some new crushed rock aggregates and naturally sorted gravels and sands were 

studied as reference materials in the case of subballast structures. The study of the harm-

fulness of the quality of fines was complemented with the frost heave tests. 

The degradation number given as the sum of percentages passing the 1 mm, 8 mm and 25 

mm sieves is used to indicate the grading of the ballast samples in Finland. The perform-

ance of a ballast bed is, however, deteriorated primarily by the finest fractions in it. On the 

other hand, determining the fines content (<0.063 mm) requires wet sieving, which is more 

laborious than dry sieving. The change in grading of new ballast from 25/55 mm to 

31.5/63 mm in 1995 supports the exclusion of the 25 mm sieve from degradation studies. 

For this reason, the most sensible way to assess the degradation of a ballast bed in the fu-

ture is to use the sum of the percentages passing the 1 mm and 8 mm sieves, where the 

value 35 approximately corresponds to a degradation number of 88 that is currently con-

sidered the limit value for ballast cleaning. However, the economical cleaning limit should 

be further studied with the aim of linking geometry errors, their repeatability and the effi-

ciency of tamping to the properties of ballast. 

In assessing the remaining performance of a ballast bed the grading of ballast samples 

should be examined as averages for railway sections of a given length. When degradation 

numbers have been assigned to railway kilometres, it has been possible to detect a change 

in the average level of the figures as the strength of the ballast aggregate varies. Based on 

the strength and degradation process, a method for selecting the ballast quality with the 

lowest life-cycle cost has been created (Nurmikolu, 2000). On the other hand, the degrada-

tion of ballast samples also varies markedly within the same ballast aggregate, even be-

tween samples taken from consecutive kilometres. Sampling must be particularly accurate, 

but this variation cannot be explained by inaccuracies in sampling, since grading has been 

found to vary relatively little between samples taken carefully from adjacent sleeper inter-

vals. It is therefore evident that the degradation of ballast is also affected considerably by 

structural and environmental factors independent of the quality of the ballast aggregate, 

which should be addressed in further research. 

Fine-grained material accumulates at the bottom of the ballast bed, which means that 

choosing the most suitable sampling level involves two aspects: 
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1. It may be sufficient from the viewpoint of the deformation properties of the bal-

last bed and the efficiency of ballast tamping that the aggregate directly below the 

sleeper still has pore space free of fines. 

2. In terms of water retention and susceptibility to frost, the fines in a ballast bed are 

harmful irrespective of level, which requires ballast cleaning to reach deep 

enough. 

The core sample drill used in Sweden, for example, enables sampling through the entire 

ballast bed and under it, while at the same time minimising random variation in sampling. 

The development work concerning the use of a ground penetrating radar in assessment of 

ballast quality (e.g. Silvast and Nurmikolu, 2005) may yield a method that only requires 

sampling for reference. 

Railway ballast has been found to degrade especially under rails and at the ends of sleep-

ers. The breakage of newly replaced concrete sleepers along the Tampere-Orivesi section 

was associated with uneven degradation of ballast in the cross-section of the track since the 

degradation of ballast in the middle of the track was found to be very low. 

In connection with the renovation of tracks, it is worth while to examine the strength of 

existing ballast with a view to current requirements. Then, it should also be considered 

whether it makes sense to return aggregate of low strength to the track in connection with 

sieving, especially if high strength is required from the fresh supplementary ballast aggre-

gate. 

In general, most of the fines in the ballast samples consisted of the most common rock 

minerals, quartz, feldspars and amphiboles, whose average share in the mineral fines of the 

samples was established at about 80 %. This was a positive finding in the respect that de-

spite thousands of times larger specific surface area of fines, in comparison to coarse 

grains, hard minerals appear resistant to chemical weathering in the structure even in the 

form of fines. On the other hand, slight alteration of some of the most fine-grained material 

does not probably reduce the performance of frost protection and intermediate layers deci-

sively. Impacts on performance start to appear when weathering has advanced so as to in-

crease the porosity of particles and water absorption. This degree of weathering could be 

observed only in a few individual ballast samples but, on the other hand, extensively in the 

two gravels used as reference materials. The harmful effects of chemical weathering would 

become decisive at the stage where the entire structure of rock becomes looser and more 

susceptible to mechanical degradation. Such advanced weathering did not occur in the bal-

last samples. Weak minerals susceptible to weathering or produced by weathering, mainly 

micas, chlorite, talc, calcite and clay minerals occurred in relatively small quantities in the 

fines of the samples, considering their probable accumulation in the fines. 

In the light of the tests on the ballast samples and especially their fines, the degradation of 

ballast aggregates in railway network in Finland mainly results from mechanical fragmen-

tation and attrition caused by traffic loads and tamping, or in some few cases possibly by 
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frost weathering. Differences in the quality of produced fines are thus relatively small. 

Distinct chemical weathering after crushing could be observed only in one sample (Tmj-

Raa 714+600), where opaque minerals and mica had weathered, causing deposits of iron 

compounds on grain surfaces. Even there weathering was limited mainly to grain surfaces 

without essentially reducing the strength of the deeper sections of the aggregate grains. 

Highly weathered aggregate grains were also present in sample Tor-Kol 920+180, but in 

that case weathering had evidently taken place before the installation of the aggregate to 

the track, and would have been detected in tests currently required for the CE marking. 

The properties of some coarse-grained natural soils used as reference material differed 

unfavourably from the ballast samples. Deviation in the properties of gravels and sands 

was also higher than with crushed rock aggregates degraded in the track structure. This 

finding supports the notion that despite sorting during dispersal and deposition, some natu-

ral gravels and sands have in the course of millennia weathered and have clearly more 

harmful properties. On the other hand, it seems that the degradation of crushed rock aggre-

gates in the structure during the few decades after crushing has not caused a corresponding 

reduction in qualitative properties to an equally significant degree. However, the minera-

logical requirements of crushed rock aggregates must be taken into consideration, because 

in artificial crushing the material has not been selected free of lower-quality particles. 

The mineralogical requirements for crushed rock aggregates used in structural layers of 

track are needed, on the one hand, to secure the fullfilment of requirements for mechanical 

strength tied to strength tests and, on the other hand, to secure a sufficient safety margin to 

preclude significant chemical weathering in the structure. Based on earlier assumptions 

(e.g. VR, 1995) and the findings of this study, below is a list of generalised recommenda-

tions for the quality requirements of the mineral content of railway ballast material. Devia-

tion from these would require material-specific additional justification, for example, based 

on the texture of the aggregate or favourable mineral bonding. As a general rule, these rec-

ommendations should also be applied to frost protection and intermediate layer aggregates. 

1) Ballast must not contain detrimental amounts of electrically conductive minerals. 

2) Aggregate may contain a maximum of 3 per cent of opaque minerals susceptible 

to weathering (sulphides, oxides or graphite).  

3) The sum of the shares of soft weathering and alteration products (e.g. chlorite 

and talc) in the aggregate may not exceed 5 per cent. 

4) Easily soluble and degradable carbonate minerals (calcite, dolomite) may not ex-

ceed 5 per cent in clusters or, distributed, 10 per cent. 

5) The sum of the shares of other soft minerals, particularly micas and all the above-

mentioned minerals may not exceed 20 per cent. If mica occurs in packs or other 

oriented clusters, its share of the mineral content of the aggregate may not exceed 

15 percent. 
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A water absorption test (EN 1097-6), which for its part also indicates weathering suscepti-

bility, is also recommended as a preselection test for freeze-thaw resistance. Its application 

is recommendable also due to the fact that high water absorption of coarse-sized grains 

was found to increase the frost susceptibility of aggregate. The related maximum water 

absorption recommended for crushed rock aggregate of the frost protection and interme-

diate layer is 0.5 % (class WA240.5), as defined from 4/31.5 mm fraction (i.e. according EN 

1097-6: clause 8). In case that the recommendation can not be fulfilled, the properties of 

aggregate should be investigated more specifically, for example, in freeze-thaw and frost 

heave tests.

Within the fines the grain size distribution was highly similar in all ballast samples and 

new crushed rock aggregates. In some cases the amount of fines not separated from the 

surfaces of coarser grains by dry sieving was significant, and the fines differed in quality 

from the material separated by dry sieving. Humus content had a strikingly strong effect on 

the other index properties of fines in the ballast samples. Particular attention should be 

paid in further research to the organic material that accumulates in ballast beds in the 

course of decades. Loss on ignition, in practice, dictated the water adsorption of the sam-

ples, and it also clearly correlated with the specific surface area and volume of adsorption 

pores. Worth noting was also the reduction of even very large specific surface areas of 

some ballast samples after ignition to the normal level of mineral soils. The properties of 

mineral aggregates were in many cases disguised by the effects of humus. The analysis is 

made even more problematic by the fact that Nieminen (1985) found the effects of water 

bound in humus to be different from the effects of water adhering to mineral material. 

The properties of the mineral fines of the analysed ballast samples generally differed rela-

tively little from each other. The effects of fines in ballast aggregates can therefore in most 

cases be estimated on the basis of their quantity. In the case of naturally sorted materials, 

the deviation in the properties of fines was much wider, which is why it is also important 

to examine qualitative properties of their fines. The examination of occasional divergent 

ballast samples requires an overall assessment of results from different test methods. De-

termination of grading, water absorption, mineralogical survey and the specific surface 

area, water adsorption, humus content and pore size distribution of fines offer a suitable set 

of tests for detecting divergent samples and their causes. The obtained test results on the 

average values and variation ranges of properties (Table A1.5) provide good reference 

material for future research. 

