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In this article, wrap rope connection device (WRCD), which considers the relative acceleration of piers and beam as a control
variable, is proposed for improving the current situation of continuous girder bridges whose bearing force of a single pier is along
the longitudinal direction and based on the synergy principle. The WRCD device, which meets the slow displacement re-
quirements of temperature and vehicle load under normal operation, is implemented and used to improve the performance of the
sliding bearing pier. During earthquakes, because of the amplification effect of the wrap rope, the instantaneous large stiffness state
in the longitudinal force can be achieved. Based on the shaking table test of a typical continuous girder bridge for examining the
performance of the WRCD during earthquakes, the dynamic characteristics, structural acceleration, displacement, and strain
responses of the structure under different frequency spectra, and seismic input intensities are analyzed and the seismic reduction
performance of the WRCD is demonstrated. This analysis demonstrated that, by activating WRCD, the ratio of the acceleration
response of the fixed bearing pier to the sliding bearing pier increased from 10% to 57%; moreover, the force on each pier appeared
more uniform. Furthermore, with an increase in the input intensity of the earthquake, the displacement of the primary beam and
the seismic response of the fixed pier bottom considerably decreased and the synergy effect of each pier was more prominent.
Under certain site conditions, the WRCD can effectively improve the synergy effect between the sliding bearing piers and fixed
bearing pier; however, the improvement in the obtained result is directly associated with the seismic input characteristics. The
design parameters of the WRCD should be determined as per different site conditions and the optimum application range of
the WRCD.

1. Introduction

Continuous girder bridges are bridge structures commonly
used in practical engineering. They account for >40% of the
total length of bridges in China. Moreover, in recent years,
the construction of continuous girder bridges has shown
a gradually increasing trend in quantity and the span of such
bridges has steadily increased. The number of spans between
the expansion joints has increased from 3-4 to 10-12, and
the length of expansion joints are large. With an increase in
span and expansion joint length, the design status has not
sufficiently changed for the single-fixed bearing to meet the
displacement requirement caused by temperature and ve-
hicle load along the longitudinal direction. During

earthquakes, the longitudinal seismic load of the super-
structure is almost completely held by the single-fixed
bearing pier, and the seismic potential of the sliding bear-
ing piers is not completely utilized with the same structural
size [1]. Although the ductility of fixed bearing piers can
improve the aseismic performance of structures by in-
creasing the reinforcement ratio, this method requires to
inevitably produce certain damage in the structure, which is
challenging to repair. The most common method to improve
the seismic performance of the continuous girder bridges is
by installing multiple isolation devices. Researchers have
performed substantial research on installing isolation
bearings and viscous dampers for continuous beam bridges
and obtained considerable research results [2-8]. Kelly and


https://orcid.org/0000-0001-5395-9870
mailto:liuyanfang1@ccccltd.cn
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5213452

Eidinger [9] and Kelly [10] proposed the system theory and
design method of laminated rubber bearing and performed
tensile test research on their approach. Tyler and Robinson
[11], Hwang et al. [12], and Abe et al. [13] performed tests on
lead-core rubber bearings and obtained the equivalent linear
model and hysteretic energy dissipation performance of
lead-core rubber bearings. Peng et al. [14] and Zhang et al.
[15] examined the seismic behavior of hyperboloid spherical
supports. Ou et al. [16], Yan et al. [17], and Shen et al. [18]
developed new composite metal dampers and examined
their performances. The abovementioned research results
provide a foundation for the research and design of bridge
damping and isolation. However, no matter what type of
damping and isolation device is adopted, a large relative
displacement should be employed to achieve the ideal
damping effect.

However, irrespective of the dampers and energy dis-
sipation devices used, the ideal energy dissipation perfor-
mance can be achieved only under large relative
displacement between the beam and piers, and the initial
stiffness of the energy dissipation devices does not match
that of the fixed bearing. Therefore, the aseismic perfor-
mance of the sliding bearing piers is not completely utilized,
and the condition for the single-fixed bearing pier loaded
alone has not been fundamentally changed. In recent years,
some researchers have conducted systemic research on lock-
up devices. However, these devices do not effectively reduce
the seismic response of low piers [19, 20]. Owing to the
challenges in price and maintenance, they do not have
several applications in practical engineering.

