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Abstract 

Evaluating whether or not a 

failure in the event of adverse 

sand deposit has the potential to undergo a iiquefaction 

loading conditions, is au important engineering task, often 

related to public safety, that requires detaiied charactetization of the in-situ state of the 

deposit. Liqwfaction assessment tequires that the in-situ vaiues of void ratio. shear 

mess, and mean normal effective stress be detennined and compared with the ultimate or 

steady state conditions that develop afier significant deformation. Therefore. to 

completely characterize a sand deposit, it is necessary to obtain undisturbed samples from 

the ground for canying out laboratory assessment of the in-situ strength and deformation 

properties. 

Idedly, if samples are to be considered as truly undisturbed, the void ratio. fabric. 

structure, stress history and degree of saturation should be preserved during the sampling 

and handling process. To meet this reqequirement, in the iast approximately fifieen years 

the technique of utiliring in-situ ground fieezing for obtaining undisturbed samples of 

loose, saturated sand has been investigated. This thesis was undenaken to evaluate the 

extent to which characteristics such as void ratio, fabric, structure and degree of 

saturation can be preserved during in-situ ground fieezing, samplhg and handling in the 

laboratory for a varïety of granuiar subsoil conditions. 



High quality undisturbed samples of sand are an instrumental part of  carrying out a 

liquefacton assessment. This research demonsrrateci that in-situ ground fkezing is an 

excellent technique for obtaining udisturbed samples of loose sand î5om below the 

groundwater table. The technique of undisturbed sarnpling can be used to assess the 

stabiiity of  many existing structures, such as dams, embanlanents, tailings 

impoundments. etc., that have been consmicted on or with sand and may be at risk of 

liquefaction. The liquefaction potential of naturai, ofkm highly structured. sand deposits 

existing dong many coastal regioas near major cities, can dso be more accurately 

assesseci. utilizing high quaiity undisturbed samples obtaiwd by in-situ ground fieezing. 
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CHAPTER 1: Introduction 

in many areas in Canada and around the world large structures such as dams. 

embankments,. tailings impormdments, etc., are constructed on or with sand. Extensive 

nahual sand deposits are a h  fouad dong many coastal regions near major cities. 

Saturated loose sands can experience a large loss in shear strength (strain sofiening 

behaviour) when subject to rapid loading fiom events such as earthquakes, placement of 

fiIl or changes in groundwater conditions. This rapid collapse of the soil structure results 

in the development of hi& pore pressures under undrained conditions. Ln relatively loose 

sand deposits, this liquefaction phenomenon may result in catastrophic flow slides or 

large ground deformations causing loss of life and sipificatit costs. 

Sladen et al. (1985) define liquefaction as a phenomenon wherein a mass of soil looses a 

large percentage of shear resistance when subject to monotonic, cyclic or shock loading, 

and flows in a manner resembling liquid until the shear stresses acting on the mass of soil 

become less than the reduced shear resistance. Robertson (1994) distinguishes two main 

categories of liqusfaction The fïrst type, flow liquefaction, may occur when loose 

granular soi1 is subject to either monotonic or cyclic undrained loading and experiences 

strah softeaing with an associated sudden increase in pore pressure resulting in collapse 

of the soil to its ultimate, or steady state, undrained shear saength. Flow failure may 

occur if the driving shear stresses are greater than the steady state undrained shear 

strength within a signifîcant proportion of the deposit The second type. cyclic 

liquefaction or cyclic softening, may occur as a result of undrained cyclic loading where 

shear stress reversal occurs resultiag in a condition of zero effective stress. Deformations 



during cyclic iiquefacton may be very large, however, they usually stabilize once cyclic 

loading stops. 

Evaluating whether or not a sand deposit has the potential to undergo a liquefaction 

faiiure in the event of adverse loading conditions, is an extremely important engineering 

task. Liquefaction assessrnent requires that the &situ state of the deposit, includùig the 

in-situ values of void ratio, shear stress, and mean nonnal effective stress, be detennined 

and compared with the uitïmate or steady state condition that develops after significant 

de formation. 

It will be shown that information regarding the in-situ state and the steady state 

conditions serves to indicate how the soi1 will behave under various loading conditions. 

In the next section. the fnunework for describing soi1 behaviour in tems of the potential 

for liquefaction will be reviewed, followed by a discussion of the information necessary 

to carry out a liquefaction assessment. 

1.1 Framework for Describing Soü Behaviour 

Laboratory testing has shown that the theoretid hnework  established for clay by 

Roscoe et al. (1958) can be adopted for sands. According to McRoberts and Sladen 

(1990), the steady state approach to evaluating the behaviour of sand is essentially the 

sarne as the cntical state approach applied to clay. Based on laboratory testing of clay, 

g las  beads and steel balls, Roscoe et al. (1958) noted that at the critical state, defined as 

the state of unlimited deformation at a constant effective normal stress, shear stress and 

void ratio, can be applied to the yielding of both clays and grandar media Sladen et al. 

