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Abstract: The longitudinal resistance performance of a granular ballast bed under cyclic symmetric displacement loading was
studied based on a full-scale test model of ballast track structures. The change law of the longitudinal resistance characteristics of
the ballast bed under variable displacement amplitudes was analyzed. The results show that: the resistance-displacement curves of
a granular ballast bed are a set of closed hysteretic curves, indicating obvious energy consumption; a granular ballast bed softens
gradually during the cyclic process with constant displacement amplitude, and the residual deformation rate increases nonlinearly
with increasing cycle number; the peak value of the longitudinal resistance of lines decreases with increasing cycle number; the
cyclic softening of a granular ballast bed is dependent on the displacement amplitude—the higher the displacement, the more severe
the cyclic softening will become; after cyclic displacement loading is applied several times, the longitudinal resistance of the bed
will degenerate obviously, and the higher the displacement amplitude, the higher the longitudinal resistance attenuation rate of the

ballast bed will become.
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1 Introduction

Granular ballast beds, characterized by structural
dependence and discreteness, are solid and uneven
structures constructed with crushed stone of different
sizes according to a certain gradation. The mechanical
properties of such beds are different from those of
common solids or liquids because of the strong
nonlinear bearing and shear resistance abilities, and
generally they cannot directly withstand tension
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(Lim, 2004; Anderson and Fair, 2008; Han et al.,
2015). Railway ballast bed structures have been
adopted worldwide considering their good elasticity,
excellent damping capacity, strong water permeabil-
ity, and easy maintenance (Nurmikolu, 2012; In-
draratna et al., 2014b). Continuously welded ballast
tracks have become standard modern track structures
(Esveld, 2001; Indraratna and Salim, 2005; Sung et
al., 2005). The mechanical properties of ballast beds
have been studied by many researchers. Hollow cyl-
inder tests have been carried out to investigate the role
of drainage conditions on the response of railway
track foundation materials during cyclic loading
(Mamou et al., 2017). The inclusion of geosynthetics
and rubber mats for reducing the adverse effects of
wheel loads was examined through an extensive field
trial (Nimbalkar and Indraratna, 2016). In recent
years, continuously welded rail track (CWR track)
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technology has matured, and huge railway networks
and complicated operating environments have brought
tremendous pressure on the safe application of CWR
tracks. The longitudinal resistance of ballast beds,
which is closely related to line stability and rail
creeping, is still an important issue for scientific re-
search, especially the longitudinal resistance and
distribution of bridge CWR section ballast beds,
which directly influence bridge and rail design plans
(Le Pen, 2008; Chen et al., 2013; Yan and Dai, 2014).
The longitudinal load-bearing and force-transference
mechanisms of ballast beds are very complicated
because of the discreteness of the beds, the composi-
tion of track structures, the variety and cycles of load,
and the dynamic performance of the live load effect.
On the one hand, the stress performance of ballast
beds is related to the loading course and displace-
ment; on the other hand, granular ballast structures
always change randomly and significantly (Indraratna
et al., 2010). The longitudinal resistance of granular
ballast beds has significant nonlinear characteristics.
The displacement state and the force-displacement
incremental relation reflecting the loading course
dependency should be considered for the longitudinal
resistance of lines under complicated stress states
(Ruge and Birk, 2007). Longitudinal resistance test-
ing has shown that after being stressed, ballast grains
are transferred to a new and more stable equilibrium
position (Kerokoski, 2010; Hayano et al., 2014; Le
Pen et al., 2014; Zakeri and Barati, 2015). The
structural response of granular ballast beds under
longitudinal loading is closely related to the dis-
placement amplitude. Because of the periodicity of
temperature and the cyclic train load, ballast beds are
always subject to dynamic changes from different
displacement results. Since ballast grains are always
subject to equilibrium-transfer-redistribution, the
distribution of ballast bed resistance is characterized
by discreteness, randomness, and strong nonlinearity.

Hence, the study of resistance performance and
the change law of granular ballast beds under repeated
longitudinal loading can be considered as a founda-
tion for a deeper understanding of the dynamic ser-
vice performance of ballast CWR tracks and of the
stress deformation mechanism of CWR tracks under
cyclic loading. The following is an analysis of the
longitudinal resistance performance of a ballast bed
under cyclic displacement loading and the influence

of variable displacement loading amplitudes on the
longitudinal resistance of the bed, conducted using a
full-scale test model and a special loading system.