7.2 Frost heave tests 

The developed frost heave test equipment was used to analyse the frost susceptibility of 

new crushed rock aggregates, degraded ballast aggregates as well as some gravels and 

sands. The key decision with regard to minimising technical testing constraints was to use 

a cut-up mould pipe in the test arrangement. The basis of the investigation was to assess 

the effects of the fines content and qualitative properties of the particles on frost suscepti-
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bility. The analysed result parameters depicting frost susceptibility were frost heaves, frost 

heave coefficients, frost heave ratios and frost heave rates. The frost heave coefficient is 

related to the concept of segregation potential. 

The error limits of frost susceptibility were investigated as the ratio of standard deviation 

to mean, i.e. coefficients of variation. The error limits of parameters depicting frost suscep-

tibility yielded by an individual test were estimated at about ±25 %. In the case of frost 

heave coefficients, deviation was larger than, for instance, with frost heaves, but, on the 

other hand, the frost heave coefficient (or segregation potential) is the most commonly 

accepted parameter intended to depict nothing but the frost susceptibility of the examined 

material. Other result parameters of the test are in principle more dependent on test condi-

tions and, therefore, in the absence of an internationally standardised frost heave test setup, 

the results from different setups are poorly comparable. A major uncertainty in determin-

ing the frost heave coefficient ensues from the inaccuracy of establishing the stage at 

which frost penetration halts since the coefficient varies strongly as the test proceeds, and 

the actual parameter value should be determined as the value applying at this exact mo-

ment. Compared to the actual frost heave coefficient, the variation of the mean frost heave 

coefficient determined during the freezing stage between 12 and 24 hours was lesser and, 

on the other hand, its correlation with other result parameters was better. 

The frost susceptibility of a certain crushed rock aggregate with under 15 % fines content 

was observed to be linearly dependent on the amount of fines it contained. The values of 

the regression parameters of the correlation between frost susceptibility and fines contents 

varied slightly with different aggregate qualities. The differences were less when the dif-

ferences in internal grain size distribution of the fines of various aggregates were taken 

into account and frost susceptibility was examined in relation to the content of under 0.02 

mm or under 0.002 mm material. That clearly showed that frost susceptibility depends first 

and foremost on the finest particles of fines. 

The share of the finest particles of fines in an aggregate correlates quite well with frost 

susceptibility in the case of the examined crushed rock aggregates. The differences be-

tween the mineral fines of the examined crushed rock aggregates were, however, minor 

compared to the fines of gravels and sands. The surface texture of crushed rock aggregate 

particles was generally more sound compared to the surface texture of some gravels. Thus, 

especially in the combined analysis of gravels and sands, the correlation with frost suscep-

tibility could be clearly improved by including parameters depicting the properties of fines 

and aggregate particles as determining variables in addition to the amount of fines frac-

tions. Of the investigated particle properties, coarse particle water absorption and total pore 

volume of fines correlated the closest with frost susceptibility. In the case of fines' water 

adsorption and specific surface area, the examination of the effects was complicated by the 

humus contained in the ballast samples which largely determined the values of the proper-

ties. Based on stepwise regression analysis, the content of under 0.002 mm material, water 

absorption of coarse particles and total pore volume of fines explained the frost suscepti-
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bility in the combined analysis of aggregates nearly as well as the fines content in the sepa-

rate investigations on individual aggregates. 

The concept of the non-frost susceptibility of aggregate is mainly theoretical since minor 

frost heave not explained by in-situ frost heave actually occurs in many materials generally 

assumed to be non-frost-susceptible. Therefore, it would be more important to deal with 

the concept of practical non-frost susceptibility. Establishing the limits of it would require 

field observations or large-scale tests. In their absence, as a result of the investigations and 

considering the high smoothness requirement of rails, it is suggested that a frost heave co-

efficient of 1.0 mm2/Kh and the frost heave of 2.2 mm after four days, attained in the de-

scribed tests, be applied to the track structure as the limits of practical non-frost suscepti-

bility. These suggested limits corresponded in fines content-based frost heave models of 

crushed rock aggregates to an under 0.02 mm fraction content of 1.5 %. Based on internal 

particle size distribution of ballast fines, this corresponded to an average fines content 

(<0.063 mm) of  2.7 %. 

The porosity and water retaining properties of some gravel and sand materials that devi-

ated clearly from those of crushed rock aggregates indicate their slight weathering. As a 

result their frost susceptibility was higher than that of crushed rock aggregates with corre-

sponding fines content. The environmental loading on the particles of naturally sorted 

coarse-grained soils over millennia is of a different magnitude than the loading on crushed 

rock aggregate particles over the few decades since their crushing. In this respect, with a 

view to the material selections for the frost protection and intermediate layers, it can be 

generalised that crushed rock aggregates are a better choice for the track structure than 

altered gravel materials. However, that requires, in the absence of the washing effect of 

glacier rivers, ensuring that the fines content of the crushed rock aggregate is as low as 

possible. On the other hand, the composition of crushed rock aggregate is not as selected 

as in the case of naturally sorted materials. Therefore, the mineralogical requirements for 

crushed rock aggregates must be taken into account in order to prevent alteration during 

the service life. 

The observations of unfavourable properties of some natural soils and differences in the 

frost susceptibility of gravel materials inevitably raises the suspicion that soil types of re-

duced quality may have in previous decades been used as subballast materials. Thus water 

retention and frost problems in some existing railway sections may be partly due to the 

material used in the frost protection and intermediate layers. On the other hand, increased 

smoothness requirements posed by higher speeds and axle loads have also meant stricter 

requirements on subballast materials. The investigation of the properties and frost suscep-

tibility of gravel and sand materials of the frost protection and intermediate layers along 

existing railway sections suffering from frost heave problems is recommended. 
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7.3 Cyclic loading tests  

Laboratory-scale cyclic loading equipment was developed to simulate the degradation of 

crushed rock aggregates used in the track structure. The arrangement enabled the simula-

tion of loading cycles corresponding to decades of train traffic in a test lasting a few 

weeks. A key point of departure in the development of the test arrangement was to allow 

the principal stress directions in the aggregate to rotate corresponding to an overhead mov-

ing train loading in the real track structure. Compared to the test arrangements depicted in 

literature, this was a novel idea. The rotation of the direction of loading could be arranged 

by using three separate loading cylinders to simulate the situation under a track section 

spanning three sleeper intervals. 

Considering the correspondence of the equipment to the actual loading situation, the big-

gest drawback was the problem of the interface between the aggregate and the box that in 

some cases caused considerable unrealistic degradation. Problems in the simulation of the 

behaviour of the subgrade are also related to this issue. A complete solution for these prob-

lems would require a considerable additional input in the development of test equipment. 

The solution suggested by Indraratna and Salim (2003) could be applied in that develop-

ment work. Because of these constraints, the loading arrangement can be regarded as a 

model test with distinct drawbacks, and the obtained degradation results cannot under any 

circumstances be applied as absolute values to the conditions of the actual track structure. 

However, at this stage it was considered more useful to compare the effect of different 

variables on the degradation of the aggregate and its ability to distribute loads with the 

present equipment instead of further development of the equipment. This decision was 

supported by the fact that, despite its defects, the test arrangement was an entirely new 

approach to the simulation of train loading. 

On the basis of the test results, the degradation situation with aggregates used in frost pro-

tection and intermediate layers is the most disastrous when the aggregate is in a water-

saturated state. In the worst case, the slurry in the water gets in a constant pumping motion 

in the pore space between coarse grains. As a result of the movement of the abrasive mass, 

the moving material degrades very effectively into very fine-grained particles. The degra-

dation of the coarser grains depends, above all, on their resistance to wear, that is, the 

hardness of the grains. On the basis of these observations, it can be stated that in the case 

of a frost protection and intermediate layer built of crushed rock aggregate, totally effec-

tive drainage is essential for the performance of the entire track. 

Degradation in dry or moist aggregate resulted mainly from the formation of slide zones on 

the vertical planes between the loading plates that enabled the abrasion and impacts be-

tween particles. Indeed, the displacement and degradation results clearly indicate that the 

ability of the aggregate to distribute loading correlates very well with its ability to resist 

degradation. In an aggregate with a low ability to distribute loading, the material under the 

loading plate sank under loading on a flexible bottom as a rigid block with distinct particle 
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slide and abrasion zones on the edges. Directly under the loading plates, degradation was 

clearly weaker. The aggregate also degraded in the test by abrading against the walls of the 

box, thereby distorting the situation compared to actual track conditions. 

The tests used mainly a loading level of 225 kPa, which was chosen with a view to the 

loading directed to the intermediate layer, making an allowance for a possible increase in 

current axle loads in combination with a considerable dynamic loading factor. A loading 

level better reflecting the present situation is 150 kPa, which corresponds to the loading 

level transmitted to the intermediate layer by an axle load of 250 kN. An important obser-

vation for getting a general idea of the situation is that at a loading level of 150 kPa, deg-

radation was relatively weak except in the water-saturated case. 

The effect of the loading level was highly significant, since increasing it from 150 kPa to 

225 kPa increased degradation 3.5- to 5-fold in the comparisons. On the other hand, it 

should be noted that in the comparison situation, the aggregate grain size distribution was 

susceptible to degradation, and with other grain size distributions degradation at a loading 

level of 225 kPa was clearly weaker. Decreasing the loading level from 225 kPa to 150 

kPa reduced degradation as much as reducing the bottom rubber thickness from 50 mm to 

10 mm. The effects of the loading level and the subgrade should generally be examined 

together, because they are linked together in the track structure. As the stiffness of sub-

grade decreases, the transmission of axle loads is, due to the flexural stiffness of the rail, 

distributed over a greater number of sleepers, which decreases the loading level directed to 

the ballast layer compared to a stiffer structure. 

