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This paper discusses the effects of sleeper size on cyclic deformation properties of railway ballast un-
der the cyclic loading. Two-dimensional FE linear elastic analyses were performed in order to investigate
the effects of sleeper size on the stress distribution in the ballasted track. Based on the results of FE
analyses, a series of full-scale cyclic loading tests were performed by using various sleepers of different
lengths and heights. It is found that the track settlement in the state where a clearance gap exists between
sleeper and ballast can be estimated by amount of displacement amplitude up to a full contact and a

maximum displacement rate of sleeper.
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1. INTRODUCTION

The ballast composed of uniformly graded
crushed gravel is used for railway tracks for its an-
gularity, adequate stiffness, ease of repair and so on.
However, differential settlement arises in the track
due to the movement or deterioration (abrasion,
crushing, etc.) of ballast particles under cyclic train
loads.

Generally, a stability of running motion of vehi-
cle is impaired by increased track irregularities and
the ride comfort for passengers by intensified vehi-
cle vibration. The risk of train derailment arises by
larger inertial force due to the vehicle vibration
when the track irregularity further progresses.
Therefore, maintenance standard for track irregular-
ity has been established. When a track irregularity is
found to have exceeded a certain constant baseline
by regular monitoring, maintenance is performed to
restore the depleted track condition. In the standard
of ballasted track, a method of judging the validity
of the assumed track structure is adopted to compare

between an acceptable value of track irregularity
growth based on prescribed conditions, which are a
running motion property of vehicle (running safety,
ride comfort) or a maintenance cycle etc., and an
estimated value of track irregularity growth obtained
from various conditions, which are a track structure,
a vehicle and an running speed/interval. This is one
of features in the standard of ballasted track. There-
fore, the design of ballasted track is different from
the general design of structure in civil engineering.
It is considered that the design concept is appropri-
ate to the present condition requested for both the
speed-up of trains and the laborsaving of mainte-
nance". However, in order to design a rational track
structure in the present aim for a more flexible
track structure when a track structure is diversified,
it is necessary to develop a method to estimate pre-
cisely a ballast settlement, which is a main factor of
a track irregularly among various design conditions.
Authors have performed a series of cyclic load-
ing tests, focusing the attention on a median loading
amplitude and a value of loading amplitude on the
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full-scale ballasted model track that is assumed to
exist on the rigid roadbed on viaducts etc., in order
to improve the accuracy of a predictive equation for
amount of ballast settlement, and have discussed the
cyclic deformation properties of ballast and that
evaluation method 2" *. In these studies, it was
found that a settlement tended to increase with a
cyclic loading when a minimum load was small. A
transition of displacement amplitude for each meas-
ure point (sleeper ends and center) was investigated,
and it was found that the differential of displace-
ment amplitude between a sleeper end and center
increased as a displacement amplitude of sleeper
end increased gradually with the cyclic loading.
This phenomenon was considered as a change of
sleeper support state, that is, the support position of
sleeper moved to a center of sleeper from a position
right under a rail just after tamping due to the cyclic
loading. It was considered that a small clearance gap
arose between the bottom of sleeper right under a
rail and the top of ballast, and the differential of dis-
placement amplitude between the sleeper end and
center became large. A possibility was considered
that a sleeper stiffness and length contributed to this
phenomenon.

Sussmann et al.” also have pointed to an incon-
sistent rail deflection due to the central support of
sleeper in the cause of track irregularities.

For this paper, several types of sleeper of differ-
ent lengths and heights were produced based on the
results of two-dimensional FE linear elastic analysis
aiming at finding countermeasures to reduce track
settlements due to cyclic loading in the ballasted
track on the rigid roadbed for viaducts etc. A se-
ries of cyclic loading tests were performed on a
full-scale model track composed of produced sleep-
ers, and the influence of the sleeper shape on cyclic
deformation property of railway ballast was dis-
cussed.

2. CONVENTIONAL RESEARCH ON
SLEEPER SHAPE

The roles of sleeper on a ballasted track are as
follows; 1) it should be able to install rails easily
and has large retentive force in order to sustain posi-
tions of the rail, especially, the constant rail gauge,
2) it has enough strength to endure train loads and it
should distribute widely train loads to ballast, 3) it
gives a track the buckling resistance force, 4) it
achieves necessary electric insulation between two
rails, etc. About the role to distribute widely train
loads to ballast among the above-mentioned, the

study concerning a sleeper shape is very few. There
is an examination example in the first stage of PC
sleeper development in the 1950s from a design side
and track settlement.