(1985) present an excellent summary of the historical development of steady state 

concepts for grandar soils and show that, for al1 practid purposes, the critical state and 

steady state can be considered as the same. 



As demomtrated by numerous researchers ( C m ,  1975, Sladen et al.. 1985. Ishihara 

1993, Verdugo and Ishihara, 1996, among others), the effective stresses comsponding to 

the steady state condition are a hc t ion  only of the initial void ratio. For a given sand. 

the steady state is anaineci after signincant defo-tion has occurred that destroys the 

initiai fabric, therefore, the steady state fonns a reasonably unique lïne in void ratio (e) 

versus mean nomial effective stress @') space. As shown in Figure 1-1, the steady state 

Line (SSL) is Iiaear in e-ln@') space over a k t e d  stress range. Verdugo and Ishiham 

1996, also state that the SSL is independent of initial state conditions and stress history 

for a given sand. Therefore, since the SSL is independent of initial conditions. it can be 

established by conducting a series of aiaxial tests on either specimens recovered fiom a 

site, that need not be undisturbed, or on reconstituted specimens of the same sand. 

Evaluation of the flow liquefaction potentiai of a granular deposit requires not only 

detemination of the SSL but also determination of the in-situ state of the soi1 with 

respect to the steady state conditions (Sladen et al., 1985 : Verdugo and Ishihara. 1996). 

Loose sands, whose state in e-ln@') space falls above the SSL, are contractant or suain 

softening (SS) at large strains when sheared undraiaed and are therefore prone to flow 

liquefaction. Dense sands, defhed by a state which faiis below the SSL. tend to be 

dilative or saain hardening (SH) at large strains and are not at risk of flow liquefaction. 

however, some deformation may occur during severe cyclic loading (Robertson, 1994). 

Laboratory testing of various sands by Ishihara (1 993)' and Tavenas and Leroueil (1 98 7). 

has shown that medium dense sand specimens, with an initial state that falls just above 

the SSL, often exhibit a quasi-steady state behaviour, or limited strain sofiening (LSS), 

prior to reaching steady state at large strains. In this case, sand specimens subject to 

undrained triaxial compression tests initially behave in a contractive manner, up to 

moderate levels of strain, and then go through a phase transformation whereupon the 

behaviour becomes dilative. Figure 1-2, modified fiom Robertson and Fear (1995)' 



shows the vzuious behaviod patterns of sands subject to undtained loading with 

dif5erent Initial states. 

Verdugo and Ishihara (1996), state that for a given sand it is useful to compare the SSL 

with the isotropie consolidation lines (ICL) dehed for the loosest and densest =tes 

possible. As shown in Figure 1-1, the zone between the SSL and the loosea ICL 

represents the soil states where fiow Iiquefdon can be triggered while the zone between 

the SSL and the densest ICL represents States where the soi1 is dilatent and cannot be 

triggered to undergo flow liquefaction by monotonie undrained loaàing. The factors 

which affect the achial flow Liquefaction nisceptibility of a soil deposit include matenal 

properties which govem the relative positions of these reference bes. hence the range of 

in-situ states where flow Liquefaction codd be triggered (Verdugo and Ishihm 1996)- 

These properties include grain size distribution, particle shape, particle hardness. fines 

content and fines plasticity. Similarly, according to Singh, et al. (1982), the cyclic 

liquefaction characteristics of sand deposits are a hct ion of both materiai properties and 

site conditions. including void ratio, the structurai arrangement of sand pains (fabric. 

mineralogy, and degree of cementation), seismic history, the in-situ laterai stress 

condition and the age of the deposit. Directly assesshg the net effect of ail of the above 

factors on the response of a sand to ceriain loading conditions requires appropriate 

laboratory testing of undisturbed samples. 

Expanding on the concept of steady state, Sladen et al. (1985) presented a collapse 

surface approach to anaiyze the loss of limiting equilibrium that results from flow 

liquefaction. The coliapse surface is dehed in 3-dimensional e-p'q space. where e is the 

void ratio. p' is the mean principal efféctïve stress and q is the shear stress, and represents 

the soil state required for liquefaction to be triggered by an undrained load increment. 

The stress path up to the collapse surface may be either drained or undrained (Sasitharan 

et al., 1993; Sladen et al., 1985). The coiiapse sdace, defined by a straight line passing 

through the peak undrained shear strength mobilized and the steady state shear strength 



determined for soi1 samples with the same void ratio, represents the limit of stability if 

drainage is impeâed under load controîied conditions. However. the pst peak stress path 

can pas siightiy above the coilapse d a c e  and therefore, iit does not represent a state 

boundary (Sladen et al., 1985; Sasitharan et ai., 1993, 1994). Both the coliapse surface 

and m e  bormdary surfwe with respect to the SSL are shown in 3-dimensional e-pl-q 

space in Figure 1-3. 

