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ABSTRACT

Fastener technology is a key technology of Ballastless track structure in
high-speed railway, and the elastic strip is the key component to realize
fastener function. To this end, a special loading fixture is fabricated to
explore the performance of the elastic strip under fatigue load. The working
state of the elastic strip was simulated through the fatigue testing machine,
and the stress-controlled loading modes and four loading amplitudes
(25+5kN, 25+7.5kN, 25+10kN, 25+12.5kN) are investigated. The pressure
control method is used for fatigue tests, and the results show that: (1) As the
load amplitude increases, the fatigue life decreases sharply and its
decreasing speed is greater than the increasing speed of load amplitude;
(2) The buckling pressure and displacement curves of the elastic strip have
the characteristics of "increasing step-by-step" and "decreasing step-by-
step"; (3) In the fatigue test, the attenuation of buckling pressure is 22% -
33% and the displacement at the front end of the ring is 18% - 25%; (4)
According to the results, the buckling pressure curve and the displacement
curve of the ring in the elastic strip are drawn, and the equations of them are
fitted to estimate the service performance of the elastic strip.

1. INTRODUCTION

Fastener technology is a key technology of Ballastless track, and the elastic strip is one of the
key components of the fastener system that is most prone to fatigue damage. The designed
fatigue life of an elastic strip is generally between 3 million and 5 million times with high
cycle fatigue and small deformation [1-4]. In practical engineering, the service life of the
elastic strip is often lower than the designed fatigue life. This causes a large number of elastic
strips on the line to break in advance, resulting in insufficient lateral buckling pressure and
longitudinal resistance of the track, seriously threatening the safety of trains [5-8]. In addition,
according to the standard of laying two groups of elastic strips every 62.5 cm on the Ballastless
track, i.e., four elastic strips are laid at each transverse node, an average of 160,000 elastic
strips need to be laid on a track every 100 kilometers. The elastic strips need to be laid on two-
way or even multi-track sections. In practice, too many elastic strips will lead to the failure of
fastener and endanger driving safety [9-13]. The maintenance workload and cost of replacing
new bomb strips along the railway are increasing [14-17]. As such, studying the fatigue of
elastic strips becomes more important. However, conventional fatigue tests cannot accurately
simulate the actual working state of elastic strips and is easy to cause a large difference
between the test results and the actual situation. In the fatigue test, a special mold was made
to accurately simulate the actual working state of the elastic strips [18-20]. Through the fatigue
tests of WJ-7 under different loadings, the change of buckling pressure and ring displacement
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with cycles N was comparatively studied to analyze the fatigue characteristics [21-22].
Fasteners are the key components that connect the rail and the under-rail structures, and also
the components with the most severe fatigue wear in the track structure [23]. The fatigue test
and analysis of the elastic strip under different working conditions have good theoretical and
practical significance.

2. PRINCIPLE, ASSEMBLY AND PROCEDURE OF FATIGUE TEST
2.1. Principle of fatigue test

The fatigue test of metal materials usually adopts constant amplitude loading, i.e., cyclic
loading between the maximum stress value oy,,x and the minimum stress value oy, [24-
27]. The difference between o,,.x and o, is the stress range, i.e., 4o, and the stress
amplitude a is one half of Ao in the stress range. The mean value of sigma o,,,,, and sigma
Omin 1S the average stress value m. There are also two commonly used parameters, as shown
in Eq. (1):

Omin
k= Omax (l)

Oq

4= o

where R is the stress ratio and A is the amplitude ratio.

Under a certain R, when the material component is subjected to the maximum stress 0pax »
failure or fracture would occur after N stress cycles, and then N is the fatigue life of the
component under the maximum stress _oy,,y - The previous experiments found that the higher
the cyclic stress, the shorter the component life, the lower the cyclic stress, the longer the
component life. In this way, a stress life curve can be drawn from the experimental data, that
is, the S-N curve of the component material [28-31], as shown in Fig. 1.