(1) Sleeper shape and design®

It is assumed that it is necessary to consider the
following points in the design of sleeper shape size.
a) Length

The sleeper length has a great influence on the
sleeper bending moment. In general, the absolute
value of negative bending moment at a sleeper cen-
ter decreases as the sleeper becomes long. It might
become finally a positive bending moment. The in-
fluence of the positive bending moment increases
gradually at a position right under a rail. Therefore,
a PC sleeper length should be determined so that the
bending moment of sleeper center balances that of
sleeper right under the rail.
b) Height

It is necessary to enlarge a height to increase a
sleeper weight and a longitudinal and lateral resis-
tance within ballast. However, this increases the
sleeper price due to the increase of a necessary con-
crete amount, and also increases a necessary amount
of ballast, therefore it becomes uneconomical.
Moreover, when the height of sleeper increases, it
becomes easy to cause a torsional failure.

(2) Sleeper shape and track settlement

There is a study concerning a shape effect of
wooden and concrete sleeper performed by Okabe et
al. In their study, the static and cyclic loading tests
were performed on the 20 types of concrete sleepers
of different lengths (2.0, 2.1, 2.2 and 2.3 m), heights
(120 — 180 mm) and widths (180 — 280 mm). The
following conclusions were shown. When a bottom
area of sleeper increases, it is more advantageous to
increase a length than a width to inhibit a track set-
tlement. A result was obtained that it is necessary to
give sleeper flexibility by means of making the
sleeper in a long and slender shape, because the
stiffness of concrete sleeper is originally too much.

(3) Current situation

A cross section of pretensioning prestressed
concrete sleeper — Type 3 is shown in Fig.1%, which
is used generally at a straight track of a conventional
line of the Japan Railways. This sleeper dimension
was standardized in 1961. Since a PC sleeper was
expensive compared to a wooden sleeper, it seems
that a sleeper length was decided to 2.0 m in con-
sideration of only a minimum anchorage length of a
PC steel wire, 40 cm. This minimum length is the
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length to be able to apply a necessary prestress to a
cross section under a rail where a bending moment
by a load reaches a maximum value. The length in a
sleeper developed afterwards for conventional lines
is almost same as the sleeper developed in 1961. A
sleeper height was produced originally from 140
mm, which was a same degree of height as a
wooden sleeper, in consideration of a renewal from
wooden sleepers. However, it has been produced
up to about 230mm in height due to a buckling sta-
bility of continuous welded rail track and a coun-
termeasure for lateral load at a sharp curve.

From the above, it is found that the findings
concerning the sleeper shape and track settlement
are not reflected in the design of present sleeper.

3. STRESS DISTRIBUTION ANALYSIS IN
RAILWAY BALLAST

According to the results of large triaxial cyclic
test on ballasts”, the resilient axial strains in cyclic
loading are less than 0.5% except an initial portion
of cyclic loading. The ballast can be treated as an
elastic material in the macro scale since an incre-
ment of residual axial strain by loading of one time
is a little and a hysteresis loop closes. On the other
hand, it is considered that a shear deformation is a
main part on a deformation behavior in a progres-
sive settlement process of ballast at an actual track.

In this chapter, a maximum shear stress distribu-
tion in ballast related closely to a shear deformation

viyey Sleeper Ballast

Concrete roadbed

Fig. 2 2D FEA model

is described by FE linear elastic analysis, and a
sleeper shape is discussed with a restraint of track
settlement.

(1) Analytical method
a) Analytical model

The FE linear elastic analysis was performed by
2D plane strain model as shown in Fig.2. The model
is an axisymmetric 1/2 model against a center axis
of sleeper. The section shape of PC sleeper in a
length direction is not constant and a center part of
sleeper is a concave shape as shown in Fig.1. In this
paper, since it is not aimed at a detailed design of
sleeper, a sleeper shape was assumed as a rectangu-
lar solid for the simplification. The ballasts are filled
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Table 1 Material parameters

E (Mpa) L)
Sleeper 35000 0.17
Ballast 88 0.28
Ballast mat 1.125 0.49
Concrete roadbed 35000 0.17

up to the top of sleeper at sleeper ends in an actual
track. If the ballast in this part is modeled as a con-
tinuum, a tensile stress not caused actually acts be-
tween sleeper ends and ballasts. Therefore, only the
ballast below the bottom of sleeper was modeled.
b) Material parameters of element