According to Sladen et al. (1 98S), laboratory testing indicates that the collapse surface 

appears to be af5ected slightiy by prior stress history, where the collapse suface is steeper 

for anisotropically consolidated specimens than for those that are isotropically 

consolidated. Therefore, if the collapse behaviour is a fùnction of stress history, accurate 

assessrnent of flow Iiquefaction potentid requùes that undisturbed samples be obtained 

with the Ui-situ conditions presened, both to detenuine the slope of the collapse surface 

and to compare the in-situ Nite with the steady state. Ulhately, the laboratory response 

of undisturbed specimens can also be linked with the results of field tests. such as Cone 

Penetration Testing (CPT) and Standard Penetration Testing (SPT). that can be carrkd 

out over a much greater area across a given site or within many sites containing sands 

with simiiar characteristics and geological history. 

Unfortunately, obtaining high quaiïty undisturbed samples of Loose. saturated sand is 

O fien dificuit, especiaily if conventiod sampling techniques are utilized. in 1 98 3. 

Sladen et al. noted that utiiizing the collapse srutàce concept as a design tool is hampered 

by the lack of techniques avaiiable for confidently estabiished the in-situ void ratio. 

Disturbance associated with conventional sampling may resuit in misleading laboratory 

test resuits, as will be discussed in the followiag sections. However. in the last 

approximately fifieen years, the technique of utilizing in-situ grouad iÏeezing for 

obtainiag undisturbed samples of sand has been demonstrated to be effective by both 

Japanese and North American researchers. 



This thesis has been undertaken to determine the subsoil and site conditions under which 

in-situ p u n d  f b z h g  is an appropriate methodology to obtain undimirbed samples. for 

the assessrnent of liquefaction potential. To avoid disturbance of the fiozen samples once 

they have been recovemi, the most appropriate method for thawing fiozen specimens 

without causing disturbance of the in-situ void ratio or fdric was also evaluated. It will 

be s h o w  that in-situ ground f'reezing is an excellent technique for obtaining high quaiity 

undisturbed samples h m  a wide range of granuiar deposits. 

1.2 Disturbance Caused by Conventional Sampüng 

Conventional sampling of soils has genedly been carried out utilizing thin walled tube 

samples or, in the case of stiff clays and dense cemented sands, by carefully trimming 

block samples. There are nurnerous sources of potential disturbance of the subsoil void 

ratio, fabnc, structure, moisture content and stress history during sampling. These 

include: 

dimirbance during drilling of the borehoie, 

disturbance due to soi1 displacement during tube insertion. 

disturbance due to stress relief, 

disturbance when the soi1 sample is brought to the surface, 

O disnubance during transportation of samples fkom the field to the laboratory. 

a disturbance during storage of samples, and 

a disturbance during preparation and labotatory testing of sarnples. 

Broms (1980) provides a detailed discussion of the causes of sample disturbance due to 

tube sampling; Miiovic (1970) and Iwasaki et al. (1977) describe some of the sources of 

tube sampling disturbance associated with block sampliag. Hight (1993) and Hight and 

Georgiannou (1995), present detailed discussions regardhg the effects of sarnple 

disturbance on the behaviour of clayey sands. Based on the work presented by these 



authon, the various sources of sample disturbance due to conventional sampling and the 

easuing e E i  on soi1 behaviour are summarized below. 

Disturbance doring drilling of the borehole. 

The bottom of the borehole, where tube samples are n o d y  recoved, may be severely 

dimubed by the driliing process in soft clays or loose sands. If  the base of the borehole 

has not been cleaned thomughly prior to sampling, the sample tube may contain matenal 

that has sloughed off the borehole sidewalls. Disturbance due to heaving at the bottom of 

the borehole may also occur if drilhg fluid has not been used that is rnaintained at the 

same level as the groundwater mounding the borehole. The various foms of 

disturbance associated with advancing boreholes tend to loosen or weaken the soil. 

resuiting in reduced shear strength and stiffness. 

Disturbance due to soü displacement as the sampiing tube is inserted Uito the soil. 

M e n  a tube is pushed Uito soft clayey soils, the soil close to the wail of the sample tube 

is remolded. and therefore significantiy disturbed. in sofi clays pore water migration 

away fiom the center of the tube to the ends of the sample and away fiom distxbed zones 

usually occun. It may be possible to trim away the disaubed zones if larger diameter 

tube samples can be recovered. in general. disturbance due to tube samplhg can be 

reduced by following the recommendations provided by Hvorslev (1949) regardhg 

outside and h i d e  tube clearance ratios, however, it can not be completely eliminated. 

Hight (1993) reviewed the straùis that develop during sampler penetration into both clays 

and sands. Based on the strain path method of evaluating strallis during undrained tube 

sampling (Baligh, 1985), the soil at the center h e  of a typical thin walled Shelby tube 

sampler, with a diameter to wall thickness ratio of 40, was subject to compressive strains 

in advance of the tube of 0.5 to 1 .O %, followed by extension strains of 0.5 to 1 .O % as the 



soil entered the tube. The magnitude of these strains increased a s  the tube sidewall was 

approached. Laboratory testing conducted by Hight and Georgiannou (1995) on sand 

samples contalliing 5 to 15 % clay, indicated that compression straiiis of only 0.5 % 

during undraineci tube sampling caused the clayey sand to undergo undrained yieiding. 