It can be seen from the Fig. 1 that under a certain R, when the stress amplitude S is less
than a certain limit, the fatigue life N of the material tends to be infinite, that is, the material
will not suffer fatigue damage. The corresponding stress amplitude S is called the endurance
limit or the fatigue limit of the material. The cyclic radix NO is approximately equal to the
fatigue life of an infinite material when the component has not been destroyed by NO cycles,
and the experiment cannot be carried out permanently [32-35]. Generally, NO of the steel and
concrete is taken as 107 and 106, respectively.

The above analysis is based on the stress of material fatigue, and this chapter would focus
on the variation law of toe buckling pressure and the ring displacement of the elastic strip.
The longitudinal axis of the curve is replaced by the stress amplitude S with the buckling
pressure P at the left and right toes of the elastic strip and the displacement X of the ring of
the elastic strip. Accordingly, the S-N curve of the elastic strip is changed into the P-N curve
and X-N curve.
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Fig.1. S-N curve of material

2.2. Fatigue test assembly

Type WI-7 elastic strip fatigue testing machine adopts this system, which can be used for high
and low cycle fatigue, crack growth rate, tensile compression bending, fracture toughness
KIC, fracture toughness JIC and component life simulation test. The main technical indicators
are maximum 100kN test force, £75mm travel time and maximum 75Hz load frequency, as
shown in Fig. 2. MTS in Fig. 2 can be used for fatigue test.

Fig. 2. MTS810 servo hydraulic test system
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Fig. 3. Schematic diagram of fatigue test device for type | and Il elastic strips

The general fatigue test method for elastic strips in China is the "Fatigue Test Method for
Elastic Strip Type I and Type II Fasteners" issued by the Railway Corporation (formerly the
Ministry of Railways) in 2002, mainly referring to the German standard DB-TL918 127. The
test device is shown in Fig. 3. The method is to measure the initial relative height of the mid-
circle of the elastic strip before the test, and then apply the dynamic displacement to the loaded
beam. After 106 load cycles, the relative height of the mid-circle is measured, i.e., the residual
deformation_Ah of the elastic strip is obtained. This test method can directly obtain the ring
displacement of the elastic strip after N cycles but cannot obtain the buckling pressure change
caused by fatigue wear and the ring displacement and strain of the elastic strip before failure.
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A special die suitable for MTS810 system is made in the fatigue test to measure the
buckling pressure of the left and right toes and the displacement of the ring in real-time. The
mold design is shown in Fig. 4(a)-(c), and the mold is shown in Fig. 4 (d). Each part of the
mold is removable and can be replaced when some parts are worn or even destroyed in the
experiment. In order to accurately simulate the real contact situation, the large arc back-end
support of the elastic strip on the mold is taken from the iron pad of the original WJ-7 fastener
system.

(a) Left view of die (unit: mm)

(b) Front view of die (unit: mm)
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(c) Top view of die (unit: mm)

(d) Solid mold
Fig.4. Solid drawing and design drawing of support
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CFBLZ pressure sensors are installed on the left and right sides of the mold (as shown in
Fig. 5), and D020 strain displacement sensors are installed in the middle (as shown in Fig. 6).

Fig.5. CFBLZ pressure sensor

Fig.6. DO20 displacement sensor
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(b) Assembly test drawing
Fig.7. Fixture assembly diagram of elastic strip fatigue test
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As shown in Fig. 7, the wire rings on the left and right sides of the assembly are protective
to prevent the broken limb from flying out after the elastic strip is fatigued and fractured, and
its influence on the stress of the elastic strip and the test results can be neglected. The pressure
sensor and displacement sensor are connected to the DH15202 controller of the MTS810 test
system to control the pressure and displacement loads based on the readings of the two sensors.

2.3. Fatigue test procedure

Before the fatigue test, it is necessary to determine and set various parameters, such as the
applied load waveform, the applied load frequency, the upper and lower limits of the pressure
load control mode, the upper and lower limits of the loading model controlled by the
displacement, the pressure and displacement data acquisition interval, so as to set the
maximum upper limit of the protective pressure and the displacement for instruments, data
acquisition and channel.