The elements of model were composed of a PC
sleeper, ballast, a ballast mat and a concrete road-
bed. The material parameters are used as shown in
Table 1% ?. The value of Young’s modulus and
Poisson’s ratio was used by assuming the value at
an average stress level (100 kPa) caused in an actual
track based on results of large triaxial test.
¢) Confined condition

A horizontal direction was fixed at a centerline
and an end of concrete roadbed, and it was assumed
as a complete fixation at the bottom of model.
d) Loading condition

The uniformly distributed stress was applied on
a sleeper right under rails. A vertical stress per rail
was used a value divided 10 kN as a unit load by the
contact area (150mmx240mm) between rail and
sleeper. For ballast, an influence of self-weight is
smaller than a loaded weight as it is possible to dis-
regard, and the analytical method is a linear elastic
analysis. Therefore, the self-weight is not consid-
ered as a loading condition.
e) Analytical condition

Analyses were performed for 75 cases as 3
depths of ballast (hg) (150, 250 and 350 mm), 5
lengths of sleeper (/) (1.8, 2.0, 2.2, 2.4 and 2.6 m)
and 5 heights of sleeper (hs) (35, 70, 105, 175 and
245 mm). The standard section of ballasted track at
a straight part of conventional line of the JR is as
follows; a ballast depth is hg = 250 mm, a sleeper
length is / = 2.0 m and a sleeper height is hg = 175
mm. This standard section is used when an analyti-
cal result is normalized in the next section.

(2) Analytical results

Analytical results are discussed by vertical dis-
placements for the top of ballast (D) and maximum
shear stresses (Tmax).
a) Vertical displacement (D)

A distribution of vertical displacement for the
top of ballast is shown in Fig.3 when the / is differ-
ent. In the case of hg = 175 mm (Fig.3 (a)), it is

found that D right under a rail is larger than D at a
sleeper center when / is short, and D right under a
rail and at a sleeper end is smaller than D at a
sleeper center when / is long. In the case of hs = 35
mm (Fig.3 (b)), D indicates a maximum value right
under a rail regardless of /. It is found that a shape
of distribution is drawn as a shape applied directly
uniformly distributed load on the top of ballast. A
relationship between a shape of sleeper and Dyax /
Do,max 1s shown in Fig.4, where Dy« 1S a maximum
value of vertical displacement for the top of ballast
and this value is normalized by Dg max = 0.15 mm on
the standard section (refer to bold line in Fig.3 (a))
in this figure. An influence of / is a little though
Dpax Increases when hg is low.

b) Maximum shear stress in ballast

An analytical result at a point of stress concen-
tration depends on the element mesh size of an FE
analysis, however discussions are carried out by as-
suming that reliability exists here in the solution.

Tmax 1S shown in Fig.5 when hg is different and
Tmax 1S shown in Fig.6 when [ is different. From
Fig.5, it is found that a distribution of Ty, moves
from a position right under a rail to a position of a
sleeper end with an increase of hs. From Fig.6, it is
found that the 1., at a sleeper end when / is short
decreases with an increase of /.

A relationship between a shape of sleeper and
(Tma)max / (Tomax)max 1S shown in Fig.7, where
(Tmax)max 18 @ maximum value of T,,,x in a section for
each analysis case and this value is normalized by a
maximum value (Tomax)max = 41 kPa in a standard
section (refer to Fig.5 (d) and Fig.6 (b)) in this fig-
ure. When an hg is low, (Tmax)max arises right under a
rail. Since Ty right under a rail decreases with an
increase of hs, (Tmax)max decreases also, on the other
hand, since T at a sleeper end increases, (Tmax)max
increases again from a certain hs. Moreover, when
hg is high, it is found that (Tmax)max decreases due to
an increase of /.

Since a distribution of Tn.x 1S different due to a
shape of sleeper, a relation between hg and Ty, was
investigated by paying attention to Ty, in the top of
ballast right under a rail (point A), in the bottom of
ballast right under a rail (point B) and in the top of
ballast at a sleeper end (point C) for each sleeper
shape (Fig.8). It is found that 1, at a point A and B
decreases as hg increases, and T,y at a point C in-
creases. An intersection in these lines is hg in which
Tmax 18 minimized. That is, Tn.x in ballast is mini-
mized if hg is set up about 90 mm for hg = 250 mm
and / = 2.0 m. The Ty 1S about 70 % for hg = 175
mm in the standard section.
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4. SLEEPER PRODUCTION FOR CYCLIC
LOADING TEST