The role of the upper third of the material was found to be decisive in the resilient defor-

mation of the aggregate in the tests, where displacements were measured from different 

levels of the aggregate. The situation was similar with permanent deformations which 

means that most of the rearrangement of grains took place in the upper third of the aggre-

gate.  

The selection of grain size distributions has a marked impact on degradation. The degrada-

tion of the most uniformly graded material (4/32 mm) was clearly the strongest. The use of 

wider grain size distributions reduced degradation substantially. It was also interesting to 

note that aggregate with grading of 4/32 mm, that originally contained no fines, degraded 

so strongly that its fines content at the end of the test was higher than that of the aggregate 

with a grading of 0/50 mm that originally contained 13 % of under 4 mm fraction. The 

selection of a suitable grain size distribution is a very inexpensive means to limit degrada-

tion considerably. The recommended grading of the intermediate and frost protection layer 

crushed rock aggregate is presented in Figure 7.1. 



209 

31.525 40 50 63 80161 8420.50.250.125 0.6 1000.2

0

10

20

30

40

50

60

70

80

90

100

Sieve opening (mm)

P
a
s
s
in

g
 p

e
rc

e
n

ta
g

e

Figure 7.1. Recommended grading of intermediate and frost protection layer crushed rock 
aggregate. 

Strength of aggregate was also found to affect degradation. In the dry tests, degradation 

correlated with the test results depicting impact strength, the modified Swedish impact 

value and Los Angeles coefficient. In a water-saturated state, the aggregate's resistance to 

wear (Nordic ball mill value and micro-Deval) was the key strength parameter. Including 

both of these properties in the requirements for aggregates is therefore justified. 

Based on the test results and existing strength requirements linked to Nordic ball mill and 

modified Swedish impact values, recommendations adhering to the EN standard (EN 

13242) for the strength of frost protection and intermediate layer crushed rock aggregate 

are made (Table 7.1). Observations support permitting use of weaker aggregate in the 

lower section of the frost protection layer subject to lower loading levels than immediately 

underneath the ballast bed. The mineralogy recommendations for aggregate must also be 

taken into account. 

Table 7.1. Recommendation for aggregate strength in frost protection and intermediate 
layer.

 Los Angeles category  
(EN 1097-2) 

micro-Deval category 
(EN 1097-1) 

 Recom-
mended 

Lowest
acceptable in 
special cases 

Recom-
mended 

Lowest
acceptable in 
special cases 

Above El-1,500 mm level LA25  LA30 MD15*
) MD15*

) (MD20)
Below El-1,500 mm level LA30  LA35 MD20 MD20

*) Requirement exceeding the available MD-categories of EN 13242 

Cu = d60/d10  6 

P0.063  2 % 
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Tamping, a maintenance operation that is not relevant to the aggregates of the frost protec-

tion and intermediate layers, but decisive in the case of the ballast layer, was studied in a 

simulation, where degradation increased dramatically. As a result of the tamping simula-

tion, repeated eleven times in the test, the degradation of the aggregate was stronger in this 

test than in any other test, although the corresponding test without tamping simulation 

caused no degradation at all. The result confirms earlier research results on the highly sig-

nificant effect of tamping on the degradation of ballast aggregate. In addition to the direct 

impacts of the tamping tines, the aggregate is also degraded by the rearrangement of grains 

resulting from the disturbance of the ballast layer. Based on literature observations, stone-

blowing is a considerably gentler method for the ballast for correcting track geometry. 

Because of the differences between the loading test arrangement and the actual situation, it 

is not possible to generally apply the numerical values of the degradation results as such. 

For this reason, the degradation occurring in the actual structure can only be estimated on 

the basis of the results obtained with different test conditions. It should be noted that the 

loading level of 225 kPa used in most of the tests includes a considerable safety factor for 

loading levels on intermediate layer. As a general conclusion from the cyclic loading tests 

in the light of present knowledge, it seems improbable that the crushed rock aggregate 

used in the frost protection and intermediate layer with effective drainage would degrade 

due to train loading of a few hundred million tonnes, so as to impair the performance of 

the structure significantly, provided that the aggregate meets the presented recommen-

dations. This assessment is valid with present and slightly higher axle loads. 
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8. CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDIES 

8.1 Primary conclusions 

8.1.1 Degradation of crushed rock aggregates 

As a result of the study the following primary conclusions concerning the degradation of 

crushed rock aggregates in track structure are drawn: 

- The degradation of the ballast of the Finnish rail network is largely due to the me-

chanical breakage and abrasion of ballast grains from traffic loading and tamping. 

- The chemical weathering after crushing is generally insignificant in the ballasts used 

in Finnish railways, and should it occur it is limited primarily to the surfaces of 

grains. 

- Tamping is a very important factor in the degradation of ballast. 

- Recommendations were made for the strength, mineralogy and grading of frost pro-

tection and intermediate layer crushed rock aggregate based on the research. The 

strength requirement for aggregate at the bottom of the frost protection layer is lower 

than immediately below the ballast bed. 

- If the recommended crushed rock aggregate is used, its degradation in the frost pro-

tection and intermediate layers in a way that decisively deteriorates the performance 

of the structure was deemed improbable as a result of train loading of a few hundred 

million gross tons at today's or slightly higher axle loads. This requires, however, 

that the drainage of the structure functions. 

- In the water saturated state the degradation of crushed rock aggregate was dramati-

cally strong in cyclic loading tests. Thus, the functioning of track drainage is of ut-

most importance in preventing degradation of crushed rock aggregate. 

8.1.2 Evaluation of frost susceptibility 

Concerning the evaluation of frost susceptibility the primary conclusions of the study are: 

- The frost susceptibility of a certain crushed rock aggregate was at the examined un-

der 15 % fines contents directly proportional to its fines content. 

- In the combined analysis of various crushed rock aggregates, frost susceptibility cor-

related better with the very finest, under 0.02 mm and under 0.002 mm, fractions of 

fines than with the total fines content. 
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- The surface properties of mineral particles of crushed rock aggregates varied rela-

tively little with a few exceptions. The impact of fines on the performance of the bal-

last bed can, thus, be largely assessed on the basis of their content. The presented test 

methods provide a method for observing deviant fines qualities. 

- The porosity and water retaining properties of some gravel and sand materials, 

clearly more disadvantageous than with crushed rock aggregate, indicated their 

weathering and caused their higher frost susceptibility compared to crushed rock ag-

gregates with the same fines content. 

- Of the examined qualitative properties of particles, water absorption of coarse parti-

cles and total pore volume of fines correlated best with frost susceptibility. 

- The regression model building on the under 0.002 mm material content, the water 

absorption of coarse particles and the total pore volume of fines explained frost sus-

ceptibility in the combined analysis of aggregates nearly as well as fines content in 

the analyses of individual aggregates. 

8.2 Detailed conclusions 

8.2.1 Ballast bed analysis and evaluation of frost susceptibility 

Detailed conclusions of the study concerning the analysis of ballast bed samples and 

evaluation of frost susceptibility of the aggregates are: 

- The grading parameter P8+P1, which is less dependent on original grain size distribu-

tion, is better suited for assessing ballast degradation than the degradation number 

determined as sum of the percentages passing the 25 mm, 8 mm and 1 mm sieves 

(P25+P8+P1). The average grading parameter of a certain railway section should be 

assessed. The theoretical cleaning limit linked to the degradation number (P25+P8+P1

= 88) corresponds to the value P8+P1 = 35. However, the economical cleaning limit 

should be studied further based on the measurement data of track geometry devia-

tions and corresponding properties of the ballast bed. 

- When assessing the performance of ballast, the sampling level should be selected 

considering, on the one hand, the detrimental effect of fines independent of the ele-

vation as to water retention and frost susceptibility and, on the other hand, the pore 

space required, especially in the upper sections of the ballast bed, to ensure deforma-

tion properties and the efficiency of ballast tamping. A core sample drill allows tak-

ing a sample extending to the structural layers below ballast. 

- The reason for the breakage of thousands of concrete sleepers at one site was found 

to be insufficient ballast bed thickness combined with uneven degradation of ballast, 
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which was strong under the rails and ends of sleepers but minor in the middle of the 

track.

- The humus accumulated in the ballast bed over decades had a very big impact on the 

water adsorption of the fines of a material. Yet, the loss on ignition of fines did not 

make the frost susceptibility assessment based on fines any more accurate nor did the 

water adsorption or specific surface area of fines. 

- The very large specific surface areas of the fines of some ballast bed samples before 

ignition decreased after ignition to the level normal for mineral soils. Despite the 

relatively small losses on ignition, the effect of humus on some properties of fines 

was decisive. 

- Hard rock minerals, quartz, feldspars and amphiboles, made up, on average, 80 % of 

the fines of degraded ballast bed samples which indicates the resistance to chemical 

weathering also as they occur as fines. 

- The weathering and exceptionally high frost susceptibility of some examined gravel 

and sand materials make it advisable to examine also the frost susceptibility of the 

gravels and sands used as frost protection and intermediate layer materials in existing 

railway sections suffering from frost-related problems. 

- As a limit for practical non-frost susceptibility of crushed rock aggregate used in the 

track structure, a frost heave coefficient of 1.0 mm2/Kh and frost heave of 2.2 mm 

after four days, attained in the described tests, were suggested. On the basis of fines 

fraction content-based frost heave model (R2=0.62), under 0.02 mm material content 

of about 1.5 % corresponds to suggested limits. In typical crushed rock aggregate 

this corresponds to fines content (<0.063 mm) of about 2.7 %. 

