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AasraAcr 
Ground freezing tor hazardous waste ~ontainment is an 

alternative to the traditional and expensive slurry wall or 

grout curtain barriGr technologies. The parameters 

quantified in thi~ ~n~lys18 of it include ther~al 

properties, refrigeration line spacing, equipment 

~obilization and freezing time constraints. 

The economics of tne process is discussed based en the 

Poetsch method for ground freezing. Vertical drill holes 

with concentric refrigeration lines are spaced along the 

dssired i~~ezinu l~n~. A rieader or ma~ifold system provides 

coolant to an interior pipe, with the return line b~ing the 

outer casing. A self-contained refrigeration system pumps 

coolant around the freezing loop. Temper~ture-measuring 

1n5trumentation is appropriately placed to monitor the 

progre3s of the freeze front. 

Soil parameters significantly affect the cost analysis. 

Fine-grained soils with h~gh moisture ret~ntion can double 

the overall barrier expense co~pared to coarse-grained soils 



with low moisture characteristics. The ·data needed to 

calculate the required thermal parameters for technical and 
I 

economic assessment of ground freezing are routinely 

obtai~ed during th~ geotechnical and hydrologic site 

examination. Consequently, there are no additional site 
I 

I 
examination costs for the ground freezing treat~ent. 

Ki~h-moisture-retention soils require long 

refrigeratior. times due to their latent heat capacity. fhey 

require closer refrigeration l!ne spacing and higher 

refrigeration power than low ~oisture soils tor the same 

ti~e period constraint. Plotting costs for equip~ent 

rental, drill expanse~, fuel costs and time as a function of 

refrigeration line spacing produc~s an overall expense 

other barrier construction technologies. Preliminary 

results showe~ ground freezing to be an economically 

competitive alternative to slurry wall and grout curtain 

con3truction for a wide range of thermal conditions. The 

system is limited to temporary treatment due to maintenance 

expenses. Ground freezing has the added features of low 

noise and minimal environmental disturbance. 
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I:iTnODUC"f IO&~ 

Artificial ground freezing is not a new tecnnology. 

There exists a 100-year tradition of shaft sinking in which 

grou"d freezing has been used. The increasi~g application 

of ground freezing tor civil engineering projects in r.ecent 

years is ~ainly due to the following advantages: 1 

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 boundary conditions and 
requirements. 

3) Very little or no environmental concern is associated 
with the meth~d when deal~ng with soils for civil 
engineering purposes. 

During ground freezing tho temperature of the soil 

water is lowered below the frc•zing point. the freezing 

temperature or soil solution~ is not 32°F co0 c) as far pure 

water, since dissolve~ ~ons in th~ soil lower the freezing 

point. However, em~irical relations ~~1st that quantify the 

free:ing point of soils. 2- 5 rt migh~ be argued that the 

freezing point of hazar(.ous '.iaste is ~mch lower than that cf 

soil syste~s. While this is a valid point, artificial 

freezing is done in the soil surrounding the hazardous waste 

and not in the waste itself. Therefore, uncontaminated soil 

data are usable. ~hen the soil temperature is lowered tJ 

the freezing point i~portant changes begin to' occur in soil 

~roperties. The strength of the soil is subztantially 
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increased and the soil permeability decreases. The 

pote~tial use of ~round freezing in nazardous waste re~e~ial 

action is based on these two 1mportant points. The increase 

in soil strength upon freezing means that ~ frozen zone of 

soil can be formed around or underneath a hazardous waste 

site or between the site and an uncontaminated environment 

without adding concrete, slurry walls, steel sheet pile 

walls, or grout for injection. Also, the fro:an zone or 
soil becomes practically impermeable. 

The first use of artificial fr9ez1ng was in 1862 in 

Swansea, •ales. The purpose was to ~upport a ~ine sh~ft 

project, which was used for mine production, material and 

personnel access, ventilation, and emergency escape exits. 

