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Abstract

Buried pipeline systems, which transports water, sewage, oil or gas, perform the substantial role in urban areas. Sometimes their
safe functioning is hampered because of damages caused in mining areas. In this article a characterization of the influence of
mining activities on underground pipelines was presented. A description and classification of damages to pipelines with reference
to mining influences were given of the various different pipelines systems and pipes materials. An illustrative example of damages
to the stoneware sewage pipeline located on the mining area was presented. The effort of such pipe was carried out with using
numerical methods (FEM). Model 2D represented stoneware pipe - soil system influenced by traffic load (SLW60) and the mining
ground deformations (horizontal strains increasing from 0 to 9 mm/m). Model was built in ZSoil.PC program. The numerical analysis
was performed as incremental and iterative. On the basis of the obtained results of numerical analysis (internal forces) the safety
factors for various pipes classes with different bending strength were determined. Moreover, functional safety of the spigot-and-
socked joints subjected mining impact was also assessed. During increasing of mining impact the insertion length at joints should
provide free movement of spigots inside the socket, without losing the join tightness. It has been shown that the insertion length at
analyzed stoneware pipes joints wasn't appropriate which may result in damage of the spigot-and-socked joints during increasing the

mining ground deformations.
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1 Introduction

The construction of modern pipelines transporting water,
oil, gas or wastewater has been increasingly associated
with the necessity to run them through heavily urban-
ized areas or the so-called "difficult" areas with impacts
having a degrading effect on pipes. Such areas include
those subject to mining influence. Some of these impacts
are difficult to foresee because of various uncertainties
regarding hazards and the loadings applied on pipelines
in these area and pipelines' changing resistance over time.
Therefore, it was mostly difficult to include them in the
process of designing pipelines and to develop an effec-
tive protection concept. Significant improvement has been
made in understanding of these effects and uncertain-
ties during the last decades. In addition, there have been
improvements in the pipe materials and their mechani-
cal properties. Nevertheless, the situation is serious in the
case of the existing pipelines, which are sometimes made
of materials with relatively low load-carrying capacity
and are technically worn out. These uncertainties require

application of holistic approaches which take into account
loadings coming from extreme events on the pipelines and
pipeline behavior.

This article focuses on the problem of pipelines located in
mining areas, analyzing and classifying damage recorded
due to the occurrence of additional, degrading impacts.

2 Characteristic of the mining and seismic areas
Mining areas include those affected by past and current
underground mining of useful minerals, including mainly
hard coal or copper. Changes occurring in the rock mass
and on the ground surface, resulting from mining works,
causes damage to civil structures located in the area of the
mining impacts. These phenomena concern both enclosed
structures, including compact technical infrastructure facili-
ties, as well as linear structures, which include underground
service infrastructure. A visible effect of the degrading
impact of underground mining operations is, among others,
an increased failure rate of pipelines [1].
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The extent and nature of changes occurring in the rock
mass and on the ground surface depend on the size of the
mined out field and its depth as well as on the mining sys-
tem and the speed of mining. The geological nature of
strata of overburden and its tectonics, water accumulation
in the rock mass as well as the history and remains of pre-
viously performed mining works are also important.

The process of changes in the rock mass caused by min-
ing operations extends from the post-mining void towards
the surface. The effects of movement of rock mass ele-
ments are visible on the ground surface in the form of
extensive or local deformations. As a result of deep mining
operations, with a less rigid overburden, the deformation
is more extensive and mild (continuous deformations in
the form of subsidence basins). The result of shallow min-
ing operations and mining operations carried out in the
area of tectonic faults is local damage to the land surface
(discontinuous deformations). They may be linear (ditches,
cracks, terrain thresholds) or compact (depressions, hop-
pers) and their course is usually quick and not preceded
by any signs. Land deformations occurring as a result of
underground mining operations are often accompanied by
changes in water conditions, consisting in lowering of the
water table (drying of a part of the area) or its rise (for-
mation of non-drained floodplains). Water movement also
generates additional surface deformations. In many areas
within the range of mining impacts, rock mass shocks (the
so-called induced mining seismic activity) causing ground
vibrations are also recorded. Their nature can be compared
to earthquakes, but their intensity is significantly smaller.
The listed phenomena are described extensively in litera-
ture concerning construction in mining areas [2-3].

