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*  Iskandar K. Iskandar, Ph.D.
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ABSTRACT

Ground freezing for hazardous waste containment is an
alternative to the traditional and expensive slurry wail or
grout curtain barrier technologies. The parameters
quantified in this analysis of it include thermal
properties, refrigeration line spacing, equipment
mobilization and freezing time constraints.

The economics of the process i3 discussed based cn the
Poetsch method for ground freezing. Vertical drill holes
with concentric refrigeration lines are spaced along the
dasired i~saezing line. A header or manifold system provides
ccolant to an interlor pipe, with the return line being the
outer casing. A self-contained refrigeration system pumps
coolant around the freezing loop. Temperature-measuring
instrumentation is appropriately placed to monitor the
progress of the freeze front.

Soil parameters significantlvy affect the cost analysis.
Fine~grained soils with high moisture retention can doutle

the overall barrier expense coapared %o coarse-3grained soils
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with low moisture characteristics. The -data needed to
calculat$ the required thermal parameters for technical and
economic assessment of ground fireezing are routinely
obtained during the gectechnical and hydrologic site
examinagion. Consequently, there are no additional site
examinaéion costs for the ground freezing treataent.
High-moistureargtention soils require long '
retrigerétion times due to their latent heat capacity. Tlhey
require closer refrigeration line spacing and higner
refrigeration power than low moisture soils for the same
t.ime period constraint. Plotting costs for equipment
rental, drill expenses, fuel costs and time as a functicn of
refrigeration line spacing producas an overall expense
eatimate that can b2 uscd to cempars gitcund freezing witn
other barrier construction technologies. Preliminary
results showed ground freezing to be an economically
competitive alternative to slurry wall and grout curtain
construction for a wide range of thermal conditions. The
system {s limited to temporary treatment due to maintenance
expenses. Ground freezing has the added features of low

noise and minimal enviropmental disturbance.
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INTRODUCTION

Artificial ground freezing is not a new technology.
There exiéts a 100-year_tradition of shaft sinking in which
ground freezing has been used. The increasiug application
of ground freezing for civil engineering projects in recent
yeérs is mainly due to the following advantages:‘

1) In principle, ground freezing can be used in all
types of soils.

2) Ground freezing is a very flexible construction
method which can meet many toundary conditions and
requirements.

3) Very little or no environsmental concern 1s assoclated
with the method when dealing with soils for civil
engineering purposes.

During ground freezing the temperaturée of the soil
water i3 lowered below the freezing point. The freezing
temperature of soll solutions is not 329 (0°C) as for pure
water, since dissolved ions in the soil lower the freezing
point. However, empir-ical relations exist that quantify the
freezing point of soils.z's It might be argued that the
freezing point of hazardous waste is much lower than that cf
s0il systems. While this i{s a valid point, artificial
freezing is done in the soil surrounding the hazardous waste
and riot in the waste itself. Therefore, uncontaminated soil
data are usable. When the soil temperature is lowered to
the freezing point important changes begin t5loccur in soil

broperties. The strength of the soil i{s substantially



increased and the soil permeability decrea2ses. The
potertial use of 3zround freezing in nhazardous waste rexzedial
action {s based on these iuo important points. The increase
in soil strength upon freezing means that a frozen zone of
soil can be formed around or underneath a hazardous waste
site or between the site and an uncontaminated environaent
without adding coancrete, slurry walls, steel sheet pile
wélls. or grout for injection. Also, the frozen zone of
soil bacomes gractically i{mpermeable. |

The first use of artificial freezing was in 1362 in
Swansea, wWales. The purpose was to support a mine shaft
project, which was used for mine production, material and
personnel access, ventilation, and emergency escape exits.
In 123 Poatsch patented a method of ground freezing with
‘cooling 919656 vhicin, witn some modification, 13 3still in
‘use. In this method vertical drill holes with standard
steel casings are uniformly spaced along the desired
freezing line. Jore diameters accommodate 3- to 6-inch
pipe. Standard blacy pipe haif the bore diameter is
inserted in each casing, forming two concentric cylinders.
A header or manifold system provides coolant such as calcium
chloride brine at -4°F (-20°C) to the interior pipe, with
the return line being the outer casing. The manifold system
runs along the freezing line to reduce tihic~mai losses. A
self-convained refrigeration system pumps coolant arodnd the

freezing lcop.