According to the test cost and time, the range of increase and decrease is 2.5kN and the
load frequency is SHz. In the fatigue test, the sinusoidal wave load is adopted. According to
relevant provisions of the Technical Instructions for All Kinds of Fasteners, the corresponding
bolt buckling pressure of WJ-7 elastic strip under normal installation is 25 kN. In this fatigue
test, under the pressure-controlled loading mode, the pressure load of 25 kN is considered as
the equilibrium position and the displacement is correspondingly considered as the
displacement in the pressure-controlled loading mode. In the load-controlled mode, the value
of 25kN displacement ring corresponds to the equilibrium position. The preliminary tests of
WIJ-7 elastic strip showed that under a fatigue load of 2543 kN, the number of elastic strip
fractures did not exceed 5 million times and the buckling pressure of the front toe and the
displacement of the ring did not change significantly. The load cycles are much greater than
the basic number of 107 cycles for steel. Compared with the actual working conditions, the
fatigue loads are set to 25+5 kN, 25+7.5 kN, 25+10 kN and 25+12.5 kN, respectively.

On the one hand, if the load frequency is set too fast, the instrumentation may be unstable
because of the system stiffness of MTS810. On the other hand, the actual applied load lags
behind the measurement feedback of the pressure sensor and displacement sensor, resulting
in inaccurate experimental results. If the frequency is set too slow, WJ-7 elastic strip is subject
to high cycle fatigue test at small deformations. A single life cycle is time-consuming and
inefficient, requiring a lot of human and material resources. After comprehensive comparison,
the load frequency is finally set to SHz.

The interval should not be too small in data acquisition, because too large data file will
bring trouble for subsequent data screening and processing. The interval also should not be
too large, especially in the late fatigue test; too large interval will result in critical data being
acquired in the pre-fracture stage. In the early stage of the experiment, the acquisition interval
is set to 500 times, that is, a complete sinusoidal waveform is collected every 500 times. In
the late stage of the experiment, the acquisition interval is set to 200 times, and the sampling
frequency is set to 0.2 seconds. The channels of data acquisition mainly include Chl
Displacement (instrument displacement), Ch1 Force (instrument load), Input 1 (displacement
sensor), Input 2 (left front toe pressure sensor), and Input 3 (right front toe pressure sensor).
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Before the experiment, the specimens need to be preloaded, which is generally 0.3-0.4
times of the ultimate load, and 10 kN is applied in this test. During the loading, the data of
Input 1 channel are observed to judge whether the middle ring of the elastic strip is in good
contact with the sensor, whether the geometric center of the elastic strip is aligned with the
loading system and whether the elastic strip is in an axial stress state. After all indications are
normal, they are slowly unloaded to 0.1-0.5 kN.

3. FATIGUE RESULTS AND ANALYSIS

3.1. Fatigue test under pressure loading controlled loading mode

W1J-7 elastic strip was subjected to constant amplitude cyclic loading. The pressure amplitudes
are 25+5 kN, 2547.5 kN, 25£10 kN and 25+12.5 kN, respectively, and three elastic strip
specimens were tested. Due to the large amount of fatigue test data and200 data points under
the same cycle count, it is necessary to screen out some similar data. The cyclic load is based
on 25 kN, and 25 kN is also the buckling pressure when the elastic strip is normally installed.
Chl Force is set to about 25 kN (24.95kN-25.05 kN) corresponding to other channels of
numerical screening for comparison. The most typical flexion pressure of the left and right
front toes and the displacement data of the mid-circle of the elastic strip were selected to
analyze three samples under the same pressure amplitude [35]. Fatigue test loads cover the
possible load range under actual working conditions and are close to the actual situation.

3.2. Fatigue test results and analysis of pressure-controlled loading mode
under the cyclic loading of 25+ 12.5kN

During the processing cycle, the measurement data of 25+12.5 kN under cyclic loading were
collected 1000 times. The measurement data of the front end displacement and the pressure
of the left and right ends of the elastic strip are shown in Table 1(The first column of the last
row is fatigue life.).

