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Abstract Predicting the rate of deterioration of ballasted track due to cumulative
plastic settlement is a major challenge for railway infrastructure owners. For track
on a stiff subgrade, more than 50% of the total deformation originates from the
ballast through grain rearrangement (compaction), lateral spreading and possibly
grain breakage. Despite much research, knowledge of the mechanisms by and extent
to which these three processes contribute to permanent settlement is limited, and
permanent settlement is still usually estimated empirically. This paper describes
the rationale and initial results of triaxial tests on full-size granite railway ballast,
carried out to investigate the relative importance of the processes responsible for
ballast settlement. Specimens of full-size railway ballast 600 mm high and 300 mm
in diameter were subjected to cycles of deviator stress between 10 kPa and 50, 100
or 200 kPa. Tests were carried out over up to 500,000 load cycles at a frequency
of 3 Hz and an effective confining stress (cell pressure) of 30 kPa. For the ballast
tested, grain rearrangement and lateral spreading were the dominant effects on the
evolution of ballast permanent settlement. Grain breakage was insignificant except
at the highest test load.
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1 Introduction and Background

Railway track geometrymust remainwithin strict limits of deviation from the desired
line and level, for reasons of passenger comfort and operational safety. Differential
permanent settlement has always been a concern for the railway sector as the situ-
ation leads to track misalignment. For track on a stiff subgrade, more than 50% of
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the total deformation originates from the ballast [1] through grain rearrangement
(compaction), lateral spreading and possibly grain breakage. This article investi-
gates the extent to which these three processes contribute to permanent settlement at
different loads, by means of triaxial tests on specimens of full-size railway ballast.

Ballast settlement is generally held to occur in different phases. Each phase is
associated with different rates but the mechanisms responsible remain a matter of
conjecture [2]. Experiments on various ballast materials have shown that the perma-
nent settlement develops initially quite rapidly, but after several thousands of load
cycles becomes slower [2–4]. The initial rapid deformation is mainly attributed to the
compaction of the ballast through grain rearrangement, which reduces the volume of
inter-granular voids. Lateral spreading is also likely, although this might reduce with
ballast densification and the development of a shallower (hence more stable) slope.
The importance of grain breakage would be expected to depend on the mineralogy;
grain size, shape and mechanical properties (strength and toughness); the nature of
the contacts; and the magnitude of the load to which the ballast is subjected.

Densification (compaction) through grain rearrangement is generally considered
to be the main cause of a large rate of settlement at the beginning of loading.
The potential for further compaction reduces as the ballast densifies. Maintenance
tamping may loosen the ballast, causing the initial high rate of settlement to be
repeated [1, 6].

Inmost railways the ballast is elevated above the adjacent ground and the resulting
shoulder slope is not confined. Hence vertical loading of the track causes the ballast
to spread laterally. The rate of lateral spreading may decrease with the number of
loading cycles if a more stable ballast shoulder slope geometry is allowed to develop.
Also, lateral spreading can be reduced by reducing the slope of the ballast shoulder
[4, 7]. Heaping the ballast above the level of the sleeper top is beneficial in increasing
the lateral resistance [8, 9], but this is separate from (and not to be confused with) a
shoulder that slopes downward below the level of the sleeper.

Breakage of ballast grains into smaller fragments may contribute to the settlement
of a railway trackbed. It may involve the attrition of grains, corner breakage and grain
splitting [10]. The newly generated finer particles resulting frombreakage can occupy
the voids in the original structure, leading to a decrease in the overall and specific
volume. Several factors may influence grain breakage including:

i. Mineralogy. A high-quality ballast should bemade from rockwith a high specific
gravity, shear strength, toughness, hardness and resistance to weathering [11,
12]. In the United Kingdom (UK), granite is now widely used especially on
principal routes, although in the past other minerals (especially limestone) were
common. Experiential evidence of ballast behaviour must therefore be treated
with a degree of caution, as it may relate tominerals historically but not currently
used.

ii. Angularity of the grains. Angular grains are more susceptible to corner breakage
than less angular grains. In triaxial tests by [13], most of the corner breakage
occurred during the first 1000 loading cycles. However, this may not impair the
performance of the ballast; work by [14, 15] showed that the reused (recovered
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and cleaned) ballast does not behave significantly differently from fresh ballast
of similar mineralogy.