An 0997 loop system which uses an.expehdabié coolant
such as liquid nitrogen (LNZ) has the advantage over brine
freezing in that it achieves a much lower temperature
(=321°F or -196°C) 1in a very short time. Therefore, LNZ is
useful in ?mergency cases where time i3 limited. Also, the
fast freezing of contaminated soil by LNZ will result in
immobilization of chemicals, as the soil water (with
contaminants) will freeze in situ.7 Brine freezing, on the
6ther hand, has the advantage of freezing the soil walls in
a more regulér shape. Temperature measuring instrumentation
is appropriately placed for monitoring the progress of the
freeze front. Figure 1 shows a schematic representation of
the two freezing methods.

According to Braun end Ha:ha the uss of ground fﬁcezing
in the miniang industry has advantages over conventional

meclhods (dewatering, grouting, slurry walls, caissons):
1) 1t 4doe3 not require extensive geclogical data.

2) It serves several temporary functions, such as
support of an excavation, groundwater control and
structural underpinning.

3) It is adaptable to practically any size, shape or
depth.

4) Excavation can be Kept unobstructed as no btracing or
sheathing is usually required.

5) It does not disturb the groundwater quantity or
quality.
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6) It is environmeatally acceptable, as no chemicals
will be added, and there is less disturbance to the
Site.

Through 1973, more than 200 deep mine shafts had been driven
by artificial soil freezing.9
In addition to itf use in the mining industry, ground
treeging has been used for construction ol open excavations
and deep unsupported construction trenches. For exawmple, it
was used during the construction of subways in Moscow, and

in Zurich.‘°'11

About 70 inclined tunnels and over 30
excavations were made by soil freezing. The use of ground
freezing in the Moscow project saved 700 tons of metals and
500 cubdbic metérs of timber, and the proJe;t Wwas completed 11

to 12 zonths early.1°’11

This project was circular, with a
40-m dizmeter and 20-m avaerage depth. Thé Jrezen wall
thickness was 5.6a.

In North America, artificial freezing has.been used
since 1888.8 In 1959 it was necessary to enlarge a twin
railroaq tunnel in Moatreal. Construction problems arose
because of ths presence of a plastic layer of clayv in the
s0il and bLé&cause the tunnel was located under the city and
ran beneath service pipelines and two large buildings.
Artificiai s0il freezing was successfuily utilized in this
project.12

In 1964 liquid nitrogen (LN,) was used for artificial
soll freezing in Argenteuil, France. In thiS projeét a

ccllector sewage pipe housed in a turnel troke. The sewage

flaoded the tunnel and seeped to -a nearby stream. The



influx was stopped by circulatling LN2 througn 25 freezing
probes. Later a concrete wall was constructed between tha
poliuted area and the fresh water stream.13

fhe economics of ground freezing as a means of
hazardous waste <ontainment is discussed below. These cost
analyses are based on existing construction practices and
proven freezing technologies. The data needed to calculate
thermal parameters required for technical and economic
assessments of ground freezing are routinely obtained duriag
the geotechnical and hydrologic site examinations. This
sita=-specific information is required to evaluate the

4 The

technical feasibility of the containment alternatives.
thermal data are obtained primarily from soil textgre,
moistdre content and tempaerature =meazurazsnis. The specific
heat of soils depends primarily cn the water cqntent since
the volumetric heat-capacity ratio for dater to most dry
s0oils is about 5. The thermal conductivity of
coarse-grained soils is significantly larger than that of
fine-grained 3o0ils. Both saturated soil types exhibit a
decrease in thermal conductivity with increasing water
content. Moisture content measurements deteramine the
latent-heat energy requirements and establish whether or not
the soil is saturated. A saturated soil system i3 desirable
for zn impermeable frozen barrier, and is assumed throughout
this analysis. Luna*dini15 prcvides extensive data relating