Table 1. Measurement data of elastic parts under 25+12.5kN cyclic loading

Aux Inputl Aux Input 2 Aux Input 3
Cycle (displacement (pressure on (pressure on
count of the front the left side of  the right side g:(tlzlcgl::jﬁ;f
of Chl end of the the elastic of the elastic

stripe) /mm strip)/kN strip)/kN
500 16.077 5.174 5.427 10.601
1500 16.222 5.128 5.370 10.498
2500 16.453 5.042 5.298 10.340
3500 16.574 4.976 5.210 10.186
4500 16.675 4.935 5.177 10.112
5500 16.751 4919 5.160 10.079
6500 16.798 4.902 5.148 10.050
7500 16.945 4.834 5.065 9.899
8500 17.078 4.777 5.007 9.784
9500 17.171 4.742 4.942 9.684

10500 17.234 4.731 4.907 9.638
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Table 1 (cont.). Measurement data of elastic parts under 25+12.5kN cyclic loading

Aux Inputl Aux Input 2 Aux Input 3
Cycle (displacement (pressure on (pressure on
count of the front the left side of  the right side g:(tlzlcgl::jﬁ;f
of Chl end of the the elastic of the elastic

stripe) /mm strip)/kN strip)/kN
11500 17.309 4.646 4.885 9.531
12500 17.483 4.581 4.831 9.412
13500 17.607 4.546 4.796 9.342
14500 17.681 4.528 4.778 9.306
15500 17.712 4.518 4.768 9.286
16500 17.763 4.510 4.760 9.270
17500 17.819 4.506 4.756 9.262
18500 17.885 4.501 4.751 9.252
19500 17.931 4.482 4.732 9.214
20500 17.957 4.463 4.713 9.176
21500 17.993 4.454 4.704 9.158
22500 18.039 4.425 4.675 9.100
23500 18.065 4.412 4.662 9.074
24500 18.084 4.403 4.648 9.051
25500 18.152 4.398 4.621 9.019
26500 18.201 4.352 4.583 8.935
27500 18.234 4.309 4.559 8.868
28500 18.321 4.291 4.541 8.832
29500 18.378 4.284 4.523 8.807
30500 18.435 4.270 4.499 8.769
31500 18.472 4.251 4.474 8.725
32500 18.518 4.238 4.460 8.698
33500 18.554 4.232 4.453 8.685
34500 18.711 4.208 4.428 8.636
35500 18.792 4.116 4.356 8.472
36500 18.853 4.045 4.295 8.340
37500 18.894 3.998 4.248 8.246
38500 18.924 3.966 4.216 8.182
39500 18.944 3.942 4.192 8.134

As shown in Table 1, the buckling pressure and ring displacement curves of the elastic
strip under cyclic loading are shown in Fig. 8.

As shown in Fig. 8, the buckling pressure and the ring displacement of the elastic strip
change greatly in the initial stage, which is small in the middle stage and has a big turning
point in the final stage. At the same time, the buckling pressure and displacement curves of
the elastic strip have the characteristics of "step increasing" and "step decreasing". This is
because that the plastic deformation of the elastic strip under cyclic loading is periodic. In the
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case of large plastic deformation, the buckling pressure and displacement change fast without
plastic deformation or plastic deformation. The smaller the stage, the smaller the buckling
pressure. The buckling pressure of the strip lost a lot at the beginning of the test, and the size
was 10.6kN. The buckling pressure decreases little due to a short fatigue life of the elastic
strip under loading, and it decreased to 8.1kN at the end of the test. It is stipulated in the
Technical Instructions for All Kinds of Fasteners that the buckling pressure of a single WJ-7
elastic strip should not be less than 9 kN, and that of the elastic strip at the end of the test
should be less than this minimum value. At the beginning of the test, the center circle
displacement of the elastic strip increased from 13 mm to 16 mm. When the loading pressure
was 35kN, the elastic strip would have plastic deformation and buckling pressure loss. The
plastic deformation increased further when the cyclic load was 37.5 kN. The equilibrium
position of 25 kN was at the beginning of the test, and the center shift of the strip increased to
about 16mm. At the end of the test, the displacement of the ring in the elastic strip changed
from 16mm to about 19mm, which was close to the limit value of the elastic range.
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Fig. 8. Pressure of the right and left toes of the elastic strip and the displacement
at the front end of the ring under the cyclic loading of 25+12.5kN