Continuous deformations, in a form of subsidence
basins, being the effect of mining works are character-
ized by five parameters: vertical displacements w(x), cur-
vatures K(x), horizontal strain ¢(x) as well as horizontal
displacements u(x) and inclinations 7(x).These parame-
ters can be calculated, for example, according to Budryk-
Knothe theory [4]. The first three of them are considered
particularly important for buried pipelines, as they affect
the change of vertical alignment and loads of such pipe-
lines in the longitudinal and transverse directions [5—6].
On the other hand, discontinuous deformations (in a form
of collapses, thresholds, crevices etc.), which are difficult
to predict, may change the conditions of pipelines support
and, consequently, may result in a change of their static
diagram and in an additional strain. The impact of mining
tremors on underground pipelines is the most difficult to
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estimate. However, based on the observations made so far,
this impact can be considered to be particularly dangerous
for rigid and technically worn pipelines [7].

Mining impact performance of pipelines depends on
various factors of which the primary ones are pipe mate-
rial, joint type, pipe coating and trench properties, intensity
of shaking, and the properties and characteristics of ground
displacements around the pipeline. Most of the pipelines
are buried in the ground and therefore soil-pipeline interac-
tion becomes important as mining actions transferred and
applied to pipelines via soil around the pipelines.

The resistance of the pipeline against the mining load-
ing stem from pipe material and joint properties. In order
to be on the safe side, the resistance of the pipelines should
be higher than the loading with a certain margin of safety.

According to joint type, pipelines can be considered as
continuous or segmented pipelines. Mining behavior of
continuous and segmented pipelines differ significantly
and should be evaluated separately. For example, welded
steel pipelines mostly used in gas and petroleum transmis-
sion or PE pipelines are considered as continuous pipe-
lines because their strength and deformation characteris-
tics are almost similar to those of the material it is made
of. However, the ductile iron pipelines used in water trans-
mission systems are segmented and can be separated at
joints when exposed to extensional strains during the min-
ing impact. In the case of mining, the appropriate inser-
tion length at pipeline's joints is essential. During reveal-
ing mining, appropriate insertion length at joints allow
free movement of spigots inside the socket, without losing
the join tightness. Such solutions provide pipelines more
flexibility and make them better tolerate mining or seis-
micity induced soil deformations.

Certainly, mining impacts are one of many causes of
damage. Other causes include aggressive impact of ground
water and soil, low quality of built-in materials as well as
material, design and workmanship defects or the impact of
excessive static and dynamic loads.

Strength analyzes of the pipelines with consideration
of the mining impacts can be conducted with using clas-
sical analytical method or by applying numerical method.
In the latter case the pipelines — soil system (2D or 3D
models) is using [8—10]. The soil behavior can be sim-
ulated by means of a wide range of constitutive models
— from the most commonly used elastic-ideally-plastic
Coulomb-Mohr model (CM) to more advanced models,
e.g., the elastic-plastic model Hardening Soil Small (HSS)
with isotropic hardening [11].
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3 Classification of the pipeline's damages and their
causes

Damages to pipelines in both mining and service areas are
recorded and documented by services managing respective
networks. One of the main difference in terms of the repair-
ing and restoring the system comes from the cost point of
view. The owner of the utilities are primarily responsible
from the repair costs whereas the costs of pipeline repair is
covered by the mining company provided that a cause and
effect relationship is established between damage and min-
ing works [12]. The identification of damages to the pipe-
lines are made by the crew of the utility companies responsi-
ble from the system. It is critical that important information
about the damages should be recorded as completely as pos-
sible. Because these damages provide valuable information
about the failure mechanisms of the pipelines and helps
understanding the behavior of pipelines in seismic or min-
ing areas. As a result, much better planning and mitigation
strategies can be prepared to reduce future damages.