8.2.2 Cyclic loading tests 

Detailed conclusions of the study concerning the behaviour of the crushed rock aggregates 

in the cyclic loading test arrangements are: 

- In the developed cyclic loading test equipment with three separate loading plates a 

novel feature compared to train loading test arrangements described in literature was 

the possibility of the rotation of the principal stress directions, which is essential in 

simulation of moving wheel load. The major shortcomings of the test arrangement 

for simulating the loading environment of the track structure were related to the rigid 

walls of the test box. 

- In the cyclic loading test arrangements the ability of aggregate to distribute loading 

correlates very closely with its ability to resist degradation. 
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- Grading of crushed rock aggregate had a significant impact on the degradation ob-

served in cyclic loading tests. Uniformly graded aggregates degraded clearly more 

than more broadly graded aggregates. 

- In the case of aggregate strength properties, the correlation with degradation oc-

curred in the case of dry state cyclic loading tests mainly between the results of tests 

depicting impact resistance and in the case of water saturated state tests with results 

depicting abrasion resistance. 

8.3 Suggestions for further studies 

Based on the study the following matters are suggested for further studies: 

- The possibility of using stoneblowing as an alternate maintenance method for tamp-

ing in Finland should be studied. 

- Elimination of the accelerated freezing of the structure due to the natural convection 

of pore air and the forced convection by wind requires selection of the proper mate-

rials. To ensure the proper material selections, the phenomena should be studied ex-

perimentally and in a more comprehensive theoretical study. 

- Due to the obvious frost susceptibility of some examined gravel materials, the prop-

erties of the gravel and sand materials used in the frost protection and intermediate 

layer should be studied, especially in railway sections suffering from frost-related 

problems. 

- The equipment used to simulate the moving traffic loading of the structural layers of 

the track should be continually developed in order to make possible the horizontal 

movement of the test box walls by a force controlled system. Simulation of the sub-

grade should also be improved. The ultimate goal of development must be the appli-

cability of the yielded absolute results to an actual structure. That would allow life 

cycle economic comparison of material and maintenance selections. 

- Measurement data on track geometry and corresponding properties of ballast should 

be examined together in order to estimate the economic cleaning limit. The aim 

should be to link geometry errors, their repeatability and the efficiency of tamping to 

the properties of ballast. 

- The impact of the structural and environmental factors independent of ballast aggre-

gate quality on the degradation of ballast should be examined. The effects of organic 

matter and the water bound to it should be taken into account.  
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- Use of the core sample drill in sampling ballast (and the lower structural layers) 

should be promoted. Research on the applicability of ground penetrating radar in as-

sessing ballast quality should also be continued. 
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Table A1.1. Gradation data for ballast samples. 

Percentages by mass passing  
in dry sieving 

of <0.063 mm   
material (%) 

Sample 
Degra-
dation 

number <25 mm <8 mm <1 mm
<0.063

mm
<0.02
mm

<0.002
mm

Iis-Yvk 586+400 37 23.2 8.8 5.4 1.7 49 10 
Iis-Yvk 664+600 71 50.7 13.4 6.9 1.8 49 9 
Kok-Oul 573+375 89 57.4 21.8 9.8 2.4 53 13 
Kok-Oul 624+810 76 49.8 18.2 7.7 1.8 49 11 
Kok-Oul 653+700 56 35.3 14.6 6.6 1.6 53 11 
Kok-Oul 699+990 43 28.6 9.4 5.1 1.3 52 11 
Kuo-Iis 495+780 81 44.8 23.4 13.0 2.4 49 12 
Kuo-Iis 518+837 77 53.0 16.1 8.3 2.3 45 8 
Kuo-Iis 538+720 50 34.1 9.6 5.9 1.7 49 11 
Säk-Joe 598+000 95 59.5 24.5 10.7 3.5 42 10 
Tku-Tjl 233+910 82 49.5 22.5 10.4 2.5 53 12 
Tku-Tjl 248+300 101 59.9 28.8 12.5 2.6 52 13 
Tku-Tjl 260+300 84 51.8 22.5 10.0 2.1 57 13 
Tmj-Raa 703+170 18 12.6 2.9 2.2 0.7 46 8 
Tmj-Raa 714+600 94 53.8 25.6 14.2 2.9 52 8 
Vii-Sii 541+920 49 31.1 11.4 6.1 2.0 52 8 
Vii-Sii 577+000 124 77.6 31.2 14.7 3.6 53 11 
Vii-Sii 663+830 39 28.6 7.0 3.9 1.8 52 11 
Jmk-Jyv 288+400 110 62.0 33.0 15.4 2.9 58 9 
Jmk-Jyv 314+610 85 50.7 23.4 10.8 2.9 60 11 
Kvl-Luu/So. 230+780 65 49.4 10.8 4.6 1.0 69 17 
Kvl-Luu/No. 223+830 49 32.1 13.0 4.2 1.4 59 14 
Kvl-Luu/No. 231+880 39 31.5 5.4 2.2 0.8 60 13 
Sjk-Kok 449+000 58 12 
Sjk-Kok 480+000 58 12 
Sjk-Kok 506+000 55 10 
Tpe-Orv/So. 194+510 98 60.0 26.5 11.0 2.0 61 11 
Tpe-Orv/So. 214+030 103 62.3 29.4 11.1 2.4 60 10 
Tpe-Orv/So. 194+080 Tot. 93 54.2 26.6 12.1 3.1 75 18 
Tor-Kol  999+300 54 9 
Kon-Var 680&710 57 13 
Pmk-Kuo 402+470 56 11 
Tor-Kol 920+180 Dry 66 13 
Tor-Kol 920+180 Wet 91 16 
Tor-Kol 920+180 Tot. 77 14 
Lau-Rov 866+250 Dry 55 12 
Lau-Rov 866+250 Wet 82 23 
Lau-Rov 866+250 Tot. 63 15 
Oul-Lau 806+250 Dry 62 12 
Oul-Lau 806+250 Wet 90 14 
Oul-Lau 806+250 Tot. 66 12 
Oul-Lau 756+150 Dry 58 9 
Oul-Lau 756+150 Wet 85 14 
Oul-Lau 756+150 Tot. 67 11 

Dry is  fines from dry sieving (normal case, covers all that not otherwise indicated), 
Wet  is fines separated in wet sieving after sieving, 
Tot.  is  total average fines of sample 
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Table A1.2. Grain sizes of fines of reference samples and new crushed rock aggregates. 

of <0.063 mm material (%) 
Sample 

Wet sieved fines 
content (%) <0.02 mm <0.002 mm 

Kon-Tai km 665, gravel ballast  1.8 34 7 
Orv-Jmk 248+120, interm. layer  2.3 45 10 
Kon-Var 710+880, interm. layer  1.9 33 4 
Oul-Kon km 849, interm. layer  0.3 25   
Pmk-Kuo 402+470, interm. layer   1.3 17 2 

Kankaanpää, sand Dry 22 4 
Kankaanpää, sand Wet 95 4 
Kankaanpää, sand Tot. 

21.3
24 4 

Vesanka, sand Dry. 52 18 
Vesanka, sand Tot. 

5.2 
74 32 

Vesilahti, gravel Dry. 3.7 64 21 

km 50+700, new crushed rock   53 12 
km 85+600, new crushed rock   46 9 
km 87+500, new crushed rock   57 10 
km 88+200, new crushed rock   45 5 
Lakalaiva, new crushed rock   49 9 

Dry is  fines from dry sieving (normal case, covers all that not otherwise indicated), 
Wet  is fines separated in wet sieving after sieving, 
Tot.  is  total average fines of sample 
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Table A1.3. Shares of fines separated in dry sieving and subsequent wet sieving of total. 

Fines separated in  

dry sieving (%) 
wet sieving subsequent to 

dry sieving (%) 

Tor-Kol 999+300 80 20 
Tor-Kol 920+180 56 44 
Lau-Rov 866+250 69 31 
Kon-Var 680&710 90 10 
Pmk-Kuo 402+470 90 10 
Oul-Lau 806+250 85 15 
Oul-Lau 756+150 68 32 
Kvl-Luu/So. 230+780 60 40 
Kvl-Luu/No. 223+830 92 8 
Kvl-Luu/No. 231+880 92 8 
Sjk-Kok 449+000 76 24 
Sjk-Kok 480+000 70 30 
Sjk-Kok 506+000 82 18 
Tpe-Orv/So. 194+510 82 18 
Tpe-Orv/So. 214+030 93 7 

Vesilahti, sand 63 37 
Vesanka, gravel 31 69 
Kankaanpää, sand 96 4 
Orv-Jmk 248+120, interm. layer 73 27 
Kon-Var 710+880, interm. layer 82 18 
Pmk-Kuo 402+470, interm. layer 85 15 
Kon-Tai km 665, ballast gravel 93 7 
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Table A1.4. Water absorptions, specific gravities and results of freeze-thaw tests. 