Hight (1995) also showed that typicai strains induced during sampling generally exceed 

yield strains in both sands and lightly overconsoiidated clays of low plasticity. 

According to Hight (1993), the initial fabric is disupted due to both shear and volumetric 

srrains that occur during drained tube sampling. In loose cemeuted sands, if sampling 

causes dismption of bonds, the smali main stiffiiess is reduced while compaction of the 

sand grains may tend to increase m e s s  and strength. Conversely. in dense cemented 

sands, disruption of bonds results in reduced e e s s  and strength. In addition. 

according to Tokimatsu and Hosaka (1986), the shear stress history occunîng duruig 

sampling may significantly reduce the undrained cyclic shear strength and moduius of 

sand samples. Yoshimi et al. (1994) showed that conventionai sampling of dense sand 

causes loosening of the soil, thereby redting in considerable underestimation of the 

liquefaction resistance (defined as the undrained c yclic shear strength). Antitheticall y. 

the liquefaction resistance of loose sand may be overestimated based on conventional 

tube-samples since tube sampling tends to cause densification. 

It follows fiom the above discussions, that it is not possible to recover completely 

undisturbed samples utilizing conventional sampling techniques. 

Disturbance due to stress relief 

Both tulx sampling and cutting of block samples results in relief of the in-situ stresses. 

Pore pressure reduction accompanying stress relief can result in the release of previously 

dissolved pore gases wfüch, in tum, may cause expansion of the soil. According to 

Broms (1980), the release of gas tends to reduce the undrained shear strength and the 



stiffaess of nomially consoiidated clays. In block samples of stiff clay, stress release may 

result in widening of fissures and therefore, increased compressibility and penneability as 

well as reduced shear resistance compared to the properties which exist in-situ. 

It is commonly assumed that if samples are reconsolidated to the in-situ stress condition. 

the dimbance cawd by stress relief may be reduced. However, laboratory tests 

conducted by Hight and Georgiannou (1995) showed that &et undrained tube sampling 

recoosolidation of clayey sand resuits in signifiant reductions in void ratio which 

consequently increase the uitimate strength beyond that which exists in-situ. 

Disturbance when the sooü sample îs brought to the surfice. 

As the sample is brought to the ground surface, pore pressures decrease. This rnay cause 

the release of previously dissolved gas that can loosen the soil fabric and therefore affect 

the stress strain behaviour. 

Disturbance during transportation of the samples from the field to the Iaborntoy. 

Vibrations during transportation may cause pore water migration or the development of 

elevated pore pressures in a marner similar to the excess pore pressure caused by cyclic 

Ioading. In very loose sand samples, vibrations due to transportation may cause cyclic 

liquefaction. Laboratory tests have show that vibrations and shock ioading resulted in a 

reduction of shear strength compared to undisturbed specimens (Broms, 1980). thereby 

ùidicating disturbance of the soil structure. In relatively fiee draining soils. disturbance 

due to transportation can be avoided by fieezing the samples uniduectionally prior to 

removing them from the site. 



Disturbance dariag storage of samples. 

Storage of samples that are not adequately sealed will result in changes in moimire 

content. In clays, teduction of the residual pore pressure during storage results in a 

reduction of the shear strength, probably due to relaxation of the soi1 structure as negative 

pore pressures dissipate. in clayey san& reduction of the residual pore water suction due 

to drying andor stress relaxation may r e d t  in loss of sample integrity upon extrusion 

(Hight and Georgiannou, 1995). 

Disturbance during pnparation and tating of samples. 

In relatively soft clay soils, the force required to extrude the sample may exceed the 

unconfimed compressive strength, thereby causing yielding of the soil pnor to laboratory 

testing. Extrusion of loose sand samples may also mult in excessive disturbance and. if 

the smd bas undergone m g ,  a complete loss of sample integrity rnay occur. Trimming 

of silty soils may result in "tearing" dong the sample perimeter. Stress relief that occurs 

durùig aimming of block samples obtained fiom stiff clay, may result in M e r  openhg 

of fissures thereby affecting the compressibility, permeability and shear strength of the 

soil. 

The above discussion regardhg the various sources of sample dimirbance highiight how 

difficult it can be to detemiine the in-situ shear strength and deformation characteristics 

utilking conventional sampling methods. However, it has been shown that evaluation of 

the liquefaction potential of a panicular granuiar deposit not only requires determination 

of the SSL or the collapse line, but aiso requires that undisturbed samples be obtained 

fkom the deposit for both void ratio determination and carrying out laboratory tests to 

detemine the actual strength and deformation characteristics associated with the in-situ 

state. The technique of utiiizing in-situ ground fieezhg to obtain highly undisturbed 

samples of grandar soi1 will be presented in the following section as an alternative to 

conventional sampiing . 