2 Test model and loading conditions
2.1 Model plan and scale

The meso-structure of granular ballast beds is
complicated, and their mechanical properties can be
significantly influenced by scale effects and gradation
(Indraratna et al., 2014a). Simulations relating to the
gradation characteristics, contact relationships, and
load-caused deformation of ballast grains performed
using reduced models are limited to dimensional
analysis and scale effects. Full-scale models are ideal
for analysis (Kennedy, 2011). In addition, consider-
ing the complicated interaction between the track
frame and the ballast bed of a CWR track under ex-
ternal loading, a full-scale track panel-ballast bed
model selected as the test object is more applicable
for simulating on-site ballast bed structures (Le Pen
and Powrie, 2011). The number of sleepers in track
frames is closely related to the resistance of the ballast
bed, and does not greatly influence the change law of
the resistance (Esveld, 2001; Indraratna and Salim,
2005). Therefore, a track panel with six sleepers was
selected as the test model. The four sleepers in the
middle were used as the test objects and the sleepers
at each end were considered as the model boundaries.
In addition, the displacement of the rail and each
sleeper was tested. The results show that the sleeper
displacement is almost the same as the rail displace-
ment, which proves that the whole panel moves
together.

2.2 Main technical parameters

The model track had a CHNG60 rail, type-II fas-
tener system, and type-III concrete sleepers with
shoulders. The sleeper spacing was 0.6 m. The ballast
bed was paved with class I materials. Before paving,
the ballast particle sizes were classified with a stand-
ard square plug gauge to ensure the gradation of the
formed ballast met code requirements (TB/T 2140-
2008) (MOR, 2008). The ballast material was crushed
basalt stone. The gradation in ballast particle size is
shown in Fig. 1. The Los Angeles abrasion rate
(LAA) of the ballast particles was 23%. The standard
aggregate impact toughness (IP) was 97%, the
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marked aggregate crushing rate (CA) was 8%, and the
ballast aggregate crushing rate (CB) was 20%. The
compressive strength of the stone powder test was
0.3 MPa.
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Fig. 1 Gradation of ballast particle size

The section size of the ballast bed met the re-
quirements for single line ballast beds of a 350 km/h
ballast track. The top width was 3.60 m and the
thickness 0.35 m. The slope of the ballast shoulder
was 1:1.75. The piled ballast shoulder was 0.15 m.
The top of the ballast bed was 40 mm lower than the
rail support surface of the sleepers (Jing, 2012; Wang
et al., 2015) (Fig. 2).

Fig. 2 Test model of the ballast bed
(a) Model track panel; (b) Model ballast bed

2.3 Loading apparatus

The model was equipped with a special loading
apparatus consisting of an actuator unit, a sensor unit,
and a data collection unit. The CF-300 kN precision
power servo actuator, provided with a force or dis-
placement control function, was used as the actuator
unit for performing the two-way synchronization
control test and controlling feedback through a servo
drive system (Fig. 3). The sensor unit consisted of a
spoke-type tension/pressure sensor (range: £300 kN;
accuracy: 0.01 kN) and a displacement transducer
(range: £50 mm; accuracy: 0.01 mm). A DHDAS
dynamic signal analyzer was used as the data collec-
tion unit for realizing real-time collection and
recording.

Actuator unit

Interface
A
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Control panel

Fig. 3 Schematic diagram of the test apparatus

The actuator unit of the loading apparatus used
for the test loaded the track frame synchronously
through the two rails. The sensor unit and data col-
lection unit were used for collecting and recording
the measured load and displacement values of the
track panel. The cyclic displacement or force load
output of the actuator unit could be realized through
the servo-feedback system and control center to
simulate the stressed track panel under cyclic loading
(Fig. 4) for estimating the longitudinal resistance of
the ballast bed.

2.4 Test conditions

Granular ballast beds are always subject to much
granule contact and slippage, and therefore feature
viscoplasticity. The deformation characteristics under
external loading are related to displacement (Zhou,
1995). To analyze the influence of cyclic symmetric
displacement loading on the longitudinal resistance
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of a ballast bed under variable displacement ampli-
tudes, we conducted a study on a full-scale model
through a loading apparatus. Temperature load is one
of the main loads on CWR tracks, and its periodicity
can subject ballast within sleeper cribs to cyclic
“compression-loosening” changes which accordingly
change the degree of compaction and the longitudinal
resistance of a ballast bed. Therefore, several cyclic
displacement amplitude loading plans, namely low
displacement amplitude (4 mm, 6 mm), medium
displacement amplitude (8 mm, 10 mm), and high
displacement amplitude (20 mm), were designed and
adopted for the test. In addition, to simulate the slow
change process of temperature load and ensure the
stability of the load, cyclic triangular loading was
adopted (Zhou, 1995; Ruge and Birk, 2007). The
loading rate was constant during cyclic triangular
wave loading and therefore the change law of the
longitudinal resistance could be analyzed when the
displacement (u#) amplitude was changed to low,
medium or high. The loading curve is shown in
Fig. 5.
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Fig. 4 Test of ballast bed longitudinal resistance