Fraction 
 0.063/4 mm 

Fraction  
4/31.5 mm 

Freeze-thaw 

Sample Specific
gravity 
(t/m3)

Water
absorp-
tion (%)

Specific
gravity 
(t/m3)

Water
absorp-
tion (%)

4/8 mm 
 fraction 

8/16 mm 
fraction 

Iis-Yvk 586+400   2.98 0.13   
Iis-Yvk 664+600   2.76 0.23 0.88 0.20 
Kok-Oul 573+375   2.72 0.12   
Kok-Oul 624+810   2.63 0.15   
Kok-Oul 653+700 2.93 0.26 2.92 0.13 0.26 0.12 
Kok-Oul 699+990   2.88 0.22   
Kuo-Iis 495+780   2.86 0.12   
Kuo-Iis 518+837 3.13 0.51 3.03 0.16 0.64 0.23 
Kuo-Iis 538+720   2.91 0.12   
Säk-Joe 598+000   2.79 0.15 0.61 0.20 
Tku-Tjl 233+910   2.82 0.16   
Tku-Tjl 248+300   2.76 0.14 0.34 0.15 
Tku-Tjl 260+300   2.71 0.15   
Tmj-Raa 703+170   2.84 0.40   
Tmj-Raa 714+600 2.91 1.63 2.84 0.80 4.91 2.58 
Vii-Sii 541+920   2.85 0.15   
Vii-Sii 577+000   2.85 0.15 0.75 0.16 
Vii-Sii 663+830   2.82 0.14   
Tpe-Orv/So. 194+080   2.71 0.14   
Tor-Kol  999+300   2.74 0.19   
Tor-Kol 920+180 3.15 0.30 2.95 0.28 0.79 0.31 
Lau-Rov 866+250 2.79 0.69 2.75 0.13 0.21 0.14 
Kon-Var 680&710   2.73 0.20   
Pmk-Kuo 402+470   2.76 0.20   
Oul-Lau 806+250   2.92 0.08   
Oul-Lau 756+150   2.99 0.25   
Kon-Tai km 665, ballast gravel 2.68 0.25      
Orv-Jmk 248+120, interm. layer 2.66 0.42      
Kon-Var 710+880, interm. layer 2.66 0.19      
Oul-Kon km 849, interm. layer 2.65 0.17      
Pmk-Kuo 402+470, interm. layer 2.65 0.48      
Kankaanpää, sand 2.65 0.26      
Vesanka, sand 2.64 0.36      
Vesilahti, gravel 2.66 0.68 2.70 0.39   
km 50+700 2.63 0.38 2.63 0.13   
Lakalaiva 2.78 0.17 2.77 0.12   
km 80+500   2.63 0.18   
km 85+600 2.77 0.40 2.75 0.26   
km 88+200   2.64 0.10   
km 88+800   2.70 0.11   
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Table A1.5. Means and ranges of test results on ballast samples. The parameters of the right-
hand column exclude samples from the Tmj-Raa railway section in case they deviated strongly 

from the mean. 

N Mean Range 
Mean excl. 
Tmj-Raa 

Range  excl. 
Tmj-Raa 

Water absorption, 4/31.5 mm (%) 26 0.20 0.08-0.80  0.16 0.08-0.28 
Water absorption, 0.063/4 mm (%) 5 0.68 0.26-1.63  0.44 0.26-0.69 
Freeze-thaw, 4/8 mm (%) 9 1.04 0.21-4.91  0.56 0.21-0.88 
Freeze-thaw, 8/16 mm (%) 9 0.45 0.12-2.58  0.19 0.12-0.31 
Sepcific gravity, 4/31.5 mm (t/m3) 26 2.83 2.63-3.03    
       
<0.02 mm share of fines (%) 36 55 42-69    
<0.002 mm share of fines (%) 36 11 8-17    
Loss on ignition (%) 36 5.1 1.7-13.1  4.8 1.7-7.6 
Specific surface area (m2/kg) 36 6490 2630-22220  5800 2630-13810 
Spec.surf.area after ignition (m2/kg) 13 3780 2620-5830  3580 2620-5030 
Water adsorption (%) 36 2.82 1.39-9.23  2.61 1.39-4.50 
Total pore volume (ml/g) 32 0.509 0.427-0.655    
Adsorption pore volume (ml/g) 32 0.069 0.050-0.095    
Wall surface area of pores (m2/g) 32 7.14 4.31-10.14    
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Figures A1.1 and A1.2. Dry sieved gradation curves for ballast bed samples. 
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Figures A1.3 ja A1.4. Dry sieved gradation curves for ballast bed samples. 



Grading data and index properties of sample materials                            App. 1    8(23)  

31.525 40 50 63 8016128420.50.25

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100

Grain diameter (mm)

P
e
rc

e
n

ta
g

e
 f

in
e
r 

b
y
 m

a
s
s

IIS-YVK 586+400 IIS-YVK 664+600

SÄK-JOE 598+000 Requirement for new  ballast

31.525 40 50 63 8016128420.50.25

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100

Grain diameter (mm)

P
e
rc

e
n

ta
g

e
 f

in
e
r 

b
y
 m

a
s
s

VII-SII 541+920 VII-SII 577+000

VII-SII 663+830 Requirement for new  ballast

Figures A1.5 ja A1.6. Dry sieved gradation curves for ballast bed samples. 



Grading data and index properties of sample materials                            App. 1    9(23)  

31.5 63161 8420.50.250.1250.0630.02 0.6 1000.01 0.2

0

10

20

30

40

50

60

70

80

90

100

Grain diameter (mm)

P
e
rc

e
n

ta
g

e
 f

in
e
r 

b
y
 m

a
s
s

Orv-Jmk 248+120, interm. layer Kon-Var 710+880, interm. layer

Oul-Kon km 849, interm. layer Pmk-Kuo 402+470, interm. layer

Requirement for interm. layer gravle/sand

31.5 63161 8420.50.250.1250.0630.02 0.6 1000.01 0.2

0

10

20

30

40

50

60

70

80

90

100

Grain diameter (mm)

P
e
rc

e
n

ta
g

e
 f

in
e
r 

b
y
 m

a
s
s

Kon-Tai km 665, gravel ballast Kankaanpää

Vesilahti Vesanka
Requirement for interm. layer gravel/sand

Figures A1.7 ja A1.8. Wet sieved gradation curves for examined gravel and sand samples. 



Grading data and index properties of sample materials                            App. 1    10(23)  

0.26

0.51

0.69

0.23 0.22

0.40

0.19
0.28

0.08

0.30

1.63

0.20 0.20
0.25

0.130.140.14
0.150.15

0.80

0.15
0.14

0.160.15 0.15
0.12

0.16

0.120.130.120.13

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Iis

-Y
vk

 5
86

+
40

0

Iis
-Y

vk
 6

64
+

60
0

K
ok

-O
ul

 5
73

+
37

5

K
ok

-O
ul

 6
24

+
81

0

K
ok

-O
ul

 6
53

+
70

0

K
ok

-O
ul

 6
99

+
99

0

K
uo

-I
is

 4
95

+
78

0

K
uo

-I
is

 5
18

+
83

7

K
uo

-I
is

 5
38

+
72

0

S
äk

-J
o
e 

59
8+

00
0

T
ku

-T
jl 

23
3+

91
0

T
ku

-T
jl 

24
8+

30
0

T
ku

-T
jl 

26
0+

30
0

T
m

j-R
aa

 7
03

+
1
70

T
m

j-R
aa

 7
14

+
6
00

V
ii-

S
ii 

54
1+

92
0

V
ii-

S
ii 

57
7+

00
0

V
ii-

S
ii 

66
3+

83
0

T
p
e-

O
rv

/S
o.

 1
94

+
08

0

T
or

-K
ol

  9
99

+
3
00

T
or

-K
ol

 9
20

+
1
80

La
u-

R
ov

 8
66

+
25

0

K
on

-V
ar

 6
80

&
71

0

P
m

k-
K

uo
 4

02
+

47
0

O
u
l-L

au
 8

06
+

2
50

O
u
l-L

au
 7

56
+

1
50

W
a
te

r 
a
b

s
o

rp
ti

o
n

 (
%

)

Fraction 0.063/4 mm

Fraction 4/31.5 mm

Figure A1.9. Water absorptions determined for ballast bed samples. 
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Figure A1.12. Specific gravities determined from ballast bed samples. 
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Figure A1.14. Indicative assessments of relative shares of minerals in fines separated by dry 

sieving of ballast samples and their losses on ignition (%) based on X-ray diffraction analysis 

(%). x:  results indicated abundant presence of iron compounds and/or organic matter. xx: re-
sults indicated highly abundant presence of iron compounds and/or organic matter. 
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Figure A1.15. Indicative estimates of relative shares of minerals in the fines of  gravel samples, 

unused crushed rock aggregates and reference minerals based on X-ray diffraction. 
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Figure A1.16. Comparison of mineral compositions and losses on ignition of fines separated in 

dry sieving and subsequent wet sieving.  x,xx: see Figure A1.14. 
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Figure A1.17. Comparison of X-ray diffraction analyses of fines and 0.5-1 mm fraction. 
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Figure A1.18. Specific surface areas of fines of ballast samples (separated in dry sieving) before 

and after ignition and losses on ignition of fines. *) sample includes also fines share separated 
in wet sieving. 
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Figure A1.19. Water adsorptions of fines of ballast samples (separated in dry sieving) before 

and after ignition and losses on ignition. *) sample includes also share of fines separated in wet 
sieving. Ignition obviously distorts the water adsorption properties of mineral material. 



Grading data and index properties of sample materials                            App. 1    19(23)  

8260

2361

5257

4798

4274

9258

23344

8539

3850

2023

6816

2437

1167

1644

0 5000 10000 15000 20000 25000

Orv-Jmk 248+120, int. layer

Kon-Var 710+880, int. layer

Pmk-Kuo 402+470, int. layer

Kon-Tai km 665, gravel ballast

Kankaanpää, sand

Vesanka, sand

Vesilahti, gravel

Lakalaiva

km 50+700

km 88+200

km 85+600

km 87+500

Quartz

Feldspar

Specific surface area of fines (m
2
/kg)

Figure A1.20. Specific surface areas of fines (separated in dry sieving) of natural soils and new 
crushed rock aggregates serving as reference samples. 
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Figure A1.21. Water adsorptions of fines (separated in dry sieving) of natural soils and new 
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Figure A1.23. Comparison of water adsorptions of fines separated in dry sieving and those 

separated only in subsequent wet sieving. 
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Figure A1.24. Total pore volume of fines of samples determined with the mercury porosimeter. 
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Figure A1.25. Pore volumes of fines of samples divided into different pore size classes. V grav is 

pore volume of >10 m pores, V kap is pore volume of 1-10 m pores, V ads is pore volume of 

0.006-1 m pores. 
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Figure A1.26. Total pore surface areas of fines determined with the mercury porosimeter. 
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       Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Tmj-Raa 714-600. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Mica schist. 