1.3 Undistushi Sampüng by In-Situ Gromd Freezing 

in the past, in-situ ground freezing was undertaken primarily for control of loose granuiar 

soils and groundwater flow during construction of tunnels, access shah and excavations. 

in these cases local ground dimirbance was not usually a concern and ground fieezing 

was undertaken by circulation of a coolant through a number of closely spaced keze 

pipes. This configuration of closely spaced k z e  pipes resuhed in impeded drainage of 

pore water in advance of the k t i n g  fiont, causing hst  heave disturbance. However. in 

the appropriate subsoils, disturbance due to fiost heave can be avoided by carrying out 

radial ground fkezing fiom a single fieeze pipe, whereby pore water drainage is 

unimpeded. 

Several authors. including Yoshimi et al. (1977 and 1978), Yoshimi et al. (1984. 1994). 

Tokimatsu and Hosaka (1986), Hatanaka et al. (1985 and 1995), and Singh et al. (1  982) 

have shown that in-situ ground fieezing, under conditions of unimpeded drainage. 

followed by coring of the fiozen sand is a much more effective way of obtaining 

undisnirbed samples of sand compared to conventional tube sarnpling . Yoshimi ( 1 978). 

Singh et al. (1982) and Seed et al. (1982) have shown that the undrained static or cyclic 

shear strength of a sand was not afZected by one fieeze-thaw cycle, provided that 

disturbance did not occur during the fieezing process due to impeded drainage. Konrad 

and St-Laurent (1995) showed that the stiffiess characteristics. measured by the small 

saain modulus, are not afEected by one fieeze-thaw cycle. Yoshimi et al. (1977 and 

1978) conducted a series of laboratory tests to study the conditions under which in-situ 

ground fkezing is appropriate for obtaining undisnirbed samples of cohesioniess soils. 

including: soi1 type, surcharge, fines content and rate of cooling. The authors also 

showed that the mean stress and shear stress are not altered by the fieezing process. 

provided that the overburden stress exceeck 15 kPa 



The subsoil and site conditions under which indu grouird fieezing can be used as a 

method of obtaining undisturbed samples of granuiar soil will be addressed in M e r  

detail in the foiiowing chapters of the thesis. The next section will describe the thesis 

objectives and the work undertaken. 

1.4 Research Background and Thesis Objectives 

The research conducted for this thesis was undertaken as part of the Canadian 

Liquefaction Expriment (C ANLEX). The CANLEX project (List and Robertson. 1 995) 

was established to evaiuate various methods of characterizhg sand deposits with respect 

to the potential for liquefaction. As part of this project. in-situ ground fieezing was 

evaluated as a means of obtaining undisturbed samples of loose sand. 

This thesis was undertaken to examine whether or not in-situ ground fieezing, utiiinng 

liquid nitrogen as the coolant, is generaily an effective method of obtaining undisturbed 

samples of loose sand below the groundwater table. Ideally, if samples are to be 

considered as truiy undisturbeci, the void ratio. fabric, structure, stress history and degree 

of saturation shouid be preserved during the sampling and handling process. To evaluate 

whether or not disturbance of these parameten has occurred, the void ratio and degree of 

saturation of fiozen core specimens can be measured and compared with the in-situ 

values. However, changes in fabric, structure a d o r  stress history must be assessed 

based on whether or not the stress-strain behaviour changes due to subjecting the soil to a 

fieeze-thaw cycle. As stated previously, numerous mearchers have show that the 

stress-strain behaviour of sand does not change as a resdt of subjecting the soil to a 

fieeze-thaw cycle, provided that disturbance does not occur during fieezing. Therefore. 

the research for this thesis, concentrated on evaiuating how changes in void ratio and 

degree of saturation can be avoided duriag ground k z i n g ,  sampling and handling in the 

laboratory . 



Although laboratory snidies carried out previously on recoostituted sauds, have show 

that, under appropriate conditions, volurnetric saain during k z i n g  can be avoided, there 

has been no cornparison between void ratios measured fiom in-situ fmzen core specimens 

with independent field measurements of void ratio, which could be obtained fiom 

geophysical measurements. This cornparison was undertaken as part of the research. 

Previously docurnented cases of in-situ ground k z h g  for undisturbed sampling have 

also not provided information regardhg void ratio changes during thawing of fiozen 

specimens. If significant disturbance occurs during thawùig, the value of undisnirbed 

samples obtained by in-situ ground fkezing wouid be significantly reduced. Thetefore. a 

study was conducted to determine the most appropriate protocol for thawing of fiozen 

specimens to muiimize disturbance of the void ratio and fabric. 

The research objectives include the following: 

Conduct in-situ ground kezing experirnents to confirm that the theoretical equations 

available, adequately predict the fkeezing process in tems of heat extraction 

requirements and the rate of growth of the fiozen radius. 