iii. Grain size. It was observed by [16] in triaxial tests on 19–53 mm aggregates
that larger grains were more susceptible to breakage than smaller grains of the
same mineralogy. This is because the larger grains are more likely to contain
weaknesses that have already fractured in the creation of the smaller grains.

iv. Tamping. Maintenance tamping aims to restore the track geometry following
differential settlement. However, the process has a detrimental effect due to
breakage and attrition of ballast grains [11, 17–19].

v. Load amplitude. Ballast grains are more susceptible to breakage when subjected
to higher loads [20, 21]. This is also demonstrated in the results presented in
this paper.

vi. Loading frequency. According to [13, 22] more breakage occurs at higher
frequencies than at lower frequencies. However, at high frequencies and ampli-
tudes the accelerations can be large, and it is important to consider appropriate
values of these parameters when choosing laboratory test loads intended to
represent those in the field [23].

2 Materials and Methods

The experimentswere conducted in a large triaxial apparatus on specimens 600mm in
height and 300 mm in diameter (Fig. 1). Granite ballast from the Mountsorrel quarry
in Leicestershire, UK with a grain size distribution conforming to the Network Rail
standard was used. Tests on three different specimens were conducted, all at a cell
pressure of 30 kPa. A conventional 2.5 m long × 0.29 m wide G44 sleeper loaded
by 50% of a 25 tonne (250 kN) axle will exert vertical stress, averaged over the
whole of the sleeper area, of 172 kPa. Assuming a horizontal stress of

(
1 − sin φ′)

times the vertical effective stress with φ= 45° gives a horizontal effective stress of
about 50 kPa. Although in principle the horizontal effective stress should increase
in proportion to the vertical, this adds to the complexity of the testing regime and
when attempted can give counter-intuitive results [6]. Hence, for simplicity, the cell
pressure for the tests reported in this paper was kept constant at 30 kPa while cyclic
deviator stresses up to maxima of 50, 100 and 200 kPa were applied.

Hundreds of thousands of load cycles were applied at a frequency of 3 Hz.
Although this corresponds approximately to the fundamental vehicle passing
frequency of a train formed of cars 23 m in length travelling at 252 km/hour, in
reality train passage subjects the track to a series of sinusoidal loads of different
magnitudes at multiples of up to about ten times the car passing frequency. Hence
the test frequency does not, and was not intended to, represent any real loading
frequency or train speed, rather, it was chosen as it was slow enough not to over-
excite the test apparatus while enabling the tests to be completed within a reasonable
timeframe. Specimens were initially loose, with an as-placed density ranging from
1450 to 1506 kg/m3. The deviator stress was cycled between a minimum value of
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Fig. 1 Triaxial set-up with 5
radial belts

10 kPa and the notional maxima qmax indicated in Table 1. The test was controlled
by specifying the equivalent ram load, based on the initial (undeformed) specimen
area; this led to some variability in the actual deviator stress achieved, as indicated
in the results presented.

Once the specimen had been placed within the apparatus and the cell pressure
applied, the loading ram was brought into contact with the top cap and a small
“docking load” of 1.4 kPa applied. This was to ensure positive contact while avoiding
unwanted deformation prior to testing. Then all the measurements were set to zero
and the load was increased to the datum (midpoint) value, from which the test
commenced.

Output data were recorded at a frequency of 60 Hz (20 data points per cycle) to
prevent aliasing. Five equally-spaced radial belts were used to track the change in
circumference of the sample. Two sensors within the load cell were used to measure

Table 1 Data for triaxial tests at 3 Hz and 30 kPa of confining pressure

Test ID qmax (kPa) qmin (kPa) Datum stress
(kPa)

Initial density

(kg/m3)

Number of
load cycles

Cell pressure
(kPa)

Test 1 50 10 30 1506 250,000 30

Test 2 100 10 55 1450 500,000 30

Test 3 200 10 105 1466 250,000 30



Triaxial Tests to Assess the Effects of Densification, Lateral Spreading … 241

a) b)

Colourless Red

Yellow Green

c)

Fig. 2 a Ballast sample used in test 3 (63 mm > Red > 50 mm > Yellow > 40 mm < Colourless <
31.5 mm < Green < 22.4 mm. b Test 3 sample before the test. c Test 3 sample after the test

the variations in cyclic load and axial displacement with time. Sieve tests were
conducted before and after each test, and the results used to assess grain breakage.
Grains in Test 3 were painted with Arco Heavy-Duty Line Marking paint to assist
with this (Fig. 2).