 Minerals (in order of quantity):

Quartz (54,6 %), chlorite (25,9 %), biotite (12,9 %), opaque (4,4 %), muscovite (2,2 

%).

 Description:

 Typical character of the sample is strong alteration of minerals; mica minerals are 

strongly chloritisized. Grain size distribution of minerals varies slightly; quartz occurs 

as larger single grains in veins, furthermore opaque commonly occurs with larger grain 

size. Commonly, the grain size of minerals is < 1 mm. Micas in the sample are aligned. 

Some micro fracturing can be detected. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample Aggregate hand specimen, Tor-Kol 920+180, laboratory work number 

1891/3/7. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Talc pyroxenite. 

Minerals (in order of quantity):

Talc (43,2 %), chlorite (21,3 %), feldspars (11,6 %), pyroxene (10,0 %), quartz (8,8 %), 

hornblende (3,3 %), biotite (1,8 %). 

Description:

The sample is thoroughly strongly altered; apart from talc, almost all the minerals are 

relic. Due to strong alteration, it is very difficult to separate plagioclase and alkali feld-

spar from each other, as well as it is very difficult to separate pyroxene and hornblende 

from each other. Biotite is almost totally chloritisized. Minerals in the sample are very 

scattered. Fracturing and micro fracturing is very abundant in the sample. Micro frac-

tures are commonly filled with iron oxide. Grain size of minerals varies from 3-10 mm. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Table A3.1. Strength- and shape properties of aggregates in cyclic loading tests. 

 Lakalaiva 
km 

50+700
km 

80+500
km 

85+600
km 

87+500 
km 

88+200 
km 

88+800 

Specific gravity (t/m3) 2.76 2.64 2.62 2.79 2.67 2.63 2.72 

Nordic ball mill value 21.4 13.7 14.4 21.9 12.7 14.0 16.1 

micro-Deval coefficient 15.7 7.9 9.4 17.5 6.8 8.3 10.6 

Modified Swedish impact 
value 

18.2 (v) 23.7 (v) 21.4 (v) 13.5 (v) 18.8 (v) 24.8 (v) 17.1 (v) 

Los Angeles coefficient 29 29 29 21 25 32 25 

Shape index 8/12 mm 20.6 41.3 14.4 13.9 35.1 23.8 12.9 

Elongation index 8/12 mm 
*1 2.49 2.95 2.37 2.33 2.84 2.64 2.34 

Elongation index 11.2/16 
mm *1 2.15 2.90 2.09 2.20 2.25 2.13 2.28 

Flatness 8/12 mm *2 1.69 1.81 1.63 1.65 1.71 1.77 1.53 

Flatness 11.2/16 mm *2 1.56 1.66 1.54 1.59 1.47 1.47 1.60 

Flakiness index 4/16 mm 14 27      

Elongation index 8/12 mm, 
bar screened*1 2.28 2.62 2.24 2.12 2.47 2.31 2.16 

Flatness index 8/12 mm,  
bar screened*2 1.54 1.51 1.46 1.46 1.49 1.53 2.12 

(v) Modified Swedish impact value defined of bar screened material 
*1 Elongation index: ratio of longest (c) and smallest (a) dimension of grains (c/a) 
*2 Flatness index: ratio of medium (b) and smallest (a) dimension of grains (b/a)) 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Km 88+800, laboratory work number 1891/3/1. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Granite. 

Minerals (in order of quantity):

Quartz (48,8 %), alkali feldspar (25,6 %), plagioclase (22,0 %), biotite (3,0 %), chlorite 

(0,6 %). 

Description:

Mineral grains in the sample are euhedral and no alignment can be detected. Very little 

micro fracturing occurs; intragranular fracturing can be detected in some mineral 

grains. The alteration of minerals occurs to minor extent. Grain size of minerals varies 

from 1-3 mm. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Km 85+600, laboratory work number 1891/3/4. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Cordierite-mica gneiss. 

Minerals (in order of quantity):

Cordierite (30,0 %), quartz (29,8 %), alkali feldspar (19,4 %), biotite (9,8 %), musco-

vite (8,4 %), plagioclase (7,8 %), opaque (0,8 %). 

Description:

Very little mineral alteration can be detected, despite partial chloritization of biotite. 

Micro fracturing is quite abundant, fine grained mica fill in the intergranular fractures is 

quite common, too. Grain size of minerals varies from 1-3 mm. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Km 88+200, laboratory work number 1891/3/5. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Granite. 

 Minerals (in order of quantity):

 Quartz (42,2 %), plagioclase (29,8 %), alkali feldspar (27,6 %), muscovite (0,4 %). 

Description:

Seritization of plagioclase and chloritization of muscovite can be detected as mineral 

alteration in the sample. Some alteration of amphiboles can be detected, too. The micas 

mainly occur fine grained around the grain boundaries. Very little micro fracturing can 

be detected. Single grains of garnet occur in the sample and these can be detected as 

black spots in the macroscopic sample. Mineral grains in the sample are mainly 1-3 mm 

in size. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Km 80+500, laboratory work number 1891/3/6. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Granite. 

Minerals (in order of quantity):

Quartz (32,6 %), plagioclase (33,0 %), alkali feldspar (28,8 %), biotite (3,0 %), musco-

vite (2,6 %). 

Description:

Micro fracturing is abundant in the sample. Some fractures are filled with muscovite, 

some are not filled. Biotite in the sample is partly chloritisized and some feldspars 

partly seritisized. Mineral grains are 1-3 mm in size. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Km 50+700, laboratory work number 1891/3/3. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Granodiorite. 

Minerals (in order of quantity):

Quartz (44,8 %), plagioclase (41,0 %), alkali feldspar (13,8 %), biotite (0,6 %), garnet 

(single grains). 

Description:

As mineral alteration, seritization of plagioclase and chloritization of biotite can be de-

tected. Filled fractures and micro fractures are abundant. Opaque and iron oxide occur 

as fill in the fractures. Grain size of minerals varies from 1-3 mm. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tampere, October 5th 2005 

English translation of test report  

PETROGRAPHIC DESCRIPTION OF AGGREGATE 

Customer Antti Nurmikolu 

Sample  Aggregate hand specimen, Lakalaiva, laboratory work number 1891/3/2. 

Method  Petrographic description of thin section with polarization microscope. 

Results Rock type: Mica gneiss. 

Minerals (in order of quantity):

Quartz (37,8 %), plagioclase (28,8 %), biotite (23,8 %), chlorite (6,8 %), alkali feldspar 

(2,2 %), opaque (0,4 %), garnet (0,2 %). 

Description:

 Alteration of minerals in the sample occurs abundantly; feldspars are partly very 

strongly seritisized and biotite partly totally chloritisized. Both intra- and intergranular 

micro fracturing occur in the sample. Fractures are not filled. Grain size of minerals 

varies from 1-3 mm. 

The results are valid only to the samples analyzed. Copying this report is allowed only 

as a whole document. 

 Jukka Viitanen   Raimo Uusinoka 

 Research scientist   Professor 
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Tests 1, 2 and 3

Because of the used narrow loading plates, the first three tests differed clearly from the later 

tests. The uncontrollable turning and twisting of the narrow plates (width 150 mm) strongly lim-

ited the duration of tests. The used loading level (300 kPa) was also higher than in later tests. 

Mainly due to the narrow loading plates, the results of Tests 1-3 could not be compared directly 

with other test results. Based on the observations from these tests the loading plates were made 

wider (250 mm) and some minor changes were made in the test setup. Later technical changes in 

the test setups had a minor impact, with the exception of the sheet metal on top of the bottom 

rubber (cf. Ch. 6.2.2). 

Test 4

Degradation was very strong in Test 4. Only later (after Test 10) the main cause of degradation 

was found to be the mesh fabric bag used in the test (cf. Fig. 3.17b) used to divide the aggregate 

into three sections in the longitudinal direction of the box. The mesh fabric located vertically 

between the loading plates formed a sliding surface between aggregate grains, which caused the 

particles to degrade drastically compared to a completely similar test without the mesh fabric 

(Tests 9 and 10). This observation was a very surprising but excellent confirmation of the basic 

hypothesis for the entire equipment development that changes in the direction of loading have a 

marked impact on degradation. On the other hand, considering the actual loading situation, it 

was a relief to note that the formation of a significant sliding surface required the presence of the 

mesh fabric, and the worst-case scenario was not realised in parallel Tests 9 and 10 without the 

mesh fabric. 

Test 5

Compared to Test 4, this test was made with a wider (2/50 mm) grain size distribution and, most 

importantly, without the fabric bag, and no degradation occurred in practice. 

Test 6

Otherwise the same as Test 5, but Test 6 was made in a water saturated state. The level of water 

was raised to the level of the loading plates. The aggregate material did not originally contain 

grains under the size of 2 mm. Practically no degradation took place. 

Test 7

Same as Tests 9 and 10, but with a different aggregate. This test had to be interrupted after 3.6 

million loading cycles due to a technical problem. The degradation of the aggregate could not be 

determined by sieving, but in visual inspection degradation seemed to be very low. The high 

degradation that occurred in Test 4, which was entirely similar except for the mesh fabric and 

aggregate quality, caused much puzzlement at this stage until the cause of the degradation could 

be established.  