In 1~a3 Pootsch patented a method of ground freezing w~th 

c~~lir.~ ~i~o~6 ~hlcn, with some modification, ia still in 

use. In this ~ethod vertical drill holP.s with standarJ 

steel casings are uniforml~ spaced along the desired 

freezing line. ~ore diameters accommodate 3- to 6-inch 

pipe. Standard black pipe ha~f the bcre diameter is 

inserted in each casing, forming two concentric cylinders. 

A header or manifold system provides coolant sucn as calcium 

chloride brine at -4°F c-20°c> to the interior Pi?e, with 

the return line being the outar casing. ~he manifold sy3tem 

runs along the f~eezing line to reduce th~~ma~ losses. ~ 

self-con~ained refrigaration system pumps coolant around the 

freezing loop. 
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An npen loop system which uses an expendable coolant 
I 

such as liquid nitrogen (LN 2 > has the advantage over brine 

rreez!ng in that it achieves a much l~wer temperature 

C-321~r or -196°c> in a very short time. Therefore, LN 2 is 

useful in emergency cases where time is limited. Also, tho 
, I 

ra~t freez~ng of contami~ated soil by LN 2 will result in 

immobilizat~on of chemicals, as the soil water (with 

contaminants) will freeze in situ. 7 Brine fr9ezing, on the 

other hand, has the advantage of freezing the soil walls in 

a more regular shape. Temperature measuring instrumentation 

is appropriately placed for monitoring the progress of the 

freeze front. figure 1 shows a schematic representation of 

tne two fr~ezing methods. 

According to Brau~ and He~hS the ~~~ ~t gT~U~~ rrc~~ing 

in the mini~g 1~dustry has advantages over conventional 

metroQ3 (dewatering, ~routing, slurry walls, caissons): 

1) It doe3 not require extensive geological data. 

2) · It ~erves several temporary functions, such as 
~upport of an excavation, groundwater control and 
structural underpinning. 

3) It is a~aptable to practically an~ siz~, shapa or 
depth. 

4) ~xcavation can b~ kept unobstructed as no ~raci~g or 
sheathing is usually r~quired. 

5) It does not disturb the gr~undwater quantity or 
quality 
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6) Lt is enviro~mentally accept~ble, as no chemioals 
will be added, and there is less disturbance to the 
site. 

Through 197d, more than 200 deep mine shafts had been driven 

by artificial soil treezing.9 

Ln addition to its use in the mining industry, ground 
i 

freezing has been used for construction of open excavations 

and deep unsupported construction trenches. For exa~ple, it 

was used during the construction of subways in ~oscow, and 

in Zurich.lO,ll About 70 inclined tunnels and over 30 

excavation~ were made by soil freezing. The use or ground 

freezing in the Moscow project saved 700 tons of metals and 

500 cubic meters of timber, and the project was completad 11 

to 12 ~onths early. 10 • 11 ·rhis project was circular, with a 

40-m diameLer and 20-m avftrage depth. Ihe :rczen wall 

thickness was S.6m. 

In North America, artificial freezing has been used 

since 1888.B In 1959 it was necessary to enlarge a twin 

railroad tunnel in ~ontreal. Con~truction problems arose 

because of tha ~~esence of a plastic layer of ~la~ in the 

soil and b&cause the tunnel was located under the city and 

ran beneath service pipelines and two large buildings. 

Artificial soil freezi~g was ~uccess!ully utilized in thi3 

12 project. 