3 Ballast bed longitudinal resistance under
cyclic symmetric displacement

The resistance of the ballast bed under variable
displacement amplitudes during test loading was
subject to obvious discreteness and nonlinearity. The
dynamic changes were closely related to the dis-
placement amplitude. The longitudinal resistance-
displacement hysteretic curves of the ballast bed un-

der cyclic symmetric single-axis displacement load-
ing and variable displacement amplitudes are de-
scribed below.
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Fig. 5 Symmetric displacement cyclic load curve

3.1 Low displacement amplitude

The force-displacement curves of the granular
ballast bed under cyclic loading formed a set of closed
and relatively stable hysteretic curves (Fig. 6), indi-
cating that the ballast bed was subject to a stable en-
ergy consumption state under longitudinal cyclic
symmetric loading. The force-displacement curves
obtained during initial loading showed a change co-
inciding with those obtained during unidirectional
loading and did not coincide with the subsequent
curve changes. For the subsequent cycle, the force-
displacement curves were similar to each other, and
the resistance of the ballast bed was subject to a stable
hysteretic change.

To further analyze the influence of a low dis-
placement amplitude loading cycle on the resistance
and deformation of the ballast bed, curves reflecting
the longitudinal ultimate resistance and residual
plastic deformation (Fig. 6) were adopted. Curves
relating these to the cycle number are shown in Fig. 7,
where F, refers to the longitudinal ultimate resistance,
U, refers to the ratio of the residual deformation to the
unloading point displacement, and Ny refers to the
number of loading cycles.

The residual deformation rate increased nonlin-
early with increasing cycle number. The most rapid
increase occurred during the first three cycles, and
then it gradually became stable. The longitudinal
ultimate resistance decreased with increasing cycle
number. The most rapid decrease occurred during the
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first two cycles, and then it attenuated slightly before
finally stabilizing. When the displacement amplitude
did not change during cycling, the longitudinal ulti-
mate resistance decreased slightly with increasing
cycle number. This can be considered a specific
manifestation of granular ballast bed cyclic softening
behavior in cyclic symmetric loading conditions.
However, the cyclic softening was not obvious under
low cyclic displacement loading, and the granular
ballast bed tended towards stable cycling. The lon-
gitudinal ultimate resistance of the ballast bed de-
creased by about 10% when the displacement ampli-
tude was 4 mm and the load was exerted 10 times. It
decreased by about 16% when the displacement am-
plitude was 6 mm. Hence, when the longitudinal dis-
placement amplitude is 6 mm or lower, the longitu-
dinal resistance of the ballast bed was basically stable.
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Fig. 6 Resistance-displacement curve under low cyclic
displacement amplitude

(a) Displacement amplitude: 4 mm; (b) Displacement am-
plitude: 6 mm. F refers to the ballast longitudinal resistance

3.2 Medium displacement amplitude

The longitudinal resistance-displacement re-
sponse curves obtained under medium displacement
amplitudes are shown in Fig. 8.
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Fig. 7 Relationship between residual deformation, ulti-
mate resistance, and cycle number
(a) Displacement amplitude: 4 mm; (b) Displacement ampli-
tude: 6 mm

Taking the medium displacement amplitudes of
8 mm and 10 mm as examples, the residual plastic
deformation and ultimate resistance in relation to the
curves obtained under forward loading (Fig. 8) were
adopted, and the curves relating these to the cycle
number are shown in Fig. 9.

The loading and unloading curves obtained un-
der cyclic loading displacement amplitudes of 8 mm
and 10 mm also formed closed hysteretic curves.
Compared with the test results obtained under low
displacement amplitudes, the repeatability of the
hysteretic curves was relatively unstable from the
second loading cycle. A rapid increase of the residual
plastic deformation rate occurred during the first five
cycles, and a rapid decrease of the longitudinal ulti-
mate resistance occurred during the first four cycles
(Fig. 9). The cyclic softening behavior of the granular
ballast bed was more obvious compared with that
obtained under low displacement amplitudes. The
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longitudinal ultimate resistance of the ballast bed
decreased by about 20% after the load was exerted 10
times.