Fig. 8 also presents the exponential fitting of the total buckling pressure and the
displacement at the front end of the ring in the elastic strip to the load. The relationship
between the pressure and load times is as follows,

y = 10.343¢~6E~06x )

Eq. (3) is the relation between the front displacement and the load at the center of the
elastic strip.
y = 16.482¢*E706x 3)

3.3. Fatigue test results and analysis of pressure-controlled loading mode
under the cyclic loading of 25+ 10kN
In the processing cycle, the measurement data of 25+10 kN under the cyclic loading were
taken as 2000 times. Fig. 9 shows the buckling pressure and the ring displacement curves of
the elastic strip under the cyclic loading.

As shown in Fig. 9, the buckling pressure and displacement change greatly at the
beginning of the test, change smoothly at the middle stage, and have large inflection points at
the final stage. The elastic buckling pressure decreases from 11.22kN to 8.22 kN, less than the
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prescribed minimum limit. At the beginning of the test, the ring displacement reaches 15mm
because of plastic deformation, and it increases to 18.2mm at the end of the test.

—m— Left toe pressure of elastic har —#—Total pressure deduction
~~Right toe pressure of elastic bar esveerIndex (total deduction pressure)
—e—Front end displacement of elastic ring ===1Index (displacement at the front of the ring)
. 12 -~ - 19
e
= L
et 5
o =
5 10 718§
0 ¥ = 10.97435-00 . 5
o R2=0.9493 417 &
o g = i i
P N B B A B B IR AR AP = S o8 L ¥ = 1541 6e2E-06x ]
— et = ¢
,_5 . R*=0.9309 116 &
A 6
__________ = 15
4| bl
4 14
rr 413
(1] 12

0.0E+00 1.0F+04 2.0E+04 3.05+04 4.0E+04 S.O0FE+04 6.0E+04 7.0E+04 S.0E+04
Cveclic loading times
Fig. 9. Pressure of the right and left toes of the elastic strip and the displacement
at the front end of the ring under the cyclic loading of 25+10kN

Fig. 9 also shows the exponential fitting of the total buckling pressure and the front end
displacement of the ring in the elastic strip to the load. Eq. (4) is the relationship between the
pressure and load times.

y = 10.974¢~3E-06x (4)

Eq. (5) is the relation between the front displacement and the load at the center of the elastic
strip.

y = 15.416¢2E-06x (%)

3.4. Fatigue test results and analysis of pressure-controlled loading mode
under the cyclic loading of 25+ 7.5kN

The fatigue life of the elastic strip under the cyclic loading of 25+7.5 kN is close to 200,000
times. The measured data is processed with 5,000 cycle counting steps. The buckling pressure

and the ring displacement curves of the elastic strip under the cyclic loading are shown in Fig.
10.
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Fig.10. Pressure of the right and left toes of the elastic strip and the displacement
at the front end of the ring under the cyclic loading of 25+7.5kN

As shown in Fig. 10, the buckling pressure of the elastic strip decreases from 12.29kN to
8.31kN in the initial stage, less than the specified minimum. At the beginning of the test, the
displacement at the front end of the elastic strip is about 13.9mm, and that at the middle front
end increases to 16.6mm at the end of the test.

Fig.10 also shows the exponential fitting of the total buckling pressure and the front end
displacement of the ring in the elastic strip to the load. Eq. (6) is the relationship between the
pressure and load times.

y = 11.756¢~2E-06% 6)

Eq. (7) is the relation between the front displacement and the load at the center of the
elastic strip.

y = 14.409¢8E07x @)

3.5. Fatigue test results and analysis of pressure-controlled loading mode
under the cyclic loading of 25+5kN

The fatigue life of the elastic strip under the cyclic loading of 2545 kN is close to 1000,000
times. The measured data is processed with 20,000 cycle counting steps.