From 2D linear elastic FE analysis, it is found
that Ty in ballast is minimized by setting up about
the half of hg = 175 mm in the standard section for
hg = 250 mm in a ballast depth and / =2.0 m in a
sleeper length. And also, it is found that t,,,x in bal-
last decreases by increasing a sleeper length for the
standard height of sleeper. Then, the synthetic
sleeper'® was made which consists of hard type
polyurethane foam and continuous long glass fiber
with a shape shown in Table 2. The reason, why
this material is selected, is that this material is
formed easily into many different shapes compared
with a concrete sleeper and that the quality is steady
compared with a wooden sleeper. However, be-
cause the Young's modulus of synthetic sleeper is
about 1/3 of a concrete sleeper, the height of syn-
thetic sleeper was increased to about 1.5 times of a
height of concrete sleeper to homologize to a bend-
ing rigidity.

5. CYCLIC LOADING TEST ON SLEEPER
SHAPE

(1) Test track

Fig.9 shows a cross section of test track. To
prevent a distribution of load to adjacent sleepers
due to track skeleton rigidity, a loaded weight was
applied by one sleeper in each test case. Ballast was
constructed according to following procedures as
same as an actual maintenance work. First of all, the
ballast was prepared to a shape of a prescribed sec-
tion, the compaction was performed by a plate com-
pactor and the sleeper was installed. After that, the
track was regulated by tamping ballast right under a
rail by using a tamping tool and by compacting a
shoulder of ballast by using a plate compactor. Be-
fore starting each test, the above track maintenance
was performed to reduce an influence of last test.
The ballast used for a test was a crushed stone of

Table 2 Sleeper size for test

(Unit: mm)

Width | Heigtht /4
130
195
260
130 1:2
195 2300

260

Length /

53 Strain gauge

2000

240

@ :Displacement transducer

: Soil pressure transducer

andesite produced at Otsuki city in Yamanashi Pre-
fecture, and it was used under air dried condition.

(2) Loading condition

In the test, a vertical load was applied directly to
both rails. A vertical load for each rail was deter-
mined by assuming an actual train load and axle
arrangement. Moreover, Pp.x = 45 kN and P, = 2
kN were selected as maximum and minimum verti-
cal load respectively in consideration of an effect of
load distribution due to track skeleton rigidity. First
of all, cyclic loadings of 10 times were performed
by loading and unloading up to a Py, A loading
rate was 1 kN/sec. After that, a sinusoidal cyclic
loading was performed by a frequency of 2 Hz for
more than 2 x10° cycles.

(3) Test results
a) Difference in sleeper deflection

A difference in displacement amplitude of
sleeper on a cyclic loading was shown in Fig.10,
and a difference in sleeper settlement at a Py, on a
cyclic loading was shown in Fig.11. For /= 2.0 m in
a sleeper length, a differential settlement is caused
at locations of both rails due to the increase of dis-
placement amplitude at a sleeper end according with
cyclic loading (Fig.10 (a)-(c) and Fig. 11 (a)-(c)).
For /= 2.6 m in a sleeper length, a difference in dis-
placement amplitude is small at both ends of sleeper
whereas displacement amplitude at a sleeper center
increases according with cyclic loading, and it is
found that the sleeper settles down equally (Fig.10
(g)-(i) and Fig. 11 (g)-(i)). For / = 2.3 m in a sleeper
length, a transition in deflection shapes is different
depending on the hg. For hg = 130 mm, there is little
difference in displacement amplitude from an initial
portion of cyclic loading, and the sleeper settles
down gradually and equally (Fig.10 (d) and Fig. 11
(d)). For hg = 195 mm, displacement amplitude at
both ends of sleeper is small whereas displacement
amplitude at a sleeper center increases according
with cyclic loading, and the sleeper settles down
equally (Fig.10 (e) and Fig. 11 (e)). For hg =

< 1700

12
- 566

Vertical load ;
& @ @
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'y hg Synthetic sleeper

h 4
F Y

380
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r A 4

130
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2600
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2460
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>

Fig. 9 Cross section of test track
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260 mm, a differential settlement is caused at loca-
tions of both rails due to the increase of displace-
ment amplitude at a sleeper end according with cy-
clic loading (Fig.10 (f) and Fig. 11 (f)).
b) Difference in support condition of sleeper