The assessment of the degree of the destructive impact
of mining operations on pipelines should be carried out
taking into account documented non-compliance of con-
tinuous deformation forecasts with the actual deforma-
tion (in the scope of parameters of the mining area and
directions of their occurrence), finding of discontinu-
ous deformations in the place of failure or damage and
recorded, significant paraseismic impacts (mining tremor).
The observed damages to pipelines caused by mining
impacts in relation to the type of network and the material
solution are classified below:

» water supply networks:

steel pipelines: longitudinal and transverse cracking,
fitting cracking, pipeline collapsing, damage to joints
(welding cracking, coming out of the plain end from the
expansion joint, damage to the flange connection),

cast iron pipelines: pipeline cracking and collapsing,
damage to joints (coming out of the plain end or the seal-
ing from the socket, damage to the flange connection),

plastic pipelines: cracking, damage to pipeline joints
(butt weld cracking, coming out of the plain end or the
sealing from the socket),

fittings: cracking of the gate valve body, broken connec-
tion of the hydrant body with the pipeline.

* sewerage networks:

concrete and reinforced concrete ducts: longitudinal
and transverse cracking, duct collapsing, loss of tightness
of connections, damage to manholes, functional distur-
bances (reduction or increase of slopes, non-drain sections),

stoneware pipe: scratches, circumferential and longitu-
dinal cracking, local tube wall losses, damage to spigot-
and-socket pipe connections, displacements and mechan-
ical damage to sealing rings, functional disturbances
(reduction or increase of slopes, non-drain sections),

plastic ducts: damage to joints (welding cracking, com-
ing out of the plain end or the sealing from the socket),

sewer manholes (concrete, reinforced concrete, plastic):
(damage to the pit and walls of the manhole, damage to the
roadway in the area of the manhole),

+ gas networks:

steel pipelines: longitudinal and transverse cracking,
pipeline collapsing, damage to joints (welding cracking,
coming out of the plain end from the expansion joint and
loss of its tightness, damage to the flange connection),

cast iron pipelines: joint damage,

plastic pipelines: pipe cracking, damage to pipeline
joints (cracking of the butt weld, loss of tightness of the
electrofusion joint),

fittings: cracking of the gate valve body or the valve,

* district heating systems:

steel pipelines routed in ducts or above the ground:
pipeline displacements and falling out of sliding supports,
longitudinal or transverse cracking of the pipeline and its
collapsing, damage to joints (weld cracking, damage to
expansion joints),

pre-insulated pipelines: pipeline displacements in the
ground, longitudinal or transverse cracking, pipeline col-
lapsing, damage to joints (welding cracking, damage to
expansion joints),

district heating ducts: disturbances in duct slopes and
damage to their structures.

4 The example of rigid pipes damage on the mining area
All information materials concerning the described example
of damage to the sewage system have been made available
for publication by the system owner (Municipal Engineering
Department of one of the cities in Poland, particulars of
location are reserved). The gravity sewerage located within
the access road to the domestic premises was analyzed.
This system consists of four parallel ducts with various
length, jointed in the common duct (Fig. 1 — sign 01, 02,
03 and 04). The channels are built of stoneware pipes size
DN200 with polymer concrete manholes ©¥1000/D400. The
segments of the stoneware pipes, with spigot-and-socked
joints, are 2.5 m in length. Average depth of the socket is
70 mm + 15mm. The pipe spigots should be inserted to
sockets ensuring appropriate distance (max 20 mm).



The sewer system was built on the mining area. The
land deformations caused by underground mining became
apparent in the form of a subsidence basin, with a maxi-
mum subsidence of about 2.1 m. Both value and the direc-
tion of the horizontal strains &(x)of this influence were
variable. In the zone of small subsidence (up to ca. 0.7 m)
the value of the horizontal strains were included in a range
from +1.5 to +4.0 mm/m and they were tensile in charac-
ter. In the zones where subsidence were larger, the char-
acter of the horizontal strains changed to compression
and the extreme values of up to -6.0 mm/m were reached,
locally achieving -9.0 mm/m. Maps of the subsidence and
the horizontal strains isolines within the gravity sewerage
system are presented in Fig. 1 and Fig. 2.