() 40

F (kN)

20

Fig. 8 Resistance-displacement curves under medium
cyclic displacement amplitude

(a) Displacement amplitude: 8 mm; (b) Displacement am-
plitude: 10 mm

3.3 High displacement amplitude

In sections with high line creeping, the longitu-
dinal displacement of a ballast bed can be far higher
than 10 mm (UIC, 2001; Ruge and Birk, 2007).
Therefore, the longitudinal resistance displacement
curves of the ballast bed were tested under the high
displacement amplitude conditions of +20 mm dis-
placement. The test results are shown in Figs. 10 and
11.

According to the test, when the displacement
amplitude was relatively high, the granular ballast bed
was subject to very obvious cyclic softening. Since
the ballast bed was greatly disturbed, causing plastic
flow of the ballast grains, the residual plastic defor-
mation rate increased rapidly with increasing cycle
number and was maintained at a high level. The ul-

timate resistance amplitude of the ballast bed attenu-
ated quickly during the first five loading cycles before
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Fig. 9 Relationship between medium displacement am-
plitude response resistance and cycle number

(a) Displacement amplitude: 8 mm; (b) Displacement am-
plitude: 10 mm

Fig. 10 Resistance-displacement curves under high cyclic
displacement amplitude
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finally stabilizing. The longitudinal ultimate re-
sistance of the ballast bed decreased by about 26%
after the load was exerted 10 times. Hence, for the
stress-induced deformation of ballast CWR tracks,
especially CWR tracks on bridges with a large tem-
perature span at the end of the bridge beam, the sof-
tening effect of resistance-displacement curves of the
ballast bed obtained under repeated longitudinal dis-
placement amplitudes at sections and subareas is of
practical significance.

4 Hysteretic model of a granular ballast bed
under cyclic displacement loading

4.1 Hysteretic model curve

When a component or a structure deforms due to
an external force, the resistance restoring the initial
state is called the restoring force. The deformation-
restoring force interaction curve is called a hysteretic
curve. For the tests in this study, the dynamic changes
represented a cyclic loading behavior. A hysteretic
model can be established according to the test curves
of a cyclic load exerted on a granular ballast bed and
used to obtain the longitudinal bearing and force
transference capacities of granular ballast beds.

Hysteretic models used under cyclic loading,
nominally, can be divided into linear models and
continuously smooth curve models. At present, the
longitudinal resistance model of lines used for CWR
track calculation and analysis is a mathematical
model obtained from resistance-displacement curves

recorded during tests. This model can be simplified as
a bilinear model (Chen et al., 2013; Yan and Dai,
2014), reflecting the ideal elastic-plastic variation
characteristics of a granular ballast bed. Fig. 12 shows
the longitudinal resistance restoring force model for
rail lines. The parameters of the model are the same as
those of the resistance-displacement curves obtained
under unidirectional loading. The bilinear model is
dependent on the initial elastic stiffness and yield
stiffness, so it is easy to use but cannot reflect char-
acteristics such as the randomness and strong non-
linearity related to a granular ballast bed and the
loading course. In addition, it has discontinuity
points. The stiffness of the hysteretic curve model
changes continuously (Fig. 13). Hysteretic models
include index, power function, spline curve, and
polynomial types, which more accurately describe the
nonlinearity of non-resistance.

AF
f |F a b
5 CINF v
Fi
e d c

Fig. 12 Bilinear hysteretic model
Fj refers to the yield displacement, and ¢; refers to the yield
resistance

4.2 Hysteretic rule

For monotonic loading curves of a granular
ballast bed, a three-phase secondary yielding model
can be used. The first, second, and third phases relate
to elasticity, plastic hardening, and yielding, respec-
tively. Quadratic parabolas can be used to describe
the plastic hardening phase. The monotonic loading
curve forms for different phases can be expressed as

Eu, 0<u<u,
E (k, -1
F= FS+S(;2)(u—klus)2, u <u<ku, (1)
s
kyF., u>ku,,
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where E; refers to the initial elastic stiffness, F refers
to the plastic hardening resistance, us refers to the
plastic hardening displacement, and &, and ; refer to
the parameters for controlling the shapes of curves,
which change with the strong nonlinearity of a gran-
ular ballast bed measured under variable stresses and
can be adopted according to the test results.