As shown in Table 1, the buckling pressure and the ring displacement curves of the elastic
strip under the cyclic loading are shown in Fig.11.
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Fig.11. Pressure of the right and left toes of the elastic strip and the displacement
at the front end of the ring under the cyclic loading of 25+5kN

As shown in Fig.11, due to a longer fatigue life of the elastic strip under this load, the
variation of the buckling pressure and mid-front displacement of the elastic strip is larger than
that under other load conditions, but the overall variation is not large. The deduction pressure
decreases from 12.77kN to 8.24kN. At the beginning of the test, the displacement at the front
end of the elastic strip is about 13.1mm, and that at the middle front end increases to 16.4mm
in the final stage.

Fig.11 also presents the exponential fitting of the total buckling pressure and the front end
displacement of the ring in the elastic strip to the loads. Eq. (8) is the relationship between the
pressure and load times.

y = 12.018¢*E-07x (8)

Eq. (9) is the relation between the front displacement and the load at the center of the elastic
strip.
y = 13.349¢2E-07x 9)

3.6. Fatigue life curve under pressure control

When the fatigue amplitude is 254+3kN, the fatigue life is greater than 107 times. When the
loading amplitude is greater than 25+5kN, the fatigue life decreases sharply, and the ratio of
the decreasing amplitude of fatigue life is faster than the increasing speed of the load
amplitude, as shown in Fig.12.
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4. CONCLUSION

Elastic strip is the core component of fastener and fatigue test for elastic strips under different

working conditions has good theoretical and practical significance. The pressure control

method is used for fatigue tests on fastener strip. With the help of the MTS fatigue testing
machine, the special mold and the corresponding sensor device, the ring displacement and the
buckling pressure of the double limbs of the elastic strip are measured under the cyclic
loadings of 25+5kN, 25+7.5 kN, 2510 kN and 25+12.5 kN, respectively. Then, the fatigue
test data are processed to screen out the front-end displacement of the ring and the toe-end
buckling pressure of the corresponding elastic strip, taking 25 kN as the equilibrium position
of the cyclic loading. According to the selected data, the displacement curves of the ring and
the buckling pressure of the elastic strip are drawn under the fatigue load, and the expressions
of the ring displacement and the buckling pressure of the toe and the fatigue loads are obtained.

The concrete conclusions are as follows:

1) When the fatigue amplitude is 2543 kN, the fatigue life is greater than 107 times. When
the loading amplitude is greater than 25+5 kN, the fatigue life decreases sharply, and the
ratio of the decreasing amplitude of fatigue life is faster than the increasing speed of the
load amplitude.

2) Under the fatigue load of 25+12.5 kN and 25410 kN, the fatigue life of the elastic strip is
low. At the beginning of the test, the material has a large plastic deformation because of
the excessive pressure, and the buckling pressure and the ring displacement of the elastic
strip change greatly. Then the buckling pressure continues to decrease, and the front
displacement of the ring in the elastic strip increases continuously. In the final stage, the
buckling pressure of the elastic strip is less than the minimum value of the specification,
and the ring displacement is close to the upper limit of the range, indicating that the elastic
strip is completely invalid. Under the cyclic loading of 25+7.5 kN and 25+5 kN, the fatigue
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3)

4)
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life of the elastic strip is obviously improved. From the beginning to the final stage of the
test, the pressure and shift of the ring are relatively stable. In the final stage, the deduction
pressure is still larger than that specified in 9 kN, and the ring displacement is also less than
the upper limit of the elastic range.

In the fatigue test, the attenuation of the buckling pressure at the toe of the elastic strip is
22%-33%, and the displacement at the front end of the ring increases by 18%-25%. The
buckling pressure at the toe end and the displacement curve at the front end of the ring have
the characteristics of "increasing step-by-step" and "decreasing step-by-step” because of
the periodic plastic deformation under the cyclic loading. When the plastic deformation is
large, the buckling pressure and displacement change greatly, while the buckling pressure
and displacement change little when there is small or no plastic deformation.

According to the results, the buckling pressure curve and the displacement curves of the
ring in the elastic strip are drawn. The equations of the bucking pressure curves and the
ring displacement are fitted to estimate the service performance of the elastic strip.
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