The gravity sewerage was repeatedly subjected to
dynamic influences connected with mining tremors.
The intensity of tremors was diverse, with the maximum
energy of 4¥108 J achieved.

Damages, which with different intensity appeared on
all segments of gravity sewage, were inventoried with the

use of inspection CCTV equipment. Part of those damages

Fig. 1 Scheme of gravity sewerage on the background of map of the
subsidence isolines w(x)

Fig. 2 Scheme of gravity sewerage on the background of map of the

horizontal strains isolines e(x)
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had typically mechanical character and was associated
with the fact of exceeding of the material durability for
the pipes. To distinguish between two most typical cases
the circumferential and longitudinal cracking and local
shrinkages in pipe’s walls were identified (Figs. 3 and 4).
The next type of the damage to gravity sewerage was
distinguished within joints of pipes. They were con-
nected with damage to spigot-and-socked joints of pipes

and mechanical failures of gasket rings as well (Fig. 5).

Fig. 3 Damage to the pipe — longitudinal and transverse cracking and
local wall shrinkage

Fig. 5 Damage to spigot-and-socket joint
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Changes of inclination in ducts and occurrence of local
contra-inclinations were the third kind of damage to the
gravity sewer system.

These changes were caused by uneven subsidence of
land. Consequently it disturbed gravity flow of the sewage
in part of the ducts (Fig. 6). Furthermore, on most of the
segments of the gravity sewerage the infiltration of ground-
water was noted.

The damages presented above are related both to
exceeding of strength parameters of the pipe's material
and the compensation capacity of the spigot-and-socked
joints. Due to the different pipelines location in relation to
the directions of mining, the impact of underground min-
ing on the pipelines damage was assessed using numerical
FEM analysis (simulation of the compressive horizontal
strains &(x) operating on the pipe cross-section) and kine-
matic analysis (motion of the spigot in the joint during the
increase soil deformation).

5 Numerical analysis of the stoneware pipes — soil
system with consideration of mining influence
Numerical FEM model representing a buried stoneware
pipe of a unit length in a plane strain condition was imple-
mented within the ZSoil.PC program. Model represented
detached rectangular area of the native soil in which the
pipe was laid by use of the trench method (Fig. 7). The
geometric dimensions of both models are the same and
lists accordingly: the total depth A = 3.95 m and total
width L = 3.00 m, the thickness of the soil layer above
pipe 2 = 2.7 m, width of the trench » = 1.2 m. The exter-
nal pipe diameter is D, = 242 + 5 mm, the wall thickness
of s = 0.021 m. The numerical calculation of models were
conducted taking into consideration different material
zones (native soil, backfill) described by means of the CM
model. The parameters of the CM model are summarized
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Fig. 6 The example of the duct's inclination profile with local change
(contra-inclination)

in Table 1 and their arrangement in the numerical model
shown in Fig. 7. The stoneware pipe material was modelled
as linear elastic with the Young modulus £ =55 000 MPa,
bulk weight y = 22.0 kN/m’, Poisson ratio n = 0.2,

The traffic load (SLW60) was represented by corre-
sponding uniformly distributed load on top of the model
(t = 0 to t = 5). The operations of the mining deforma-
tion (compressive horizontal strains &(x)), increasing from
0 mm/m up to 9.0 mm/m (¢ =5 to ¢ = 185) was simulated by
applying appropriate values of displacements in supports
at external edges of the model. The analysis was provided
as incremental and iterative.