Test 8

Compared to Test 7, this test was made with more uniformly graded aggregate (8/40 mm), but 

degradation was virtually inexistent also in this test. 
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Tests 9 and 10

Corresponding tests. Their only difference with Test 4 was the absence of the mesh fabric. Deg-

radation was radically lower compared to Test 4, but in contrast to Tests 5-8 distinct degradation 

occurred. The loading conditions seemed to be a borderline case, in which the start of the aggre-

gate degradation was not inevitable. This notion was also supported by the distinct difference 

found in the degradation reference parameters between Tests 9 and 10 and the high degradation 

in Test 4 that differed from Tests 9 and 10 only in that the mesh fabric was present. 

Test 11

Fine-grained material was included in the grain size distribution of the aggregate (0/40 mm). In 

this dry test, degradation was still inexistent. 

Test 12

Otherwise the same as Test 8, but in Test 12 the flexibility of the bottom was increased by 

changing the thickness of the sponge rubber thickness from the regular 50 mm to 100 mm. In 

practice, the aggregate did not degrade in the test. 

Test 13

Test under extreme conditions. Loading level was raised from the previously used 225 kPa to 

300 kPa. The grain size distribution was chosen to include a lot of fine-grained material. In addi-

tion, the aggregate was saturated by water by raising the water level to the level of the loading 

plates. Due to the combined effect of these factors, the aggregate degraded very strongly. Water 

and the fine-grained material formed an abrasive mass that moved in the pore space of the ag-

gregate due to pore overpressure caused by loading pulses. The result was that, in particular, 

fine-grained material degraded into very fine fractions where the share of particles under 0.002 

mm was very big. The test had to be interrupted prematurely after 0.5 million loading cycles due 

to the strong digging in effect of the loading plates. 

Tests 14-16

As continuation of Test 13, these tests also examined the combined effect of water and fine-

grained material, now at a loading level of 225 kPa. Each test was performed on a different ag-

gregate with the same grading (0/50 mm), initially containing about 12 % of material under the 

grain size of 4 mm and 1-2 % of fines. Similarly to Test 13, degradation caused by the abrading 

slurry was very strong in these tests. The degradation ranking of the aggregates correlated with 

resistance to wear (Nordic ball mill and Micro-Deval value). 

Tests 17 and 18

Tests 17 and 18 were a continuation of previous tests on the combined effect of water and fine-

grained material. In these tests 7 % of water was added to the aggregate in the mixing stage. The 

aggregate could not bind all the water, which is why the water level settled about 80-100 mm 

above the bottom level of the aggregate, and thus about one fourth of the material was saturated 

by water. Loading level was decreased from previous tests to 150 kPa. Degradation was deci-
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sively less than in fully saturated Tests 13-16, though the degradation of fine-grained fractions 

into fines occurred to some extent also in Tests 17 and 18. 

Test 19

Test 19 was made to ascertain the decisive impact of the mesh fabric on degradation. Otherwise 

the test setup was similar to Test 7, but in Test 19 aggregate was divided into three sections us-

ing mesh fabrics placed vertically between the loading plates. Degradation was very strong, 

which finally verified the effect of the mesh fabric, because in corresponding Test 7 without a 

mesh fabric degradation was very weak. 

Test 20

A test with an aggregate corresponding to the grain size of railway ballast (16/63 mm), a loading 

level of 300 kPa and a sponge rubber thickness of 30 mm. In practice, the aggregate did not de-

grade. 

Test 21

The setup of Test 20 was complemented by a hammer drill (Hilti TE 75) used to simulate tamp-

ing. The hammer drill equipped with a tamping rod was used to simulate tamping at intervals of 

about 200,000 loading cycles during the test, a total of 11 times. In each tamping event the tamp-

ing rod was pushed under uplifted loading plates four times from both sides of each loading 

plate. The tamping and the resulting mixing of the tamped aggregate caused very strong degra-

dation. In particular the degradation of coarse grains was higher than in any other test setup. 

Test 22

Complemented the analysis of the combined effect of water and fine-grained material. The test 

was made at a water content of 5 % which the aggregate was able to absorb. Consequently, there 

was no free water in the pore space of the aggregate, in contrast to Tests 17 and 18. Virtually no 

degradation occurred in the aggregate. 

Test 23

A major change from Test 23 was the removal of the 0.5 mm thick sheet metal from the top of 

the flexible sponge rubber layer. The purpose of the sheet metal was to prevent extensive intru-

sion of individual aggregate grains into the bottom rubber by distributing the pressure directed 

onto the rubber more evenly. It is hard to say which situation represents real subgrade conditions 

better. The answer does not depend on overall resilience, because it did not turn out to be higher 

in the case without the sheet metal than in a corresponding test with the sheet metal. In any case, 

the removal of the sheet metal clearly increased the degradation of the aggregate and thus made 

it possible to analyse the effects of different variables under conditions where no degradation 

had occurred earlier with the sheet metal. The degradation results are not absolute values appli-

cable to the real track structure environment in either case. Because of the removal of the sheet 

metal, the tests from 23 onwards can only be compared with each other, not with earlier tests.  

Test 23 was made at a 225 kPa loading level and 50 mm sponge rubber thickness on an aggre-

gate with the grading of 4/32 mm. To prevent the twisting of the loading plates, a solution based 
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on guide pistons was used in the test. In later tests, like in most earlier tests, a flat tie bar solution 

was used for the purpose, since the friction between guide pistons and bushings distorted the 

actual loading of the aggregate, making it somewhat lower than desired (cf. Ch. 3.6.1 and Test 

26). Degradation in this test was significant. The effect of the removal of the sheet metal is evi-

dent if the result is compared to the very low degradation of Test 7. On the other hand, it is 

somewhat surprising to note that the recoverable displacement of the loading plates was even 

lower in Test 23 without the sheet metal than in Test 7 with the sheet metal. 

Test 24

A test selected as the reference for the comparison of aggregate grades with an aggregate grain 

size distribution of 0/50 mm, loading level of 225 kPa and bottom rubber thickness of 50 mm. 

From Test 23 onwards, no sheet metal was used on top of the bottom rubber. Owing to the wider 

grain size distribution, degradation was clearly lower than in Test 23 (or in Test 26). 

Test 25

Otherwise similar to Test 23 (or actually Test 26 because of the solution of tying the loading 

plates), but the loading level was reduced from 225 kPa to 150 kPa. The result was a very high 

reduction in degradation. 

Test 26

The setup of Test 26 was otherwise similar to that of Test 23, but a flat tie bar was used to pre-

vent uncontrollable movements of the loading plates instead of the guide piston/bushing solution 

used in Test 23. This made the result of Test 26 fully comparable with other tests after Test 23 in 

terms of the technical test conditions. Degradation was somewhat stronger in Test 26 than in 

Test 23. This supported the perception of the reduction of actual loading due to friction in the 

guide piston solution used in Test 23. The degradation of the relatively uniformly graded (4/32 

mm) aggregate was considerably higher compared to the degradation of the same aggregate with 

a wider grain size distribution of 0/50 mm in Test 24 under otherwise similar conditions. In 

terms of the effects of grading, loading level and the flexibility of the bottom, the setup of Test 

26 was a reference case naturally suited for the comparison of the effects of individual changes. 

Test 27

The thickness of the flexible bottom rubber was reduced from the 50 mm used in Test 26 to 10 

mm. The result was a decisive decrease in degradation. The degradation was almost equal to that 

in Test 25 with a lower loading level and thicker bottom rubber. 

Test 28

Compared to Test 26, loading level was raised from 225 kPa to 300 kPa, and the thickness of the 

flexible bottom rubber was reduced from 50 mm to 10 mm. As a result of these changes, degra-

dation was clearly weaker than in Test 26 but, on the other hand, clearly stronger than in Test 25 

or 27. 
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Test 29

Aggregate grading was changed from Test 26 (4/32 mm) to coarser and more mixed (4/63 mm). 

As a result of the change, the degradation of especially coarse aggregate grains decreased dis-

tinctly. 

Test 30

Aggregate grading was changed from Test 26 (4/32 mm) to more mixed (1/40 mm). As a result 

of the change, the degradation of especially coarse aggregate grains decreased slightly but was 

still clearly higher than in Test 29. 

Tests 31-35

Tests 31-35 were made on different aggregates in a test setup corresponding to Test 24 with the 

grain size distribution of 0/50 mm, loading level of 225 kPa and thickness of flexible bottom 

rubber of 50 mm. The test focused on the effect of the aggregate grade on degradation. In this 

test in dry conditions the degradation was found to correlate mainly with parameters indicating 

the impact strength of the aggregate (Los Angeles value, modified Swedish impact value). 
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 82.2

16 55.0 56.5

8 24.0 26.8

4 0.0 3.8

2 0.0 2.3

1 0.0 1.9

0.5 0.0 1.6

0.25 0.0 1.2

0.125 0.0 0.5

0.063 0.0 0.1

Test 1

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 81.7

16 55.0 55.8

8 24.0 25.1

4 0.0 1.2

2 0.0 0.5

1 0.0 0.4

0.5 0.0 0.3

0.25 0.0 0.3

0.125 0.0 0.1

0.063 0.0 0.1

Test 2
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 82.1

16 55.0 55.8

8 24.0 24.8

4 0.0 1.9

2 0.0 1.1

1 0.0 0.9

0.5 0.0 0.7

0.25 0.0 0.6

0.125 0.0 0.4

0.063 0.0 0.2

Test 3

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 86.8

16 55.0 61.2

8 24.0 32.7

4 0.0 10.6

2 0.0 8.7

1 0.0 8.0

0.5 0.0 7.4

0.25 0.0 6.6

0.125 0.0 5.6

0.063 0.0 4.7

Test 4
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 90.0 89.5

32 77.0 76.8

25 62.0 62.3

16 40.0 40.5

8 18.0 18.4

4 3.0 3.5

2 0.0 0.6

1 0.0 0.4

0.5 0.0 0.3

0.25 0.0 0.3

0.125 0.0 0.2

0.063 0.0 0.1

Test 5

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 90.0 90.1

32 77.0 77.0

25 62.0 62.0

16 40.0 40.4

8 18.0 18.2

4 3.0 3.4

2 0.0 0.6

1 0.0 0.4

0.5 0.0 0.4

0.25 0.0 0.3

0.125 0.0 0.3

0.063 0.0 0.2

Test 6
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 75.0 74.7

25 50.0 50.7

16 25.0 25.6

8 0.0 1.6

4 0.0 0.3

2 0.0 0.3

1 0.0 0.2

0.5 0.0 0.2

0.25 0.0 0.2

0.125 0.0 0.1

0.063 0.0 0.1

Test 8

Wet sieving data
Sieve % passing % passing

size before after

63 100.0

50 100.0 Could

40 100.0 not be

32 100.0 determined

25 81.0 due to

16 55.0 technical

8 24.0 problem.