Based on the synergy principle on which the wrap rope
connection device (WRCD) is proposed, the seismic re-
duction performance of the WRCD under strong earth-
quakes has been examined through the shaking table test
of a typical continuous beam bridge. The WRCD, which
considers the relative acceleration of piers and beams as
a control variable, is proposed in this study to improve the
current situation of continuous girder bridges whose
bearing force of a single pier is along the longitudinal
direction and is based on the synergy principle. The
WRCD is implemented and used to improve the per-
formance of the sliding bearing pier. The study of different
frequency spectra and input intensities were analyzed to
reveal the seismic reduction performance of the WRCD
through the dynamic characteristics, structural acceler-
ation, displacement, and strain responses of the structure.
This result provided a reference for its application in
similar bridge structures.

2. Design of WRCD

The WRCD structural diagram is shown in Figure 1. Under
normal operation conditions, the WRCD can meet the re-
quirements of slow displacement of the temperature and
vehicle load. During earthquakes, the relative acceleration
between piers and the beam is considered the controlling
variable to activate the rotating inertial force of the mass
block, which is attached to the rotating shaft. Greater friction
is then generated, which is amplified by the loops of wrap
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rope through the friction shaft and causes large in-
stantaneous stiffness in the sliding bearing piers and at-
tains the “Lock-up” state. The seismic inertial force of the
superstructure is shared between the sliding bearing piers
and the fixed bearing pier. Thus, the seismic response of
the fixed bearing pier and the longitudinal displacement
of the beam ends are reduced. When the input energy of
an earthquake is considerable, certain energy can be
consumed by the frictional force of the wrap rope, and
seismic reduction performance is achieved. The WRCD
comprises a rotating shaft @, additional mass block @,
device backing plate ®, support plate @, leg ®, winding
cable ®, friction shaft @, and assembly bolt ®. The
WRCD is proposed based on the principle that uses the
friction between the rope and wooden pile to form a self-
locking system. When there is a relative movement trend,
it can produce considerable friction.

3. Design of Shake Table Tests

3.1. Material Selection. There are multiple materials suitable
for developing shaking table test models. Owing to the
influence of material selection on the test results, the ex-
amination of the mechanical properties and selection criteria
of the materials that are selected in the tests is necessary. The
materials used vary as per the purposes of the tests. For
example, elastic materials, such as steels and plexiglass, are
generally used to study the response rules of structures, and
elastic-plastic materials, such as concretes, are typically used
to examine the damage characteristics and failure modes of
structures.

The purpose of the shaking table test is to study the
seismic reduction performance of the WRCD during
earthquakes and to analyze the dynamic characteristics,
acceleration, displacement, and strain responses of the
structure under different frequency spectra and input in-
tensities of earthquake excitation. The main beam and piers
are composed of the steel material Q345D.

3.2. Similarity Coefficients. Determining three independent
similarity coefficients as the primary similarity ratio in the
shaking table test model design is usually necessary, and the
similarity ratio of other physical quantities can be deduced
using the basic similarity ratio. In practice, owing to the
limitations of laboratory conditions and model materials, all
physical quantities cannot be guaranteed to satisfy the
similarity ratio. Therefore, we can obtain certain deduced
similarity coefficients, the basic similarity coefficients of the
design model, and other similarity coefficients of different
physical quantities.

The maximum weight of the shaking table is 20 t and the
size is 3m x 3 m. The similarity coefficient of the length of
the model is 1/30, which is affected by the size and the
maximum bearing capacity of the shaking table. The simi-
larity coeflicient of acceleration is set to one. As the main
beam and piers of the original structure are concrete ma-
terials, the similarity coefficient of the elastic modulus is
6.338. The similarity coefficients of other physical quantities
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FIGURE 1: Wrap rope connection device structural diagram.

are derived using these three similarity coeflicients. Table 1
lists the similarity ratio of each physical quantity.