As a result of action of ground weight and traffic loads
(t = 5), vertical stresses in the ground above the rigid,
stoneware pipe are concentrated (Fig. 8(a) and Fig. 8(b)).
The value of the concentration factor, calculated as the
ratio of vertical stresses above the pipe to their value near
the vertical edge of the model, is 1.57. These conditions
change (Fig. 8(c) and Fig. 8(d)) while the compressive hor-
izontal strains g(x) are increased. The distribution of both
vertical and horizontal stresses in the soil during action of
all loads and mining impact in points surrounding main
pipe (¢ =0 to ¢ = 185) is shown in Fig. 9.
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Fig. 7 Stoneware pipe — soil model

Table 1 Material parameters of native soil and backfills

Native soil Backfill
Parameter Unit

1 2 3 4
Young modulus  [MPa] 160 16 20 16
Friction angle [°] 30 35 45 20
Cohesion [kN/m2] 20 10 20 10
Unit weight [kN/m3] 20 20 20 20
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Fig. 8 Maps of vertical stress in soil: a) acting of the traffic load (£ = 5);
b) enlarging pipe surroundings (# = 5); ¢) acting of the traffic load
and compressive horizontal strains e(x) (£ = 185); d) enlarging pipe

surroundings (¢ = 185)
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Fig. 9 The distribution of vertical (YY) and horizontal (XX) stresses
in the soil due to action of all loads and mining impact in points

surrounding pipe's crown and springline (from 7= 0 to ¢ = 185)

As a consequence of these processes the internal forces
(circumferential bending moments M, and circumferential
normal forces N,) also changes (Fig. 10).

The stoneware pipes are produced in different classes,
for which the bending strength varies within a range of
10—20 MPa. For all classes the same minimum value of the
safety factor /= 2.2 is adopted. In the bending strength
range and different loads ("non-mining" and "mining")
the values of the safety factor F were determined (Fig. 11).
The values F were determined taking into account the
stresses in the pipe wall at its main points (crown, spring-
line, invert).

Based on the analysis of this diagram, the following can
be stated:

+ for analyzed stoneware pipe the "non-mining" loads

(ground weight and traffic load) are quite safe for all
pipe classes (F >2.2),
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Fig. 10 Diagrams of the internal forces: a) bending moments M ;

—a—SLW60 + e(x)

b) normal forces N,

« the value of safety factor F' decreases as the "mining"
loads i.e. influence of compression horizontal ground
deformation e(x) increase,

* in case of traffic load and influence of compressive
horizontal strains &(x), marked as SLW60 + e(x) on
the Fig. 11, for lower class of pipe (bending stress <
14.0 MPa) the safety factor F'<2.2,

» aparticularly dangerous situation occurs when there
is no vertical load, marked as only e(x) in the Fig. 11.
Then only for pipes with bending stress over 18 MPa
value of safety factor F'> 2.2 is maintained.

Safety factor F
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sonlye(crown  Wonlye(x) springline 4 only e(x) invert
+ SLW+e(x) crown  ® SLW+e(x) springline 4 SLW+e(x) invert
Fig. 11 Diagrams of the values of safety factor for different classes of
pipes and different loads
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Based on the results of the numerical analysis, it can
be concluded that the operation of the compressive hor-
izontal strains ¢(x) has a degrading effect on stoneware
pipes. This applies especially to pipes with lower material
parameters and in case of intensive mining impact.

6 Assessment of the spigot-and-socked joints
functioning
Mining ground deformation in the longitudinal direction
to the pipeline axis causes pipes displacements, which
should be compensated in the joints. Ensuring unhampered
mutual movement of the spigot in the socked, related to
thinning or compression of ground during mining defor-
mation, determines tightness and reliability of joints.
Analyzed stoneware pipes are produced in segments
of / = 2.5 m in length, with spigot-and-socked joints. The
standard socked depth is /, = 70 mm £ 15 mm, insertion
depth of the spigot into the socked /, = 50 mm, spigot
depth reserve /; = 20 mm, pipe alignment tolerance during
assembly is 3 mm, reserve for the gasket assembly 30 mm.
Described pipe joint is shown schematically in Fig. 12.
Taking into account tolerance of socked depth (-15 mm),
insertion depth of the spigot into the socked (50 mm) and
tolerance of pipe assembly (3 mm) the reserve of spigot
depth /; (distance between pipes) is reduced to only 2 mm
(55 =50 — 3 = 2 mm). Such small distance exposes socked
joint to damage (cracking) caused by compressive hori-
zontal strains of ground. Minimal distance between pipes
inside socket joint and minimum socked depth for different
values of horizontal strains of ground are listed in Table 2.