Conduct ground fieezing feasibility studies to contùm that ground fkeezïng can be 

underiaken in a specific sand deposit, given the existing site conditions. This includes 

evaluation of the characteristics of the sand deposit (grain size, mineralogy of fines. 

permeability) and the characteristics of the site (groundwater temperature. 

groundwater flow, sdinity, drainage boundaries and overburden stresses). 

Conduct in-situ ground fkeziag at seveml test sites, including both man-made and 

native sand deposits, and obtain undisturbed fiozw core samples. 

Compare void ratios measured nom the in-situ fiozen core with void ratios 

determined based on independent, high quality geophysical logging measurements. 

Evaluate the most appropriate method of thawing the undisturbed specimens in the 

laboratory to preserve the in-situ void ratio and degree of saturation. 



Conduct a limited number of laboratory tests to evaluate the response of the sand to 

undrained loading for evaluation of the iïquefaction potential. 

1.5 Organîzation of the Thesb 

This thesis is organized into a series of 9 chapters. Mer the introduction of Cbapter 1, 

Chapter 2 describes the factors which must be considered as part of a feasibility midy 

undertaken to confirrn tbat in-situ ground fieezing can be utilized to obtain undisturbed 

samples at a specinc test site. Both the characteristics of the sand deposit and that of the 

site are reviewed in ternis of what conditions are generally appropriate for conducting 

insitu ground keezing. The theoretical prediction of the ground fkezing process. to 

allow for estimating the tirne and liquid nitrogen voiume requirements to fieeze a given 

radius. are also reviewed. 

The design of a typical in-situ ground fieezing system. utilizing liquid nitrogen as the 

coolant, is described in Chapter 3. This chapter highlights the features of the system 

required to avoid disturbance of the subsoils during fieezîng. The results of several large 

scale fieezing experiments conducted in water and sand under various boundary 

conditions are presented. The actual growth of the fiozen radius and the consurnption of 

liquid nitrogen during the experiments are compared with theoreticai predictions. 

Chapter 4 describes a case history where in-situ ground fieezing and coring was 

undertaken in a man-made, hydraulically placed sand deposit located a Syncrude Canada 

Ltd. ia Fort McMurmy, Alberta. The feasibility study undenaken prior to canying out 

in-situ ground k z i n g  is described in detail. Temperature and iiquid nitrogen 

coasumption data, gathered as fieezing progressed at the test site, are also presented. The 

quality of the in-situ fiozen core specimens is discussed. based on visual inspection and 



cornparison of the void ratios determined h m  the fkozen core with void ratio 

measurements made independentfy at the site by high quaiity geophysicd logguig. 

Chapter 5 describes a case history where in-situ ground fieeziag and coring was carried 

out in NO native sand deposits located in the Fraser Rives Delta, near Vancouver. British 

Columbia The feasibility study carrïed out pnor to commencing in-situ ground fieezing 

is described and the data gathered during the k z h g  process is presented. Void ratios 

determined fiom the in-situ h z e n  core are compared with void ratio measurements from 

geophysicai logging undertaken within a 5 m radius of the zone where the undisn~bed 

fiozen core samples were recovered. 

A third case history is presented in Chapter 6, which describes the in-situ ground 

fieezing and fiozen core sampiing undertaken at the Phase III CANLEX event site. al 

Syncrude Canada Ltd. The feasibility studies conducted to determine whether or not 

ground fkezing could be carrîed out at this site, where the sand had a high fmes content 

and high initia! groundwater temperature, without causing disturbance of the in-situ 

conditions, are described. Theoretical predictions of the ground fieezing process are 

compared with the acnial field data and the quaiity of the fiozen core is discussed. 

Chapter 7 describes the thawing protocol çnidy undertaken to evaluate the most 

appropriate method of thawing fiozen undisturbed specimens without causing sipificanr 

disturbance of the in-situ void ratio, fabnc, stress history or degree of saturation. Two 

methods of thawing fiozen specimem that have been used by researchen in the past are 

investigated. The first method considered is multidirectional thawing, under a srnail 

effective stress of about 20 kPa, followed by consolidation to the in-situ stresses. The 

second method investigated involves unidirectional thawing under the in-situ effective 

stress and pore water pressure. 



Laboratory tests redts obtained h m  aaisotropic, undrained eiaxiai compression and 

extension tests conducted on undisturbed fiozetl sarnples obtained ffom one of the test 

sites are aiso presented in Chapter 7. The conclwïons drawn fiom the work carried out 

for this thesis are presented in Cbapter 8. 

Appendù A includes detailed information gathered during the ground fieezing 

experiments. Appendices B, C and D contain additionai detailed idionnation obtained 

during in-situ ground freezing activities carried out at ttuee test sites. Appendh E 

contains detailed information regarding the thawing protocol study and laboratory tests 

carried out on undisnirbed and reconstituted samples of sand obtained nom the Phase I 

test site. Appuidix F contains typical coa esthnate calculations for carrying out in-situ 

ground fkeezing at three CANLEX test sites. 