these site examination measurements to s3o0oil theramal

properties. As an example, figure 2 displays thermal
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conductivity as a function of moisture content for a

fine-grained saturated 3oil.
ECCHOMIC CONSIDERATIONS

Tﬁere are no additional site examination costs for the
ground freezing treatament, as cpposed to alternate
containment modes. Therefore, the economics of the
site-specific investigation (i.e. geostechnical, hydrologic
and lab filter-cake permeability testing) afe unchanged rfrom
the ZPA estimate of $20,000 - $80,000. 'Y

Table I 1lists unit costs for mast of the eguipment
required for ground freezing. Equipment mobilization
involves transport of the bb}ing rig. refrigeration unice,
piping and site-clearing equipment. The sits preparation
reguirements for ground freezing are relatively low. The
barrier amust be saturated with water if the soil noisture
content is inadequate. Land clearing is necessary for
equipment access along the freezing route. <xcavation and
heavy duty land clearing are not usually required for groundg
freezing. Capitsl costs include drilling and pipe systen
expenses. The drill-hole steel casings are not recorered at
the completion of the project. However, the neader systen
and interior cooling lines can be renrted on a monthly basis.
Energzy requirements involve rental of the refrigeration
units, electrical Eonsumpcion and expendable éoolanis ir

used.
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2)

3)

4) dell hole drilling’

5)

dobilizstion
Dozer, drill rig, refrigeration unit

Table I: Unit Costs for Ground rreezing

17

over 1C0 miles add

Clear wooded lot (trees<i0 in. dia.)'?
Grud stumps and remove
Dozer medium duty clearing

Hezder pipe system

17

70 GPM 3 in. dia.
150 GPM 4 in. dia.
400 GPM 6 in. dia.

4 in.
5 in.
6 {in.
Orive

Black

2 in.

7
8)

+

3 in.

Self-contained refrigeration units1

8

1D steel casing
ID stesl casing
ID steel casing
shoe
steel pipe18
o8
dia.
dia.

7 ton refrigeration
110 ton refrigeration

Liquid N2

19

tlectricity

°
Equipment and Supplies.

Daily Output

Total Costs (3)
100/unit

1/mile/unit
2450/

e

150/day
2000/week

1.23/100 ft3
0.10 per kwh

All prices include parts, labor, operating and profit for

subcontractor unless otherwise noted.

2 in. pipe ($5.20/L.F.) = Rent at 2 yr. writeoff
3 in. pipe ($8.65/L.F.) - Rent at 2 yr. writeof?!

A = o&cre, !2

0.22/L.F./74
0.36/L.F./™

= square yard, L.F. = lineal foot, ¥ = month
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The time constraint for‘the frozen wall plays a primary
role in the cost estimate. ™Mechanical refrigeration units
rated at 5-110 tons of refrigeration are readily

available.16

These units provide the manifoid system with
reusable coolant at =4°F (-20°C) when operated within their
appropriate capacity range. Expendable LNz is available in
large quantities when the demand for a rapid freezing front
is required. For.tnis system, the expanded Na gas is vented
directly to the atmosphere. The refrigeration units arae
replaced with LNz tanks and control valves that regulate the
LNZ flow based on the vent temperature.

Sanger and Sayleszo

provide a scund methodology for
thermal computations of f{rozen ground. Their energy
requirements and freezing time estimates are somewhat® sore
conservative than those predicted by finitas element
simulations and actual field measurements.m'22 However,
for this preliminary economic analysis their predictions are
appropriate. Sanger and Sayles predict the expenditure of
energy hased on reasonable assumptiouns about the heat
transfer process in the soll. The'energy per unit length,
q, time, t, and power per unit length, P, required to freeze
a cylinder of rédius R i3 a function of the s30il thermal
properties, thermal conductivity, k, thermal capacity, ¢,
latent heat of fusion, L, and the temperature difference
between the coolant and soil.20