In 1964 liquid ni~rogen (LN 2 ) was used for a~tificial 

soil freezing in Argenteuil, France. In this project a 

ccllector ~ewage pipe house~ in a tu~nel broke. The sewage 

flooded the t1.:nnel and seeped to ·a n~arby stream. !he 
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influx was stopped by clrculatlng LN2 tnrougn 25 freezing 

probes. Later a concrete wall was constructed between tha 

polluted area and the fresh water stream. l3 

the economics of ground freezing as a means of 

hazardous wa~te ~ontainment is discussed below. These cost 

analyses are based on existing construction practices and 

proven freezing technologies. The data needed to calculate 

thermal parameters requi~ed for technical and economic 

assessments or ground fraezing are routinely obtained during 

the geotechnical and hydrolog1c site examinations. 7h1s 

site-specific information is required to evaluate the 
. 14 technical feasi~ility of tho co~tainment alternatives. !he 

thermal data are obtained primarily from soil texture, 

moisture content and temper~tur~ ~~a~~~o=ant~~ The ~pecific 

heat of soils depends pri~arily on the water content since 

the volumetric heat-capacity ratio for water to most drt 

$Oils is about 5. ·rhe ther~al conductivity of 

coarse-grained soils is significantly larger than that or 
fine-grained soils. Both ~aturated soil types exhibit a 

decrease in ther~al co~ductivity with increasing water 

content. ~oisture content measurements determine the 

latent-heat energy requirements and establish whether or not 

the soil is saturated. A saturated soil syste~ is desirable 

for ~n imper~eable frozen barrier, and is assume~ throughout ,-
thi~ analysis. Lun2·dini? prcvjdes extensive data relating 

these site examination measure~ents to ~oil thermal 

properties. As an exa~?le, figure 2 displays thermal 
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conductivity as a function of moisture content tor a 

fine-grained saturated 3oi1. 

ECO~O~IC COriSIOERATIONS 

I 
There are ~o ajd1tional site examination costs for the 

I 

ground freezing treat~ent, as opposed to alternate 

conta1n~ent modes. Therefore, tne economics o~ the 

site-speo1fic investigation (i.e. ge~technical, hydrologic 

and lab filter-cake permeability testir.g) are unchanged trom 

the ZPA estimate or $20,000 - $80,u~o. 1 ~ 

Tablb I lists unit costs for mQSt or the P.Quipm~nt 

requi~ed tor ground fr~ez1ng. Equipment mobilization 

involves transport of the b~ring ri;r refrie~r~t!o~ un!t~. 

piping and site-clearing equipment. Th~ sit~ prep~rat1on 

re~uirements for ground freezing are relatively low. The 

barrier ~ust be saturated with water if the soil ~oi3ture 

content is inadequate. ~~nd clearing is neces3ari for 

equip~ent acce3s along the freezing route. ~xcavation and 

heavy duty land clearing are not u3ually required for grouna 

freezing. C~pital cost3 include drilling and pipe syste~ 

expenses. Ihe drill-hole steel casings are not reco~ered at 

the completion or the project. However, the header system 

and interior cooling lines c~n be rented ~n a ~onthly basi~. 

Energy requiremeots involve rental of the refrigeration 

units, electrical consumption and expendable coolants if 

u2ed. 
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Table I: Unit Costs tor Ground freezing 

• Equipment and Supplies. 

1) l'bbilization11 
Dozer, drill rig, refrigeration unit 
over 1CO miles add 

2) Clear wooded lot Ctrees<10 in. dia.) 17 
Cirub stwDp3 and remove 
Dozer madium duty clearing 

3> Header pipa sy:stem17 

70 GP!'4 3 in. dia. 
150 GPM 4 in. d1a. 
'IOO GPM 6 in. dia. 

4) '4~ll holo drilling18 

4 in. ID steel casing 
5 in. ID steel casing 
6 in. ID stool casing 
Orive shoo 

5) 81~ ste0l pipc:,18 

•• 2 in. dia. 
3 in. dia. 