Cyclic hysteretic Fi

curve
Control

panel

/

Unloading curve

Uo

<

Reloading curve

Fig. 13 Continuously smooth hysteretic curve model
F refers to the resistance at the peak point of the reloading
curve, and u, refers to the displacement at the end of the
unloading curve

Referring to the well-known Masing’s rules
(Hayashikawa et al., 2004; Shi et al., 2011), hyster-
etic curves/models were proposed to represent the
ballast longitudinal resistance performance. The
shape of the hysteretic curves was basically the same
as those based on Masing’s rules. However, in con-
sideration of its discreteness and composition, the
longitudinal resistance of a granular ballast bed has
significant nonlinear characteristics. Thus, the pa-
rameters used for the skeleton curve and family of
ballast hysteretic curves/models determined by dif-
ferent test conditions were different from those based
on Masing’s rules. The hysteretic curves of a granular
ballast bed can be divided into loading, unloading,
reloading, unloading, and reloading curves. When a
load is exerted for the first time, the granular structure
will be subject to longitudinal compression along the
monotonic loading curve. If degeneration is neglect-
ed, the unloading, unloading stiffness, and initial
elastic stiffness of the unloading curve are the same,
according to the elastic sections. The unloading
stiffness is the same as the initial elastic stiffness. The
reloading curve reflects the track between the end of
the unloading curve and the peak point of inverse
direction loading (Fig. 14).

During hysteretic cycling, if stiffness degenera-
tion is neglected, then d\=E(u—uy), do=(Es—Ex)*(u—uy),
and Ex=(FFy)/(uruo) (Fig. 14), where Ey refers to
the secant stiffness, Fy refers to the resistance at the
end of the unloading curve, and us refers to the dis-
placement at the peak point of the reloading curve.
The longitudinal bearing capacity of the ballast bed
on a reloading curve can be calculated according to

F=E(u—uy)+F—(E ~E)u~-u)k,  (2)

where k refers to the proportionality coefficient,
which can be obtained according to the test.
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Fig. 14 Hysteretic rule of granular ballast beds under
cyclic loading

4.3 Evolution of hysteretic curves of a granular
ballast bed under cyclic displacement loading

For a granular ballast bed under cyclic dis-
placement longitudinal loading, after being stressed,
ballast grains will be transferred to a new and more
stable equilibrium position. Cyclic densification takes
place without much additional breakage due to the
rearrangement of ballast particles (Indraratna et al.,
2010). This will affect the transference capacity of
ballast longitudinal force and the hysteretic rules of
the ballast layer. The dynamic displacement caused
by longitudinal excitation causes a changing repeated
cyclic hysteretic state in ballast bed resistance. This
dynamic resistance is related to the degree of com-
paction of the ballast bed, the ballast material, and the
dynamic displacement frequency and amplitude. At
this time, the key problem for theoretical calculation
to solve is the selection of an applicable hysteretic
curve of dynamic resistance of the ballast bed.
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Considering that the longitudinal resistance of sleep-
ers is an important parameter for realizing stable
lines, preventing rail creeping, and improving the
temperature force homogeneity of long CWR tracks,
the rail temperature force distribution can help to
control the operation under a certain temperature
condition (no-load) when designing CWR tracks.
Hence, the influence of displacement amplitude
measured under no-load conditions on the longitudi-
nal resistance of a ballast bed is explored in this study.
According to the above test results, when the cyclic
displacement amplitude is constant, granular ballast
beds will show cyclic degeneration, including longi-
tudinal bearing capacity degeneration and residual
deformation deterioration (Fig. 15).

Undegenerated

Bearing capacity
degeneration,
Fe=(1-ad)F

Further displacement
at unloading end,
ug=(1+ad)uo

Undegenerated

Fig. 15 Bearing capacity degeneration of granular ballast
beds

Fy refers to the degenerated resistance at the peak point of the
reloading curve, uq refers to the degenerated displacement at
the end of the unloading curve, a refers to the proportionality
coefficient, and d refers to the degradation coefficient

The bearing capacity degeneration of the gran-
ular ballast bed equivalent constitutive model com-
prises mainly the ultimate resistance direction point
degeneration during positive and inverse direction
loading, i.e., the reduction of the last ultimate value
during unloading after the displacement reaches the
ultimate value. The residual deformation increase of
the degeneration refers to the residual deformation at
the end of the unloading curve (the start point of the
reloading curve), during reloading, relative to the last
residual deformation value.