Ignoring second-order effects they derived the energy

estimate to be



1

) ’a2 1) T,
Q = =R Ezn(a , ¢ T +L+2£n(§7ro§ . (])

wheare the first term in brackets accqunt; for the energy
required to reduce the unfrozen soll temperature from TZ
down to freezing. The second term of £q. (1) is the energy
associated with the trarisformation from unfrozen soil to
frozen soil at the freezing temperature, j.e. the latent
heat of fusion, L. The last term describes the energy used
in reducing the frozean soil temperature from freezing to the
refrigeration temperature. The time required to freeze the

column to a radius R is

R2L ' c, T,
= I l ° ot
t z-rl'r; (Zm(R/ro)-14-L——) {2}
and the pcuer requirement is
kaT
P WRITT (3)

where the symbel definlitions and units are as given in Table
II. The total power requirement is larger than that
expressed in £q. (3) due to inefficiencies in the
refrigeration system. A 15 percent thermal loss along the
header system is assumed. The refrigeration system is
conservatively rated at 0.21 ton of refrigeration per

3
nhorsepower." The energy required for brine pumps and
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Table II: Symbol Definitions and Urits.

A factor which when amultiplied by R defines the

radius of temperature influence on the freeze pipe.
Dimensionless - usually 3 < a_ < 5. '
Jolumstric specific heat capacity for frozen

and unfrozen soils, respectively. Btu/ft3/°F (cal/cm3/°C)
Theraal conductivity for frozen and

unfrozen soils, respectively. Btwhr/ft/°F (cal/s/ca/°C)
Latent heat of fusion. Btu/ft3 (cal/cnd)

Latent heat effects plus heat requirements of unfrozen

011.%9

az-1
.tir )cT + 1
i an\ar 2°2

L
Power per unit length of ﬁipe. Bru/nhr/ft (cal/s/cm)
Freezing energy per unit length of pipe. Btu/ft (cal/cm)
Radius of frozen soil column. f% (cm)
RadiuS of freeze pipe. ft (cm)
Absolute value of' (unaffected 30il temperature = fi‘eeze
temperature) °F (°C)
Absolute value of (pipe temperature - freeze
temperature). °F (°C)

Time to freeze soil to a radius of R. s (s)
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cooling fénsvia estimated at 20 pefcent of the refriéeration
load. .

The econocaics for grpund freezing and slurry wall
construction are based on a 3-foo¢ wall thickness. Once the
soil columns merge according to Eq. (2) Sanger and Sayles
approximate the frozen soil thickness at 0.79 times the soil
column diameter. If this wall thickness is less than 3
feet, the wall increases in thickness as a planar front
according to separate equations in [26]. fhis design
thickhesa is a limitation of the slurry wall excavation
equipment and not a result of 3tructural support or
permeability requirements; nevertheless, we have used it for
the frozen wall to establish a bdaseline compariﬁon.

éxamining Eqs. (1) and (2) one notes that the energy
anq time requirements are proportional to the 2quare of ths
radius of each cylinder. 1Initially, one might expect an
economic advantage for a thin-wall construction via muliiple
eylinders cf small radius. However, the final cost analysis
shiows intermediate~radius cylinders as the most economical
due to the reduced number of drill holes requirad. In
addition to the economic¢ gains. a thicker wcll has greater
seepage resistance, although this (s unguantified in this
analysis.

Once the frozen wall 15 formed, a reduzed refrigeration
load maintains the Qall while the contained hazardous wiste
i{s being treated or removed for proper disposal. The

maintenance economics are conservative os they are based on
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a wall that continues to increase in thickness. The
maintenance power requiremernt i3 half that.of £q. (3) for
soil columns having diameters (1/.79) times tﬁe design
thickness. (The factor 1/2 enters because each soil coluan
has mergec with adJaceht frozen columns.) This power
requiremené coupled with equipment rentals and manpower
conprise tLe maintenance expense of the wall. A substantial
amount of time exists after the refrigeration unit is
removed due to the latert heat stored in the frozen wall.