As mentioned above, the transit pattern in de-
flection shape of sleeper is different depending on a
length and height of sleeper. Table 3 shows a clas-
sification for support conditions of sleeper after
2x10° cycles. To investigate why support condi-
tions divide into a center support and a both ends
support with cyclic loading, a displacement differ-
ence between a sleeper center and a sleeper end was
plotted in an initial portion of cyclic loading for
each sleeper shape as shown in Fig.12. When the
displacement at a sleeper end is large in the initial
portion of cyclic loading, it becomes a center sup-
port. On the other hand, it is found to become a both
ends support when the displacement at a sleeper
center is large.
¢) Separation of displacement amplitude of

sleeper

It is considered that only a sleeper of / = 2.3 m
and hg = 130 mm are almost supported by full con-
tact on ballast up to 2x10° cycles. Sleepers ex-
cept for it are considered to arise partially a clear-
ance gap between a sleeper and ballast at a P, ac-
cording with cyclic loading whereas there are full
contacts in the initial portion of cyclic loading. It is

Table 3  Support condition of sleeper after 2x10° cycles

expected that the deformation behavior of ballast is
different between full contact and partial contact
according with cyclic loading. Then, a loading curve
by a bi-linear type was assumed a load — displace-
ment relationship as shown in Fig.13 in order to
separate deformation behavior before and after the
contact. The judgment of contact was defined as
follows; since a displacement rate of sleeper in
loading decrease rapidly at a location arising a
clearance gap between a sleeper and ballast before
and after the contact, a judgment of contact was de-
termined at the time indicating a maximum dis-
placement rate of sleeper. Moreover, it was referred
to by a transition of a sleeper strain measured at the
same time. A difference before the contact in dis-
placement amplitude of sleeper, Dyy4, according
with cyclic loading is shown in Fig. 14. A differ-
ence after the contact in displacement amplitude of
sleeper, Dgonwaet, according with cyclic loading is
shown in Fig. 15. Dy before the contact increases
according with cyclic loading. On the other hand, it
is found that Dconac after the contact indicates al-
most a constant.
d) Transition of settlement on cyclic loading test
The transition for an amount of sleeper settle-
ment Dy at a Py is shown in Fig. 16. The transi-
tion of a differential settlement (irregularity of cross
level) at a Py, is shown in Fig. 17. Mean values of
2 measuring points at each rail were compared in
both rails, and a lager value was plotted as Dy,x in
Fig. 16. The differential settlement shown in Fig. 17
was plotted as an absolute value of the difference on

hg (mm . . .
I (m) s (mm) 130 200 260 an amount of settlement in both rails. The relation
between sleeper shape and amount of settlement is
2.0 Center Center Center not clear. It is found that the differential settlement
of sleepers are large for / = 2.0 m in length, and for /
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e) Extraction of factor affecting settlement

In order to extract factors affecting amount of
sleeper settlement, the relations are discussed
among the amount of displacement amplitude of
sleeper, Diotal, Dyoia and Deongact, after 2x10° cycles.
And a relationship is investigated between maxi-
mum displacement rate of sleeper used to determine
the contact and sleeper settlement D, after 2x10°
cycles (Fig.18). For a cyclic loading in the state of
full contact between a sleeper and ballast, the corre-
lation is low between Dcontact after the contact related
to the settlement generally and the amount of set-
tlement. On the other hand, it is found that the cor-
relation is relatively high between D, indicating a
clearance gap or maximum displacement rate of
sleeper representing a collision rate of sleeper and
amount of settlement.

6. CONCLUSIONS

Several types of sleeper of different lengths and
heights were produced based on the results of 2D
FE linear elastic analysis aimed at finding counter-
measures to reduce track settlements due to cyclic
loading in the ballasted track on the rigid roadbed
for viaducts etc. A series of cyclic loading test were
performed on a full-scale model track composed of
produced sleeper, and the influence of the sleeper
shape on cyclic deformation property of railway
ballast was investigated.

The following conclusions can be derived from
this study.

1) A support condition of sleeper is basically a cen-
ter support for 2.0 m in length and both ends support
for 2.6 m in length though the transit pattern in de-
flection shape of sleeper is different depending on
lengths and heights of sleeper.

2) There is a possibility that the judgment whether
becoming a center support according with cyclic
loading or becoming both ends support is deter-
mined by means of the difference of sleeper dis-
placement at the initial portion of cyclic loading.

3) The differential settlement shows the tendency to

increase for the sleeper shape indicating a center
support according with cyclic loading.

4) There is a possibility that the amount of sleeper
settlement in the state where a clearance gap exists
between a sleeper and ballast can be estimated by
amount of displacement amplitude up to a full con-
tact and a maximum displacement rate of sleeper.
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