3.3. Model Design. Based on the research of a typical con-
tinuous girder bridge with a span of 40.55+72+40.55m,
a scale model was designed as per the aforementioned simi-
larity ratio. For the shaking table test, the piers were considered
as per the equal pier height. The height of the pier was designed
as per the geometric similarity coefficients, and the section of
the piers was designed as per the equivalent bending stiffness,
which neglected the torsional stiffness and compressive stiff-
ness; therefore, the rectangular pipe section was adopted for the
simulation. The design parameters of the bridge piers are
shown in Table 2. The main beam was modeled as a box section
welded by channel steel 20B and steel plates.

3.4. Bearing Design. Four unequal edge angle steel were fixed
with the ear plate at the bottom of the main beam and the
bolt rod at the top of the piers to model the fixed support.
The short leg of the unequal edge angle steel was fixed with
the pier using M15 bolts, and the long leg was connected to
the ear plate of the main beam using M12 bolts, as shown in
Figure 2. The sliding bearing was designed using the in-
tegration of the support and WRCD. The base plate of the
WRCD was fixed using a pre-embedded bolt rod at the top of
the pier, and the sliding bearing was modeled as a poly-
tetrafluoroethylene plate fixed between the
180 % 100 x 5 mm® rectangular steel plates arranged on the
left and right sides of the base plate of the WRCD and the
main beam, as shown in Figure 3.

TaBLE 1: Similarity coefficients of every physical quantity (pro-
totype/model).

Physical quantity Similarity coeflicient
Length (L) 1/30
Displacement (6) 1/30
Elastic modulus (E) 6.338
Stress (o) 6.338
Density (p) 190.154
Velocity (v) 0.183
Acceleration (a) 1
Time (t) 0.183
Frequency (f) 5.48
Stiffness (k) 0.211

3.5. Counterweight Design. Inertial force is the essential
factor for the dynamic response of the structure [21-28] and
inertial force, which has a causal relationship with the mass.
Therefore, in the shaking table test, to accurately simulate the
dynamic response characteristics of the model structure
during earthquakes, the similarity in equivalent mass be-
tween the prototype structure and the model structure is an
inevitable factor to be considered. As per the similarity
criterion, the model material requires high density; however,
the material itself cannot be realized. Therefore, manually
adding mass is required for ensuring that the structure meets
the quality similarity conditions.

This model uses a counterweight block to add mass.
The mass of the counterweight block was divided into 5
and 10 kg, and the actual counterweights of the main beam
and pier were 840 and 400 kg, respectively, as shown in
Table 3.
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TaBLE 2: Comparison of replacement parameters of pier material.

E (N/mm?) I, (mm?) I, (mm®) EI, EL,
Prototype pier 3.250 x 10* 2.310x10™ 9.760 x 10" — —
Design 2.060 x 10 2.810x10° 11.875x10° 5.790 x 10" 2.446 x 10"
Actual 2.060 x10° 2.5520x10° 8.477 x10° 5.260x 10" 1.746 x10"!
FIGURE 3: Connection of sliding bearing pier.
TaBLE 3: Additional weight details.
. Prototype quality Model quality Model deadweight Calculate counterweight Actual counterweight
Location
(1) (kg) (kg) (kg)
Beam 5594.2 924.5 167.7 756.8 840
Pier 2116.69 349.8 333.6 400
Sum 7710.89 1274.3 183.9 1090.5 1240

3.6. Measuring Point Layout. The layout of measuring points
primarily considers the dynamic characteristics, seismic
response of the structure and stress, and deformation of key
parts. A total of thirty-seven sensors were arranged in the
entire bridge to test the dynamic characteristics and the
seismic response of the structure. The layout of each sensor is
shown in Figure 4. Among them were four pull-wire dis-
placement sensors for measuring the absolute displacement
of the main beam and pier top. There were five acceler-
ometers to measure the acceleration at the beam end, pier
top, and tabletop. There were four strain flowers (three
channels for each strain flower), and 16 strain gauges were
symmetrically arranged at the pier bottom to measure the
strain.