If the wall facial area is large compared to the thickness a
one~dimensional melt analysis is applicable. Carslaw and

Jaeaer23

provide an analytic solution for a simplified
one-dimensional melt problem. The region xx > 0 is initially
solid at the melting temperature. The wall face at x = 0 is
raised to a constant temperature above the melting '
temperature. The position of the frozen/unfrozen plane {is

Ziven by
" b
X = 2a(tk/c) (4)

where the numeric¢ constant, A, is a function of the thermal
soil properties. For the frozen wall situation melting
occurs on both sides. Rearranging Eq. (4) the time required
to melt the wall (i.e. X = 1.5 feet) is

x2

t 3 —L
ek /c) (5)
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It should be noted. that the specific heat capacity of the
frozen wall increases the actual wall energy storage.
However, this additional energy storage was not included in

‘the melting analysis.
ZXAMPLE CASES

Case (1):

The hypothetical situation is a 10-acre nazardous waste
site located 150 miles from the drilling and refrigeration

contractors. The EPA Handbook for Remedial Action at Waste

Disposal Sites recommends a slurry wall 1000 ft long and 3

It wide to be placed down to the bedrock oa the up=gradient

sid

of the =2ite

- 1Y
Y The dopth Lo ths ©

. Fu CCR aveiragss 50
feet. Table III summarizes £ZPA slurry wall estimates and
our artificial ground freezing estimates for saturated
coarse quartz sand initially at 45°F (7.2°C). Figure 3
plots the cost as a function of freezing rod spacing. [t
can be seen from Table IL{I that artificial ground freezing .
i3 an acceptable solution, provided the containment time
requirement is short (less than 735 days). Thereafter, the
dally maintenance costs make the ground freezing alternative
unattractive. Examining fig. 3 one can see that as th:
drill spacing becomes tighter, the fuel costs, equipment
rentals and time for wall completion are reduced. These
results agree with tqs. (1) aad (2). A tight drill spacing

yields small frozen soil column radii. This reduces the
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Table III: Slurry Wall and Frozgn Ground
Constructicn Estimates,
[ ]
Activity v Unit Costs Total Costs
A. SWRRY waLL'®
Testing - geotechnical, hydrologic

and lab filter cake permeability N.A. $20,000 - $30,000
Equipzent Mobilization -« hydraulic o

backhoe, bulldozer, slurry mixer, etc. N.A. $20,000 - $£89,000
Siurry trenéhing, sexcavation, mixing

and backfilling $45-970/Y>  $200,000 - $310,000
Haintenance - -
Overall N.A. $240,000 - $470,000
Average - $355,000

~ . . S —— - . -
Se ARTIFICIAL GRRIND FREEZING

Testing - geotechnical, hydrologi:

and lab filter cake permeability H.A $20,000 - $80,000
Equipment Hobilization, clear, ' .

4 inch drill casing $21.M/Y2 $35,000

Rent = refrigeration, 4 in. header

2 in. pipes, manpcwer $6.9/Y2 $30,500
Energy consumption $S.7/¥2 $25,500
Maintenance 30.31/!2/day $1400/day
Extra melt time due to latent heat 25 days
(numeric constant in Eq. (#) = .1614)

’ T

Overall daintenance + $171,000-%231,000
Average 4aintenance + $200,000

# See Table I for unit costs. {2 is square yards for depth x linear
dimension. A 3-foot wall thickness i{s assumed in all calzulations.
#8 Figure 3 at 13 day freeze time with 214 drill ncles.
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overall energy requirement and permits use of less expensive
refrigeration equipment. The drawback of the close drill
spacing is the expense associated with the drilling
opgration. The lineal footage of piping, a drive shoe for
each well driiled, and the labor charge per vertical foot

drilled overwhelm all other eccnomic parameters.
Case (2):

Consider the situation where a derailed chemical car
disperses a toxic substance over an area adjoining s
railroad track, fig 4. Surrounding towns impose a time
constraint on the chemical and transportation companies for
containment of tﬁe waste. A preliminary week i3 requirnd to
define the hazardous spill and obtain general site taest
results. Initial dri;l samples estimats the darrier depth
at'15 feet. As3suaing the poliutant diffuses horizontally
one foot per day the frozen wall i3 planned at a radius of
130 feet. This information i used to generate the &conomic
overview presented gn fizure 5. The optimum cost design
calls for a 3.8-foot drill spacing with a i12-day freezfng
time. If there 13 insufficlent tizme remaining to freaze the
soil before the time constraint is reached the dr-ill spacing
i3 reduced, with an asscclated increase in overall cos:.s.