4 0.0

2 0.0 On visual

1 0.0 evaluation

0.5 0.0 degredation

0.25 0.0 was very 

0.125 0.0 low.

0.063 0.0

Test 7
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 82.1

16 55.0 55.6

8 24.0 25.1

4 0.0 1.4

2 0.0 1.1

1 0.0 1.0

0.5 0.0 1.0

0.25 0.0 0.7

0.125 0.0 0.6

0.063 0.0 0.5

Test 10

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 81.8

16 55.0 56.0

8 24.0 24.9

4 0.0 2.5

2 0.0 2.1

1 0.0 2.1

0.5 0.0 2.0

0.25 0.0 1.5

0.125 0.0 1.3

0.063 0.0 1.2

Test 9
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 75.0 75.6

25 50.0 51.0

16 25.0 26.0

8 0.0 1.1

4 0.0 0.5

2 0.0 0.4

1 0.0 0.3

0.5 0.0 0.3

0.25 0.0 0.3

0.125 0.0 0.2

0.063 0.0 0.2

Test 12

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 85.0 84.6

25 66.0 66.3

16 47.0 47.2

8 33.0 33.2

4 24.2 24.7

2 19.2 20.1

1 13.7 15.0

0.5 9.6 11.2

0.25 6.3 7.8

0.125 4.1 5.4

0.063 3.0 3.4

Test 11
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 88.0 90.2

32 75.0 75.8

25 60.0 61.0

16 39.0 40.2

8 22.0 24.1

4 12.1 14.7

2 9.6 12.7

1 6.8 11.9

0.5 4.8 11.4

0.25 3.1 11.1

0.125 2.1 11.0

0.063 1.5 10.9

Test 14

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 85.0 85.7

25 66.0 68.0

16 47.0 49.2

8 33.0 35.1

4 24.2 27.2

2 19.2 22.9

1 13.7 19.0

0.5 9.6 16.8

0.25 6.3 15.0

0.125 4.1 13.9

0.063 3.0 13.3

Test 13



Cyclic loading tests: Test descriptions and grading data                                        App. 4    13(23) 

31.525 40 50 63 8016128420.50.25

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100

Grain diameter (mm)

P
e

rc
e

n
ta

g
e

 fi
n

e
r 

b
y 

m
a

ss

Before

After

31.525 40 50 63 8016128420.50.25

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100

Grain diameter (mm)

P
e

rc
e

n
ta

g
e

 fi
n

e
r 

b
y 

m
a

ss

Before

After

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 92.0 92.6

25 73.0 74.6

16 46.0 48.6

8 23.5 27.5

4 12.1 17.6

2 9.6 14.5

1 7.6 13.7

0.5 5.8 13.5

0.25 3.9 13.4

0.125 2.2 13.3

0.063 1.1 13.3

Test 16

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 88.0 88.5

32 75.0 76.3

25 60.0 61.7

16 39.0 41.2

8 22.0 24.6

4 12.2 16.1

2 9.4 13.4

1 6.5 12.3

0.5 4.3 11.9

0.25 2.6 11.7

0.125 1.4 11.6

0.063 0.7 11.5

Test 15
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 92.0 92.2

25 73.0 73.6

16 46.0 46.9

8 23.5 25.0

4 12.3 13.7

2 10.1 11.0

1 7.8 8.8

0.5 5.9 7.3

0.25 3.9 6.0

0.125 2.2 5.0

0.063 1.1 4.4

Test 18

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 88.0 88.4

32 75.0 75.4

25 60.0 60.6

16 39.0 39.3

8 22.0 22.4

4 12.1 12.4

2 9.6 10.4

1 6.8 8.3

0.5 4.8 6.6

0.25 3.1 5.2

0.125 2.1 4.3

0.063 1.5 3.8

Test 17
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 96.0 96.3

40 51.0 53.3

32 7.0 9.8

25 3.0 4.1

16 0.0 0.9

8 0.0 0.6

4 0.0 0.5

2 0.0 0.5

1 0.0 0.4

0.5 0.0 0.4

0.25 0.0 0.4

0.125 0.0 0.3

0.063 0.0 0.3

Test 20

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 84.6

16 55.0 61.7

8 24.0 32.0

4 0.0 8.0

2 0.0 5.8

1 0.0 4.8

0.5 0.0 4.1

0.25 0.0 3.5

0.125 0.0 2.9

0.063 0.0 2.5

Test 19
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 88.0 88.4

32 75.0 75.6

25 60.0 60.6

16 39.0 39.9

8 21.0 22.1

4 9.1 10.4

2 5.2 5.5

1 4.1 4.0

0.5 3.6 3.4

0.25 3.1 3.0

0.125 2.5 2.5

0.063 1.7 2.2

Test 22

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 96.0 98.6

40 51.0 74.6

32 7.0 38.7

25 3.0 24.5

16 0.0 15.0

8 0.0 9.6

4 0.0 6.5

2 0.0 4.9

1 0.0 3.8

0.5 0.0 3.2

0.25 0.0 2.6

0.125 0.0 2.0

0.063 0.0 1.5

Test 21
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 88.0 89.1

32 75.0 76.1

25 60.0 61.3

16 39.0 40.8

8 21.0 23.8

4 9.7 13.0

2 7.7 10.6

1 5.5 8.2

0.5 3.8 6.2

0.25 2.5 4.8

0.125 1.7 3.5

0.063 1.2 2.7

Test 24

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 82.9

16 55.0 58.7

8 24.0 30.8

4 0.0 7.4

2 0.0 5.2

1 0.0 4.3

0.5 0.0 3.7

0.25 0.0 3.3

0.125 0.0 2.7

0.063 0.0 2.3

Test 23
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 85.6

16 55.0 64.4

8 24.0 35.9

4 0.0 10.5

2 0.0 7.8

1 0.0 6.3

0.5 0.0 5.3

0.25 0.0 4.2

0.125 0.0 3.4

0.063 0.0 2.8

Test 26

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 81.9

16 55.0 56.0

8 24.0 26.2

4 0.0 2.6

2 0.0 1.9

1 0.0 1.6

0.5 0.0 1.4

0.25 0.0 1.2

0.125 0.0 1.0

0.063 0.0 0.8

Test 25
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 84.2

16 55.0 60.7

8 24.0 30.6

4 0.0 7.2

2 0.0 4.9

1 0.0 3.8

0.5 0.0 3.2

0.25 0.0 2.6

0.125 0.0 2.1

0.063 0.0 1.7

Test 28

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 82.4

16 55.0 56.9

8 24.0 26.5

4 0.0 3.3

2 0.0 2.3

1 0.0 1.8

0.5 0.0 1.5

0.25 0.0 1.3

0.125 0.0 1.0

0.063 0.0 0.8

Test 27
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 95.0 100.0

40 79.0 80.6

32 64.0 65.4

25 49.0 48.1

16 32.0 32.7

8 13.0 18.5

4 0.0 6.4

2 0.0 5.3

1 0.0 4.6

0.5 0.0 4.1

0.25 0.0 3.6

0.125 0.0 3.0

0.063 0.0 2.5

Test 29

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 100.0 100.0

25 81.0 84.5

16 57.0 63.4

8 32.0 40.0

4 16.0 22.9

2 5.0 12.1

1 0.0 5.8

0.5 0.0 4.3

0.25 0.0 3.5

0.125 0.0 2.7

0.063 0.0 2.4

Test 30
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 89.0 89.6

25 67.0 68.1

16 43.0 43.9

8 21.0 22.4

4 9.9 11.3

2 7.5 8.7

1 5.6 6.6

0.5 4.1 5.2

0.25 2.7 3.8

0.125 1.6 2.6

0.063 0.8 1.7

Test 32

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 89.0 91.5

25 67.0 69.2

16 43.0 44.3

8 21.0 22.6

4 9.8 11.5

2 7.7 9.3

1 5.8 7.6

0.5 4.3 6.1

0.25 2.9 4.7

0.125 1.8 3.4

0.063 1.2 2.4

Test 31
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Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 89.0 89.9

25 67.0 71.0

16 43.0 47.8

8 21.0 26.6

4 9.9 14.8

2 6.5 10.7

1 4.6 8.3

0.5 3.4 6.8

0.25 2.5 5.5

0.125 1.6 4.2

0.063 1.1 3.2

Test 33

Wet sieving data
Sieve % passing % passing

size before after

63 100.0 100.0

50 100.0 100.0

40 100.0 100.0

32 89.0 89.9

25 67.0 71.1

16 43.0 47.5

8 21.0 26.4

4 9.7 14.6

2 6.7 10.7

1 4.3 7.8

0.5 2.7 5.8

0.25 1.6 4.3

0.125 0.9 3.2

0.063 0.4 2.3

Test 34
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