4. Results and Discussion

Four ground motion records, namely, 1976 Qian An (EW),
1940 EL Centro (NS), 1952 Taft, and 1976 Tian Jin (NS),
were selected as the seismic loading for different frequency
spectra. The test ground vibration input is directly selected to
represent the typical measured seismic records of different
site types for shaking table tests. The selected measured
seismic recording waves are the Qian’an wave with a dura-
tion of 21.93 s and the peak of 97.36 gals for the Class I sites;
the El-Centro wave with a holding time of 53.73s and
a height of 341.7 gals for Class II sites; Taft wave with
a holding time of 54.38 s and a peak of 175.83 gals for Class
II1 sites; and Tianjin wave with a holding time of 19.19 s and
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FIGURE 4: Layout of measuring points.

a height of 145.8 gals for Class IV sites. The Seismo Signal
program is used to modify selected time histories such that the
peak acceleration and period are compatible with the similarity
coeflicients. Figure 5 shows the time history used in the test for
selected ground motion, and Figure 6 shows the response
spectra for a selected ground motion for a 5% damping level.

4.1. Acceleration Responses. Figures 7-10 show the variation
trend of the peak acceleration of each pier with different
seismic input intensities under the action of EL Centro. For
the sliding bearing piers, the maximum acceleration re-
sponse value of the piers with WRCD decreases more than
that without WRCD. For the fixed bearing pier, the maxi-
mum acceleration response value with WRCD increases
compared to that without WRCD. The results demonstrated
that when the WRCD is activated, the sliding bearing piers
share the longitudinal seismic force of the superstructure,
which is originally subjected to the fixed bearing piers.

Figure 11 shows the columnar comparison of the
maximum acceleration response value of each pier with and
without WRCD for a seismic peak acceleration of EL Centro
wave of 0.4 g. The figure shows that after the WRCD was
activated, the longitudinal overall stiffness of the structure
increased, and the maximum acceleration response value of
each sliding bearing piers decreased by 25%. The maximum
acceleration response value of the fixed bearing pier in-
creased by ~4.6 times.

The response of each pier tends to be uniform. The
maximum acceleration response value of a fixed bearing pier
without WRCD was ~10% of the maximum response value
of the sliding bearing pier. After the WRCD was activated,
the maximum acceleration response value of the fixed
bearing pier was ~57% of the maximum response value of
the pier with the sliding bearing pier.

4.2. Dynamic Characteristics. The test model is divided into
two types: with and without WRCD. The basic period of
the model structure can be obtained using the transfer

function. Before each working condition, the structure is
swept by white noise to measure the natural vibration rate
of the model to determine whether the dynamic char-
acteristics of the structure have changed. Table 4 shows
the variation trend of dynamic characteristics of the two
models under different working conditions. For the steel
structure, the natural frequency of the structure slightly
changes, indicating that the structure is still in the elastic
stage with and without WRCD. Compared with the test
model without WRCD, the natural frequency of the
structure is reduced after using WRCD because there are
five counterweights on both sides of the device. Owing to
the increase in mass, the natural frequency of the model
with WRCD is smaller than that without WRCD. The
natural frequency with WRCD increases after a peak
acceleration of 0.4 g, which demonstrates that with the
change in ground motion input intensity, the dynamic
characteristics of the bridge structure with WRCD
changes, the function of the device considerably improves,
and the overall performance of continuous girder bridges
can be improved.

4.3. Displacement Responses. Figures 12-15 show the vari-
ation trend of the maximum displacement at the sliding
bearing piers and the girder with the different seismic input
intensities under the action of EL Centro. For the sliding
bearing piers, the maximum displacement response value of
each pier with WRCD generally increased compared to that
without the WRCD. The displacement of the 1# sliding
bearing pier increased by 33% on average, the 3# sliding
bearing pier increased by 87% on average, and the 4# sliding
bearing pier increased by 61% on average. The maximum
displacement response value of WRCD was lower than that
without the device for the 2# fixed bearing pier, with an
average decrease of 31%.

For each sliding bearing pier without the device, the
changing range of the maximum displacement response
value of piers with the seismic input intensity was relatively
less. When the peak acceleration was 0.1~0.4 g, the difference
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TaBLE 4: Natural frequency of the two-test model.