The thermal properties used in both of the above
exanples are those deteramined by O'u'elll25 fcr saturated
quartz sand. The following cases show the economic and time

dependence as a function of thermal parameters based on the
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train spill example 3eonetry;v.Using data fronm Lunardiﬁi15
for saturated soils the full range of soil toxture and
molsture contont effeots is ezamined. Table IV summarizes
the optimum design configuration for the various soils, and
figures 6-9 show tho economic overview of each soil systen.
The results show that increasing the soil molsture content
increescs the time required to establish a frozen wall. For
these high-moisture soils, mechanical refrigebation vould
need a tight drill spacing to satisfy the same time
construint in the train car spill cese. However, an
expendable LNZ system with a 2.5=-ft drill spacing
establishes an i{mpsracabdle btarrier within eight days of .
pumping. This compareg to a 22=day refrigeration tims for a
machanicel system uader the same conditions of saturated
fine-greined soil with a 40% moisture content, fig 8. The
L¥, frozen wall assumed a <759 (-60°C) vent temperature for
the freezing pipes. The economics of expendable coolants
are variable and generally hard to quéntify. Veranneman and

Rebhanz6 3

approximate LNZ consuaption at 800 kg of Ldz per o
of frozen soil. Stoss and Valk13 approximate the Luz/brine
expense ratio at 2 for large freezing projects (>700m3) with
maintenance periods exceeding 30 days. Consequently, once
the Ldz system establishes the barrier, a mechanical
refrigeration unit mainﬂains the system during the waste

treatsent process.



Table IV: Thermal Paramcter Effects on Cost and Time
Performances for Saturated Soils

Saturated k c c L Mofstura Cost Tize
Seil : ! 2 Contant $/yard? of Days Figure

_cal cal cal % of Dry Pericater
Texture cmsoC caioC P . Haight t

.NC653 .44 7 40 40 64 15 (1
Coarse . :
Grain

.00972 .44 .54 15 10 46 10 7

.00264 .47 J2 40 40 82 22 8
Fine
Gyain

.00472 46 .56 13 10 58 14 9
0'tety123
Therma} .009 .398 .589 23.5 - - - 3,5
Properties

Cost estivate based on a wall 815 ft. round, 5 ft. deep.
"$75/y2 of wall

For comparitson:

Slur

ry waji24
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. An alternate eccnomic overview is presentéd in figure
10 {n uhich we {ntroduce a constraint on thes maxiaua
allowable freezing time. The miniamum cost for a given
geometry and thermal ccnditions is plotted as a fuanction of
maxinum allowadble freezing time; t. is the optimal (least
cost) frecaezing time from ihe unconstrained figure 5. [f the
tine conétraint is greater than t. then the optimuam spacing
is solected. For time constraints less than t. the éost
rises following the curves as in fig. 5. Figure 10 was

constructed using the train spill data.
CONCLUTIONS

Ground freezing as a mecans of hazardous Yaste
cbntainment can be a cosi effective oparation for a large
range of tharmal conditions. Soil paramaters were shown %o
significantly affect the cost anaiysis. rine-grained soils
with high moisture retention can double the ovsrall barrier
expense coampared to that of coarse-grained scils with low
moisture characteristics. However, irregardless of the
thermal conditions presented herein, the drilling operation
was the primary cost factor whenever a time constraint less
than or equal to the optimum spacing was imposed. The
economic advantage of ground freezing over alternate barrier
technologies {s limited to Lemporary treatment sites due >

the thermal maintenance expense.
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