1.6 References 

Baligh, M. M., 1985. Strain Path Method. Journal of Geotechnical Engineering 

Division, ASCE GT2, Vol. 1 1 1, pp. 65-98. 

Broms, B. B.. 1980. Soi1 Sampling in Europe: State-of-the-Art. Journal of Geotechnical 

Engineering Division, ASCE GTl, Vol. 106, Paper 15 149, pp. 1 108-1 136. 

Castro. G., 1975. Liquefaction and Cyclic Mobility of Saturated Sands. Journal of 

Geotechnical Engineering Division, ASCE GT6, Vol. 10 1 ,  Paper 1 1 3 8 8. 

pp. 551-569. 

Castro, G., 1977. Factors affiecting Liquefaction and Cyclic Mobility. Joumal of 

Geotechnical Engineering Division, ASCE GT6, Vol. 103, pp. 50 1-5 16, 

Hatanaka, M., Sugimoto, M., and Yoshio, S., 1985. Liquefaction Resistaace of Two 

Alluvial Volcanic Soils Sampled by In-Situ Freezing. Soils and Foundations. 

Vol., 25, No. 3, pp. 49-63. 



Hatanaka, M.? Uchida, A., Ohska, H., 1995. Conelation between the Liquefaction 

Strengths of Saturated Sands Obtained by In-situ Freezing Method and Rotary- 

Type Triple Tube Method, Soils and Foundations, Vol. 3 5, No. 2, pp. 67-75. 

Hight, D. W., 1993. A Review of Sampling Effècts in Clays and Sands. Offshore Site 

Investigations and Foundation Behaviout, Vol. 28, pp. 1 15-146. 

Hight, D. W. and Georgiannou, V. N., 1995. E f f i  of Sampiing on the Undrained 

Behaviour of Clayey Sands. Géotechnique, Vol. 45, No. 2, pp. 237-247. 

Hvorslev, M. J., 1949, Subdace  Exploration and Sampling of Soils for Civil 

Engineering Purposes. U. S. h y  Engineer Watenways Experiment Station- 

Vicksburg, Mississippi. 

Ishihara, K., 1993. Liquefaction and Flow Faiiure diiring Earthquakes. The 33rd 

Rankine Lecture, Géotechnique, Vol. 43, No. 3, pp. 35 1 4  1 5. 

Iwasaki, Y. T., Hashimoto, T., Hongo, T., Hirayama, H., and Murakami, S.. 1977. On 

the Undisturbed Sampling for Stiff Clay. Specialty Session. 9th International 

Conference on Soi1 Mechanics and Foundation Engineering. Tokyo. pp. 57-62. 

Konrad, LM. and St-Laurent, S.. 1995. Controlled Freezing and Thawing as a way to 

Test intact Sand: A Laboratory Investigation. 48th Canadian Geotechnical 

Conference. Vancouver. B.C., September, 1995, pp. 2 13-222- 

List, B. R and Robertson. P. K., 1995. Canadian Liquefaction Experiment 

Update - Characterization of Sand for Static and Dynamic Liquefaction. 48th 

Canadian Geotechnical Conference. Vancouver, B .C ., September. 1 995. 

pp. 49-58. 

Marcuson, W. F. and Franklin, A. G., 1979. State of the Art of Undisturbed Sampling of 

Cohesive Soils. Proceedings of the Intemaiional Symposium of Soil Sampling, 

State of the Art on Current Practice of Soil Sampiing, Singapore, pp. 57-71. 

McRobeas, E. D. and Sladen, I. A., 1990. Obsemations on Static and Cyclic Sand 

Lique faction Methodologies. 43 rd Canadian Geotechnical Conference 

Proceedings, Quebec, pp. 2 1 5-226. 



Milovic, D. M., 1970. Effect of Samplhg on Some Soil Charactenstics. American 

Society for Testing and Materials, Symposium on Samphg of Soils and Rock. 

STP 483, pp. 164-1 79. 

Plewes, H. D., Piilai, V. S., Morgan, M. R, and Kilpatrick, B. L., 1993. In-situ sampling. 

density measurements and testing of foundation soils at Duncan Dam. 

Proceedings of the 46th Canadian Geotechnical Conference Saskatoon. 

Saskatchewan, pp. 223-235. 

Robertson P. K., 1994. Suggested Terminology for Liquefaction. 47th Canadian 

Geotechnical Conference, September 21-23, 1994, Halifax Nova Scotia 

pp. 277-286. 

Robertson, P. K. and Fear, C. E., 1995. Liquefacton of Sands and its Evaluation. IS 

Tokyo '95, First international Conference on Earthquake Geotecbnical 

Engineering, Keynote Lecture. 

Roscoe, K. H., Schofielà, A. N. and Wroth, C. P., 1958. On the Yieiding of Soils. 

Géotechnique. Vol. 8, No. 1, pp. 22-52. 