6) Self-contained refrigeration units16 

7 ton refrigeration 
110 ton ref~:geration 

7> Liquid ~219 
8) t:lect:-icity 

Oaily Output 

0.1 A+ 
1.5 A _.2 
3,000 r 

fotonth -
rental costs 
per L.i. of 
pipe 

100 L.F. 

Total Costs (,i) 
100/wlit 

1/mile/unit 

21'50/A 
1100/~ 
O.Jitr 

1 2 3 
1.40 0.85 0.65 
"j .60 0.90 0.10 
2.50 1.00 0.75 

9/l..F. 
12/L.F. 
15/L.F. 
75/well 

o.22.1L..r .1:1 
0.36/L.F./M 

150/day 
2000/week 

1.23/100 !t3 

0.10 per kwh 

• All prices include parts, labor, operating and profit for 
subcontractor unles~ otherwise noted. 

H 2 in. pipe {$5 .20/L.F.) - Rent at 2 yr. writeoff = 0.22/l..F. /:-t 
3 in. pipe ($8.65/L.F.) ·Rent at 2 yr. writeoff = 0.36/L.F./~ 

2 + A: ,'Cr~, 1 =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. ~echanical refrigerotion units 

rated at 5-110 tons of refrigeration are readily 

available. 16 These units provide the m~nifold system with 

reusable coolant at -~0r c-20°c> when operate~ within their 

appropriate cap~city range. Expendable LN 2 is availa~le in 

large quantities when the de~and for a rapid freezing front 

is required. For this system, the expanded N2 gas is vented 

directly to the atMosphere. The refrigeration units are 

replaced with LM 2 tanks and control valves that regulate the 

L~2 flow base~ on the vent temperature. 

Sanger and Sayles20 provide a sc~nd methodology for 

thermal computations of frozen ground. Their energy 

requirements and freezing t1~e estimates are somewhat ~ore 

conser~ative than those predicted by finita element 

~imulations and actual field measure~ents. 21 • 22 However, 

for this preliminary economic analysis their predictions are 

appropriate. Sanger and Sayle~ predict the expenditure of 

energy based on rea~onable assumpti~ns about the heat 

transfe~ pr~co~s !n the soil. Ibe energy per unit length, 

Q, time, t, and power per unit length, P, required to freeze 

a cylinder of radius R is a function of the soil ther~al 

properties, ther~al conductivity, k, thermal capacity, c, 

latent heat of fusion, L, and the temperature difference 

between the coolant and soii. 20 

Ignoring second-order effects th~y derived the energy 

estimate to be 
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(1) 

wh~re the first term in brackets acoounts tor the energy 
. 

required to redu~e the unfrozen soil temperature trom r 2 
down to freezing. Tne secon1 term of ~q. (1) is the energy 

associated with tne trar1formation from unfrozen soil to 

rrozen soil at ~he rreezins temperature, i.e. the latent 

heat of fusion, L. The last term dftscribes the energy used 

Jn reducing the frozen soi~ temperature from freezing to the 

refri~eration t~mperature. The time required to freeze the 

column to a radius R is 

R2L { . c T . 
t 111 ~ 21.n{R/r ) - l +...L.2. \ 

"Kl I 0 \ 0 LI I 
I•'' \'-I 

and the pcwer requirement is 

(3) 

where the symbol definitions and units are as given in Table 

II. The total power requirement ls larger than that 

expressed in Eq. (3) due to ineffici~ncies in the 

rerrigeration system. A 15 percent thermal loss along the 

header system is assumed. the refrigeration system is 

conser~atively rated at 0.21 ton of refri~eration per 
6 

nor~epower. The energy required for brine pumpo and 
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Table II: Symbol Definitions and Ur.its. 

ar ~ ractor which when aultiplied by R defines the 

radius ot temperature influence on the treeze pipe. 