~_

15 I3
U

Fig. 12 Diagram of spigot-and-socked joint of stoneware pipes

As can be seen, in such situation the destruction of the
socked can be avoided for horizontal strains of ground
equal 1.5 mm/m when depth of insertion spigot to socked
does not exceed 43 mm (55 — 43 — 3 =9 mm < 10 mm).

Based on the above analysis, it can be concluded that
the damage described in point 4 (e.g., see Fig. 5) is related
to action of horizontal strains of ground, which cause rel-
ative displacement of the pipe segments inside the joints.
In the case of compressive horizontal strains the pipe seg-
ments are pressed against each other. Character of dam-
ages indicated that depth of the socket was too small and
probably distances for segments inside joints were not
properly applied.

7 Conclusions

Underground mining exploration causes a number of
unfavorable changes in the subsurface layer of the ground.
As a result, the conditions for the foundation of building
structures, including underground pipelines, are subject
to change. Main mining impacts (vertical displacements,
curvatures, horizontal strain, inclinations) cause changes
in the pipelines and results in additional loads. In case of
the pipelines that are not adapted to withstand additional
impacts and loads, or pipelines that are technically worn,
their damage should be taken into account. The extent and
nature of the damage depends on many factors such as
pipe material, joint type, pipe coating and trench proper-
ties, intensity of tremors, and the properties and character-
istics of ground displacements around the pipeline.

The article presents the classification of the observed
typical damage of pipelines in the context of various types
of networks and use of different material. The case of
a stoneware sewage pipeline located in the mining area
was specifically considered. The nature of the damages
of these pipelines, recorded by CCTV inspection, indi-
cated that the pipeline was not adapted to withstand min-
ing influence. The cause-and-effect relationship between
the damage and the conducted underground mining

Table 2 The minimal distance between pipes inside socket joint

Values of horizontal strains Spigot displacement Minimal distance between pipes Minimum socket depth
[mm/m] (mm) (mm)* (mm)**

0.3 2.5%x0.3=0.75 5 2x5+30=40

1.5 2.5%x1.5=375 10 2x10+30=50
3.0 2.5%x3.0=17.50 18 2x18+30=066
6.0 2.5x6.0=15.00 32 2x32+30=94

* determined using a safety factor y = 1.95 and with account to tolerance of pipe assembly (3 mm)

** with account reserve for the gasket assembly 30 mm



operation was demonstrated within two scopes. Firstly,
the effort of the pipe subjected to traffic loads and min-
ing influences (acting horizontal strains in the direction
perpendicular to pipe's axis) was examined. For this pur-
pose incremental-iterative numerical analysis (FEM) was
used. Secondly, kinematic inputs simulating the influ-
ence of horizontal strains in the 2D model of pipe — soil
were introduced. It has been shown that in the case of
using lower class pipes and with high intensity of min-
ing influences, the required safety factor F is not achieved
(F'<2.2). Additionally, the kinematic analysis of the pipe's
joints was performed. It was shown that the joints used
did not provide appropriate free movement of spigot in the
socked. In the case of compressive horizontal strains pipe
segments were pressed against each other which was the
cause of joint damage.
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The presented analysis of the causes of rigid stoneware
pipe damage allows for the formulation of more general
conclusions concerning the construction of pipelines in
mining areas. For the safe functioning of pipelines in min-
ing areas, apart from using pipes with an appropriate load
capacity, it is essential to make the pipeline more flexible.

The effectiveness of such solutions depend on the
proper use of the joints (e.g., by providing appropriate
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(e.g., in sewer systems) or other structures and careful exe-
cution of construction works. Moreover, in each case of
laying pipelines in mining areas, the possibility of using
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despite the relatively low load-bearing capacity.
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