3 Results and Discussion

The results of the three tests are summarized in Table 2 and Figs. 3, 4 and 5. The
axial displacement, lateral spreading and densification or dilation of the sample are
indicated by the graphs of axial strain, radial strain and volumetric strain respectively
in Figs. 3a, 4a and 5a. Figures 3b, 4b and 5b show the evolution of q/p’ with number
of load cycles.

In Test 1 (Fig. 3a), ballast settlement and volumetric strain were still ongoing at
the end of the test, after 250,000 loading cycles. Lateral spread was minimal and
grain breakage was undetectable. The small negative axial strain apparent over the
first few cycles is a result of taking the strain datum at the mid-point of the first load
cycle (at 30 kPa rather than at zero).

Table 2 Triaxial tests results at the end of each test

Test ID Broken
mass (g)

Broken
mass (0/
000)

Circumferential lateral
spreading (mm)

Total axial displacement
(mm)

Test 1 – – 0 2.27

Test 2 3.45 0.56 0.88 12.18

Test 3 38.04 6.12 119.90 114.74
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Fig. 3 a Axial, radial and volumetric strain versus number of load cycles for Test 1. b q/p’ vs
number of load cycles
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Fig. 4 a Axial, radial and volumetric strain versus number of load cycles for Test 2. b q/p’ versus
number of load cycles
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Fig. 5 a Axial, radial and volumetric strain versus number of load cycles for Test 3. b q/p’ versus
Number of load cycles
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In Test 2 (Fig. 4a), lateral spreading was more significant than in Test 1 but
still small. This is not altogether surprising as, relative to the vertical load, the lateral
confining stress was smaller in Test 2 than in Test 1. Most of the vertical settlement is
accounted for by volumetric change. Again, volumetric and axial strainwere ongoing
at the end of the test after 500,000 cycles. Grain breakage was detectable but small,
with broken fragments accounting for 0.56 parts per 10,000 by mass (0.0056%)
by the end of the test (an actual mass of 3.45 g). To ascertain when this breakage
occurred, it would be necessary to carry out tests with progressively fewer loading
cycles.

Figure 5a shows the result of Test 3, which are quite different from those of Test
1 and Test 2. The specimen to collapse between 10 and 45 cycles when the stress
ratio q/p’ increased from about 1.7 to the target value of 2. This was accompanied
by substantial axial and radial strain (settlement and lateral spreading) but relatively
little volumetric change (densification). After 45 load cycles the specimen dilated
slightly and the axial and radial strains remained almost constant while the stress
ratio q/p’ cycled to a maximum, apparently stable, value of about 1.85. This suggests
that the specimenmay have failed, with the associated geometric distortion sufficient
to enable cycling at a stable stress ratio up to a maximum value of q of about 160 kPa,
with a small increase in radial stress (from 30 to 32 kPa) due to the stretching of the
rubber membrane calculated according to [24] Method.

Grain breakage in Test 3wasmuchmore significant than in either of the other tests,
with a broken mass at the end of the test of 38.04 g (6.12 parts per 10,000 or 0.0612%
by mass). Breakage occurred by surface flaking in addition to attrition/abrasion, and
corner breakage/loss of asperities (Fig. 6). Grain splitting was insignificant.

a) b) c)

Fig. 6 Grain breakage by a Attrition/abrasion b Surface flaking c Corner breakage
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4 Conclusions

1. The most significant driver of settlement at low and medium loads was densifi-
cation. However, the lateral stress in these tests was proportionately higher than
it would be in the field, especially at the sleeper end near a shoulder slope.

2. Lateral spread was only a factor at the highest vertical load (Test 3). In this test,
the ballast appeared to fail to a geometry at which the applied deviatoric load
could be supported over a greater area by means of a reduced stress.

3. Grain breakage is potentially much more significant at higher stresses. Breakage
by surface flaking as well as attrition/abrasion and corner breakagewas observed.
It is not possible from the tests carried out to determine where the breakage
occurred—for example prior to specimen failure, or progressively throughout
the whole test. Further work is be needed to ascertain this.

4. Further testing is also needed to quantify the effects of initial density and lateral
confining stress, including whether this should be cycled with the vertical stress
so they remain proportionally similar.
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