Dimen.Sionle:ss - ·JSUally j < ar < 5. 20 

~olumstric specific heat capacity for frozen 

and unf'rc,zen soils, respectively. Btu/ft3/°F (caltcm31°c) 

Thel"':lal. co_nduct1vity ror frozen and 

unfrozen soils, respectively. Stu/hr/tth (cal/s/cml°C) 

Late'lt heat of fusion. Btu/rt3 (cal/c:n3) 

LI Latent heat ef t'ect.s plus hea~ requirements of unfrozen 

sou.20 

P . P=>Wer per unit leugth of pipe. Btu/hr/ft (calls/cm) 

J Freezing energy per unit length of pipe. Btu/ft (cal/cm) 

R Radius of frozen soil column. rt (cm) 

r 
0 

Radius of freeze pipt,. rt (cm) 

. T2 Absolute value ot' (unaffected soil temperature - f,·eeze 

temperature) °F (°C) 

'f 0 Absolute value of Cpir-e tempe!"'ature - freeze 

te:nperature). °F c0c) 

t Time to freeze soil to a radius of R. s Cs) 
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cooling fans is estimated at 20 percent of the refrigeration 

load. 

the economics tor ground freezini and slurry wall 

construction are based on a 3-foo~ wall thi~kness. Once the 

soil columns ~erge according to Eq. (2) Sanger and Sayles 

approximate the frozen soil thi~kness at 0.79 times the·soil 

column diameter. If this wall thickness is less tnan 3 

teet, the wall increases in thickness as a planar front 

according to se~arate 6quat1ons in (20]. rhis design 

thicknes~ is a li~itation or the slurry ~all excavation 

equipment and not a result ot atructural support or 

permeability requirements; nevertheless, we have used it for 

the frozen wall to establish a ~aseline comparison. 

Examining Eq~. (1) and (2) one notes that the energy 

and time require~ents Dre proportional to the ~quare of th~ 

radius ~r each cylinder. Initially, one ~lght expect an 

economic advantage for a thin-wall construction via mu\tiple 

cylinders cf small radius. How~ver, the final cost analysis 

shows inte~mediate-radius cylinders as the mos~ economical 

due to the reduced number of drill holes req~~r~d. In 

addition to the economic gai~s~ a thicker w~ll has greater 

seepage resistance, although this is unquantified in ~~is 

analysis. 

Once the frozen wall is formed, a reduaed refrigeration 

load maintains the wali while the contained hazardous wJste 

is being treated or remov~d for proper disposal. The 

maintenance ccono~ics are conservat1\e ?S t~ey are ba~ed on 
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a wall that continues to increase in thickness~ The 

maintenance power requireme~t is half that or Eq. (3) for 
I 

soil coluMn~ having diameters (1/.79~ times the design 

thickness. (The factor 1/2 enters becau3e each soil colu~n 

has ~erged with adjacant frozen columns.) This power 
I 

requirement coupled with equipment rentals and manpower 
I 

comprise the maintenance expense of the wall. A substantial 

amount of time exist~ after the ref~igeration unit is 

removed due to the latent heat stored in the frozen wall. 

It the wall facial area is large compared to the thicknes~ a 

one-dimensional melt analysis is applicable. Carslaw and 

Jaeger23 provide an analytic solution for ~ simplifi~d 

one-dimensional melt problem. The region ~ > O is initially 

solid at the melting temperature. The wall face at ~ = 0 is 

raised to a constant te~peratura abOVG the melting 

temperature. The position of the frozen~unfrozen plane is 

given ~Y 

X n 2A(t k /c )~ (4) 
2 2 

where the numeric constant, A , is a function of tne ther~al 

soil properties. Fo~ the frozen wall situation melting 

occurs on both sides. Rearranging Eq. (q) the time required 

to melt t~e wall (i.e. X = 1.5 feet) is 

(5) 
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It should be noted.that the specific heat capacity of the 

fr~zen ~all increases the actual wall energy storage. 

However, this additional energy storage was not includod in 

the melting analysis. 