Working condition Without WRCD (Hz) With WRCD (Hz)

Before loading 3.654 3.197
O0lg 3.652 3.194
02g 3.657 3.205
04g 3.652 3.194
06g 3.651 3.248
08g 3.649 3.250
10g 3.655 3.250

in seismic input intensity when the peak acceleration was
between 0.6 and 1.0 g, for the setup without the device. The
maximum difference in displacement between the two
models was large. This demonstrates that when the WRCD is
activated, the sliding bearing piers participate in the lon-
gitudinal force of the structure and share part of the inertial
force of the main beam. With increasing seismic input in-
tensity, the performance of WRCD is more prominent and
the overall performance of the continuous girder bridge can
be improved.
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4.4. Strain Responses. Figures 16-19 show the variation
trend of the maximum strain response at the bottom of each
pier with different seismic input intensities under the action
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of EL Centro. For sliding bearing piers, when the peak
acceleration was 0.1-0.4g, the maximum strain response
value with WRCD was slightly lower than that without
WRCD and the average reduction range was 30%. When the
peak acceleration was 0.4g, the two were close and the
variation range was 7%. When the peak acceleration was
0.6-1.0 g, the maximum strain response value of the pier
bottom of each pier with WRCD greatly increased than that
without WRCD, and the average increase range was 50%.
For the maximum strain response value of 2# fixed bearing
pier bottom, the value with WRCD was lower than that
without WRCD and the maximum decrease was 36% when
the peak acceleration was 1.0g.

From the variation trend of the curve, the maximum
strain response at the bottom of each pier linearly changed
with the seismic input intensity. For the sliding bearing piers
without WRCD, the variation trend of the maximum strain
response at the pier bottom with the seismic input strength
was relatively low, whereas, with WRCD, the variation trend
of the maximum strain response at the pier bottom with the
seismic input strength was relatively steep. This indicated
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that when the WRCD is activated, the sliding bearing piers
contribute to the longitudinal force of the structure and
share part of the inertial force of the main beam. Further-
more, with an increase in seismic input intensity, the seismic
response of the fixed-bearing pier was reduced further, and
the synergistic force effect of each pier was more prominent.

4.5. Responses for Different Frequency Spectra. Table 5
presents the peak acceleration response values of the slid-
ing bearing pier with and without WRCD with different
ground motion characteristics under four typical site con-
ditions when the peak acceleration is 0.4 g. Owing to the Tian
Jin ground motion of the Class IV site, the data collected
without the WRCD test are wrong; hence, the value is not
listed in the table. For the Qian An ground motion of Class I
site, EL Centro ground motion of the Class II site, and Taft
ground motion of the Class III site, the maximum accel-
eration response value of sliding bearing piers with WRCD
with the same parameters was reduced and the reduction
range was close. The maximum acceleration response value
of the fixed bearing pier increased and the increased range
was different. Under the seismic input of EL Centro in the
Class II site and Taft in the Class III site, the increased
amplitude was 4.6 and 7.8 times, respectively. However,
under the Qian An ground motion of the Class I site, the
increased amplitude was only 17.5%. The WRCD can ef-
fectively improve the cooperative force state between sliding
bearing piers and fixed bearing pier of continuous girder
bridges; however, the improvement result is directly asso-
ciated with the ground motion characteristics.

Table 6 shows the comparison values of displacement
responses of the pier top and main beam when the peak
acceleration is 0.4 g under typical four site conditions with
different ground motion characteristics. Under the seismic
input of EL Centro in the Class II site, Taft in the Class III
site, and Tian Jin in the Class IV site, the maximum dis-
placement response value of sliding bearing piers increased
with WRCD for the same setting parameters. Under the
seismic input of EL Centro in the Class II site and Taft in the
Class III site, the maximum increase in the amplitude of
displacement response of sliding bearing piers was ~30%.
Under the seismic input of Tian Jin in the Class IV site, the
displacement of sliding bearing piers significantly increased
(up to approximately two times). For the looser site, the
displacement amplification effect of WRCD for sliding
bearing piers was more prominent. For the displacement of
the main beam, the variation rule was similar to the dis-
placement of the sliding bearing piers. Compared to without
WRCD, the maximum displacement response value of the
main beam decreased and the decrease was more substantial
under the seismic input of EL Centro in the Class II site and
Taft in the Class III site and slightly reduced under the
seismic input of Tian Jin in Class IV site.