Taking the bearing capacity degeneration as an
example, suppose the defined resistance yielding
function is ¢,

F
0, == 3)

p,n—1
Then the displacement yielding function will be &,:

£ =— (4)
u

p.n—1

In Egs. (3) and (4), F),-1 and uy, - refer to the
yielding force and the corresponding displacement,
respectively, under the load applied at the last step.
Under cyclic loading, ¢, , and ¢; ,+ refer to the initial
yield functions of resistance of a member when
loaded for the nth and (n+1)th times, and ¢,, and
@pn+1 refer to the absolute yield function of resistance
when loaded for the nth and (n+1)th times, respec-
tively. ¢, refers to the yield functions of resistance
when unloaded for the nth time. Because of the de-
generation effect on the bearing capacity, @, <@y q+1.

4.4 Degeneration of the granular ballast bed
measured under cyclic displacement amplitude
loading

The degeneration of a granular ballast bed under
cyclic displacement amplitude loading is caused
mainly by stressed and deformed grains. Hence,
based on particle image velocimetry (PIV) image
identification technology, the motion law of ballast
grains under longitudinal displacement of track
frames was analyzed (Fig. 16).

The test showed that when the sleepers move
along in the longitudinal direction, the grains will
show an irregular motion law. After loading, ballast
grains will scatter and finally be transferred to a new
equilibrium position. The higher the cyclic dis-
placement amplitude, the more obvious the disturb-
ance to the ballast bed is, and the more obvious the
irregularity of the displacement and motion of the
ballast grains will become. Fig. 17 shows the condi-
tion of the ballast grains examined under different
displacement amplitudes. Arrows indicate movement
after being loaded 10 times compared with the initial
ballast bed state before loading.

The ballast bed is subject to a relatively stable
energy consumption state under longitudinal cyclic
loading when the displacement amplitude is low.
Compared with the initial loading state, the ballast



Xiao et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2017 18(8):648-659 657

grains will move slightly after a certain number of
cycles. However, under a high displacement ampli-
tude, the positions of the ballast grains change obvi-
ously, and the ballast bed gradually loosens and is
subject to apparent cyclic softening.

(b)

Fig. 16 Motion law of ballast grains under different
sleeper displacements
(a) End of track panel; (b) Middle of track panel

From the test results of the longitudinal charac-
teristics of the granular ballast bed obtained under
different symmetric displacement amplitudes men-
tioned above, when the symmetric displacement am-
plitude increases, the ultimate longitudinal bearing
capacity of the ballast bed will decrease, indicating a
certain relation between them. The relation between
the longitudinal resistance and cyclic displacement
amplitudes of the ballast bed is shown in Fig. 18.

Displacement amplitudes influence the longitu-
dinal resistance performance of the ballast bed greatly
under cyclic loading. The longitudinal resistance of

the ballast bed shows an obvious degeneration effect.
Within the loading cycles for the test, the resistance
attenuation rates of the ballast bed were 6%, 11%, and
18%, respectively. When the displacement amplitude
was low, the longitudinal resistance of the ballast bed
degenerated quickly within the first 10 loading cycles

Fig. 17 Ballast steady state after 10 cycles
(a) Displacement amplitude: 4 mm; (b) Displacement am-
plitude: 10 mm
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4+ —O— Low displacement amptitude
—O— Medium displacement amplitude
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1 1 1 1
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o]

1
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Fig. 18 Attenuation rate of ballast resistance under
different displacement amplitudes
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and then gradually stabilized. When the displacement
amplitude was high, the cyclic softening rate de-
creased with increasing cycle number. But within the
cycle number specified for the test in this study, the
saturation effect of the cyclic softening behavior was
inconspicuous, i.e., the longitudinal resistance of the
ballast bed decreased continuously with increasing
cycle number.

5 Conclusions

According to the test results, the following can
be concluded:

1. The resistance-displacement curve of a gran-
ular ballast bed is a closed hysteretic curve under
cyclic symmetric displacement amplitude loading,
indicating obvious energy consumption.

2. When the displacement amplitude is constant,
a granular ballast bed will show cyclic softening. For
a ballast bed subject to durable dynamic reciprocated
changes, the transference capacity of ballast longitu-
dinal force is directly dependent on displacement
amplitudes. After the cyclic displacement loading is
exerted several times, the longitudinal resistance of
the ballast beds will degenerate obviously.

3. The attenuation rate of the longitudinal re-
sistance of a ballast bed changes with displacement
amplitudes. The higher the displacement, the more
apparent the degeneration effect will become. For
some special CWR track sections, the decrease of
resistance caused by a change of ballast bed condi-
tions under high cyclic displacement loading should
be given appropriate consideration.
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