~XAHPL~ CAS~S 

Case (1): 

Tho 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 ~aste 

Dis~sal Sites recol!llliends a slurry wall 1000 ft long and 3 

tt wide to be placed down to the b~drock on the up-gra~ient 

feet. Table III summarizes E?A slurry wall estimates and 

our artificial groY~d freezing estimates for saturated 

coarse quartz sand initially at 45°F (7.2°C). Figure 3 

plots the cost as a function of freei.ing rod spacing. It 

con be seen from Table I!I that artificial ground fre~zins 

is an acceptable solution, provided the containment time 

requirement is short {less than i35 days). Thereafter, the 

d~ily maintenance costs make the ground freezing alternative 

unattractive. Exa~ining fig. 3 one can see that as th~ 

drill spacing becomes tighter, the fuel costs, equipruent 

rentals and time for wall completion are r~duced. These 

results agree with ~qs. (1) and (2). A tight drill spacing 

yields s~all frozen soil column radii. This reduces the 
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Table III: Slurry Wall and Frozen Ground 
Construction Estimates • 

• Activity Unit Costs Total Costs 

A. SLURR? ~ 14 

Te~ting - geotechnical, hydrologie 
and lab f'1.lter cake penblability M.A. $20,000 - $80 ,000 

£qu1pment Mobilization - hydraulic 
backhoe, bUlldozer, slurry mixer, etc. M.A. $20,000 - $80,000 

S!urry tr~nching, excavation, midns 
and backfilling $45-$70!12 $200,000 - $310,000 

Maintenance 

Overall 

Average 

n "~,,,,....,....,.. ""'"'-•··- ----··-
>Jo ·"'".i.•r.l.w.1.1\W unvunu rru:.uJ.m.1 

Testing - geotechnical, hydrologi:! 
and lab filter cal<e permeability 

Equipment ;-tob111zation, clear, 
4 inch drill ca.sing 

Rent - retrigP..ration, 4 in. header 
2 1?· pipes, manpcwer 

£nergy COn3t.mpt1on 

Maintenance 

Extra :nelt time due to latent heat 
(numeric con3tant in Eq. (4) = .1614) 

Overall tt• 

Avera~e 

~.A. $2ti0,000 - $470,000 

$355,000 

?4 .A $20, 000 - $80, 000 

$21.4tr2 $95,000 

$6. 9;y2 $30, 500 

$5.11y2 ~5,500 

.$0.311r21day $1400/day 

25 days 

,<\aintenan~e + $171 >000-$:231,000 

:-taintenance + $200,000 

--------------
• See Table I for un~t cost~. i2 is square yards for depth x linear 

dimension. A 3-foot wall thicKness is assumed in all calculations .. 
•• figure 3 at 18 day freeze time with 21~ ~.!'ill heles. 
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overall energy requirement and permits use or less expensive 

refrigeration equipment. The drawback of the close drill 

spacing is the expense associated with the drilling 

operation. The lineal footag8 ot piping, a drive shoe tor 

each well d~illed, mnd the labor charge per vertical root 

drilled ~verwhelm all other eccnomio parameters. 

Case (2): 

Consider the situation where a dorailed chemical car 

disperses a toxic substance over an area adjoining a 

rsilroad track, fig ~. Surrounding towns impo~e a time 

constraint on the chemical and transportation companies for 

containment or the waste. A preliminary week is requirrtd to 

define tne hazardous spill and obtain general site te~t 

results. Initial drill samples estimate the ~arrier depth 

at 15 feet. As3u~ing the pollutant ctiff~ses horizontally 

one toot per day the frozen wall is planned at a radius or 
130 f~et. This information i: u~ed to generate the ~conomic 

overview presented in fiiure 5. The optimum cost design 

call~ for a J.8-foot drill spacing ~1th a 12-dly freezing 

time. If tnere is insufficient ti~e rema1ning t~ freez~ the 

soil before the time constraint is reached the d~i\l spacing 

is reduced, ~1th an as~ociated increase in overall cos~s. 

The thermal properties us~d in bo~h of the above 

exa~ples are those deter~ined by O'~e11125 fer saturated 

quartz sand. The following cases show the economic and tiroe 

dependence as a function of ther~ai parameters based ~n the 
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train spill ezample seometry. 
. ,­

Usins data trom Lunardini , 

tor saturated soils the tull range or soil texture and 

moisture contont ottaots is e:aminad. Tabl~ IV summarizes 

the optimum d~sign cont1gurction tor the various so~ls, and 

t13urea 6-9 show tho econo~1o overview or each soil syste~. 