Under the seismic input of Qian An ground motion in
the Class I site, the performance of WRCD was not as
considerable as that in other sites. However, the variation
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rule was slightly different. Under some site conditions, the
WRCD can effectively improve the cooperative force state
between sliding bearing piers and fixed bearing piers;
however, the improvement result was directly associated
with the ground motion characteristics.

Table 7 shows the comparison of maximum strain re-
sponse at the bottom of each pier with different ground
motion characteristics under four typical site conditions
when the peak acceleration is 0.4g. Similar to the dis-
placement response, for the seismic input of EL Centro in
the Class II site, Taft in the Class III site, and Tian Jin in the
Class IV site, the maximum strain response value of sliding
bearing piers, with WRCD with the same setting parameters,
increased. Under the seismic input of EL Centro in the Class
IT site and Taft in the Class III site, the maximum increased
amplitude of strain response of sliding bearing piers was
20%. Under the seismic input of Tian Jin in the Class IV site,
the strain response of sliding bearing piers significantly
increased, up to 1.2 times. The maximum strain response at
the pier bottom of the fixed bearing pier decreased, and the
maximum reduction in the three types of sites was 10%.

This result demonstrates that, under some site condi-
tions, same as the displacement response, the WRCD can
effectively improve the synergistic effect between the sliding
bearing piers and the fixed bearing pier; however, the im-
provement result is directly associated with the seismic input
characteristics.

5. Conclusions

This article proposed the WRCD based on the basic principle
of cooperative force and considered the relative acceleration
of piers and beams as the control variable. The shaking table
test of a typical continuous girder bridge was conducted to
examine the seismic reduction performance of the WRCD
for the continuous girder bridges. Based on the tests, the
results demonstrated the following observations:

(1) When the peak acceleration was 0.4 g, the natural
frequency with WRCD increased, which shows that
with the change in ground motion input intensity,
the WRCD is activated such that the dynamic
characteristics of the bridge structure changes, and
the overall performance of continuous girder bridge
can be improved.

(2) After the WRCD was activated, the maximum ac-
celeration response value of each sliding bearing pier
decreased by 25%, and the maximum acceleration
response value of the fixed bearing pier increased by
~4.6 times, which is from 10% to 57% of the max-
imum response value of the pier with the sliding
bearing pier.

(3) When the peak acceleration was between 0.1 and
0.4g, the difference between the maximum dis-
placement response values of the two models was
small. When the peak acceleration was 0.6~1.0g,
compared to without WRCD, the maximum dis-
placement response value of piers with WRCD
rapidly increased with the change in seismic input
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intensity and the maximum displacement difference
between the two models was large. When the WRCD
was activated, the sliding bearing piers participated
in the longitudinal force of the structure and share
part of the inertial force of the main beam. With the
increase in seismic input intensity, the performance
of WRCD was more considerable and the overall
performance of the continuous girder bridge can be
improved.

(4) From the variation trend of the curve, the maximum
strain response at the bottom of each pier changed
linearly with the seismic input intensity. For the
sliding bearing piers without the device, the variation
trend was relatively gentle, and when the WRCD was
activated, it was relatively steep. With increasing
seismic input intensity, the seismic response of the
fixed bearing was is further reduced, and the syn-
ergistic force effect of each pier was more
considerable.

(5) This article compared the acceleration, displacement,
and strain responses of the structure with different
ground motion characteristics under four typical site
conditions when the peak acceleration was 0.4g.
Under some site conditions, WRCD can effectively
improve the cooperative force state between sliding
bearing piers and fixed bearing piers; however, the
improvement result was directly associated with the
ground motion characteristics. It is necessary to
determine the design parameters of the WRCD
according to the different site conditions, and the
optimum application range of the WRCD has been
determined.
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