Tho results sbov that increas1ns the soil moisture content 

increases the time required to est.ablish a trozen wall. For 

these hish•moisture soils, mecha~iaal rotr1ge~ation would 

need a tight drill spacing to satisty the samo time 

constraint in the train o~r spill case. However, an 

expondablo LM 2 systom with a 2.5-tt drill spacin~ 

establishes an i~p9rm~able ~·r~40r within c1gbt days ot . 

pumpin1. This compmres to a 22-day retriserot1on timo tor a 

tine-greined soil with a ~OS mo1sturr content, tig 8. The 

L~ 2 frozen wall assuMed a -75°' C-6o 0 c) vent temperature for 

the rreezing pipes. The Gconomics or expendable coolants 

are variable and generally hard to quantify. Verannematt and 

Rebhan26 approximate L~ 2 consu~ption at 800 kg or L~ 2 per 03 

or frozen soil. Stoss and Valk 13 approxi~~te the ~N 2/br1ne 
ex~ense ratio at 2 for large freezing projects C>700m3) ~ith 

maintenance periods exceeding 30 days. Consequently, once 

the Lri 2 system establishes the barrier, a mechanical 

refrigeration unit maintains the syste~ du1·1ng the waste 

treat~ent process. 



Saturated kl 
Soil tal 
Texture cmSoe" 

.nc653 
Coarse 
Grain 

.00972 

.00264 
Fine 
G~·a 1 n 

.00472 

0 1 fh::1n2s 
ThennJl .009 

p rapert1 e:s 

i 

_J_ 

Table IV: Then:al Para;mter Effects on Cost end Ttu 
Performances for Saturated Sotls 

cl c2 l g.rDtsture Cost 
Cont~nt $/yDrd2 Of 

cal cal S of Dry PsrtE";StGr 
cm3oc cm3 . l!:4i1ght ' 

.44 .71 40 40 64 

.44 .54 15 lO 46 

.47 .72 40 40 82 

.46 .S6 15 10 56 

.398 .589 23.5 - -

Cost est1~te based on I wall 816 ft. round, tS ft. deap. 

Fo.- compar1 son: Sl urrJ wa 1121t 

Tta Ftgure 
Days 

15 6 

10 7 

22 8 

14 g· 

- 3,5 
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An a~ternate eccnomio overview is presented 10 tigure 

10 1n wr.1ch we introduce a constraint on the max1~um 

allovablo treQzing t1mu. Tbs minimum cost ror a given 

soometry and tbormal ocnd1tions is plottGd as a tunction ot 
• maxi~um allowable treoz1n3 t1~e; t 1s the optimal (least 

coat> rrcozing time trom tho unconstrained tisuro 5. It the 

• time constraint is greater than t then th• optimum spacins 

is soleotod. • For tim~ constraints less than t the cost 

rises tollow1n6 the ourv~s as in t1g. 5. F1sura 10 was 

constructed uai~g the train spill data. 

CO~CL~~IOHS 

Ground freezing as a moans ·or hazardous ~sste 

containment can be a cost cf fGctive oparat1on tor a large 

rznga of thGrmal con¢1tions. Soil para~etors were shown to 

significantly affect the cost analys~s. Fine-grained soils 

with high moisture retention can double the ov~rall barrier 

eipense ~ompared to that Of COQrse-gr~ined soils with low 

moisture characteristics. Howe~er, irregardldss of the 

thermal conditions presented herein, tne drilling operation 

was the primary cost factor ~henever a time constraint less 

than or equal to the optimu~ spacing was imposed. The 

economic advantage or ground freezing over alternate barrier 

technologies is limited to temporary treat~ent sites due t~ 

the ther~al maintenance e~pense. 
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