Sasitharan, S., Robertson, P. K., Sego, D. C. and Morgenstern. N. R.. 1993. ColIapse 

Behaviour of Sand. Canadian Geotechnical Journal, Vol. 30, No. 4, pp. 569-5 77- 

Sasitharan, S.. Robertson, P. K., Sego, D. C .  and Morgenstern. N. R.. 1994. State 

Boundary Surface for Very Loose Sand and its Practical Implications. Canadian 

Geotechnical Journal, Vol. 3 1, No. 3, pp. 321-334. 

Seed, H. B., Sin& M., Chan, C. K., and Vilela, T. F., 1982. Considerations in 

Undistutbed Sampling of Sands. Joumai of Geotechnical Engineering Division. 

ASCE GTZ Vol. 108, pp. 265-283. 

Sego, D. C., Robertson, P. K., Sasitharaa, S., Kilpatrick, B. L., and Pillai, V. S., 1994. 

Ground Freezing and Sampling of Foundation Soils at Duncan Dam. Canadian 

Geotechnical Joumal, Vol. 3 1, No. 6, pp. 939-950. 

Shibuya, S. and Hight, D. W., 1987. Pattern of Cyclic and Principal Stress Rotation and 

Liquefaction. 8th Regional Conference on Soil Mechanics and Foundation 

Engineering, Kyoto, Japan, 20 to 24th Jdy, 1987, pp. 265-268. 



Singh, S., Seed, H. B. and Chan, C. K., 1982, Undishirbed SampIing of Saturated Sands 

by FreePng. Journal of Geotechnical Engineering Division, ASCE GT2 Vol. 108. 

pp. 247-263. 

Sladen. J. A., D'Hoiiander, R D., and Kxahn, J., 1985. The Liquef~tion of Sands. a 

Collapse Surface Approach. Canadian Geotechnical Journal, Vol. 22. No. 4. 

pp. 564-578. 

Tavenas, F. and Leroueil, S., 1987. Laboratory and In-Situ Stress-Stfain-T'me Behaviour 

of Soft Clays: Statesf-the-Art. Proceedings of the Internationai Symposium on 

Geotechnid Engineering in Soft Soils, Mexico City. Vol. 2, pp. 1-46. 

Tokimatsu, K. and Hosaka, Y., 1986. Effects of Sample Distubance on Dynamic 

Properties of Sand. Soils and Foundations, Vol. 26, No. 1, pp. 5364. 

Verdugo, R and Ishüiara K. (1996). The Steady State of Sandy Soils. Soils and 

Foundations. Vol. 36, No. 2, pp. 81-91. 

Yoshimi, Y., Hatanaka, M., and Oh-Oka, H., 1977. A Simple Method of Undisturbed 

Sand Sampling by Freezing. Proceedings of Specialty Session 2 on Soil 

Sampling, 9th International Conference on Soi1 Mechanics and Fomdation 

Engineering, pp. 23-28. 

Yoshimi, Y., Hatanaka, M., and Oh-Oka H., 1978. Wndisturbed Sampling of Saturated 

Sands by Freezllig. Soils and Foundations. Vol. 18, pp. 59-73. 

Yoshiini, Y., Tokimatsu K., Kaneko, 0. and Makihara. Y.. 1984. Undrained Cyclic 

Shear Strength of a Dense Niigata Sand. Soiis and Foundations. Vol. 24' No. 1. 

pp. 131-145. 

Yoshimi, Y., Tokirnatsu, K. and Ohara, J. 1994. In-Situ Liquefaction Resistance of Clean 

Samis over a wide Density Range. Géotechnique, Vol. 44, No. 3, pp. 479-494. 



Void 
Ratio 

e 

Figure 1 - 1 : Typical Steady State Line in e - in p' Space. 

I Une 

q'2 t 
Strain Softening Behrviout 

of Loose Sand 

w Phase Transformation 
of Medium ûense Sand 

Strain Harâening Bahavkur 
of ûense Sand 

Figure 1-2: Behaviour of Sand Subject to Monotonic Undrained Triaxial Cornoression 

(modified fiom Robertson and Fear, 1 995). 
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Space. 



CEIAPTER 2 : Feasibility of Obtainïng Undistutbed Sampla of Loose Sand by 

In-Situ Ground F&g 

2.0 Introduction 

Prior to utiliMg in-situ ground k z i n g  to obtain undisturbed samples of a granular 

deposit, feasibility studies must be carrîed out to determine whether or not the sand 

deposit can be fiozen in-situ without causing fiost heave disturbance that would alter the 

in-situ void ratio and fabric. Previous research bas shown that when sanirated soils 

fieeze, disturbance may result either when ice lenses fom in frost heave susceptible soils 

or when fkezing is undertaken too rapidly and pore water fkezes in place. undergoing a 

9 % volume expansion in the void spaces. 

As the freezing front progresses through saturated mil, the conditions which develop near 

the fieezing fkont are influenced by the soil type, stress level. and rate of fieezing. 

Dependhg upon these conditions, water may be either expelled nom or amcted to the 

fieezing fiont (McRoberts and Morgenstern, 1975). In fine grain soils, such as clay or 

silt, water tends to be attmcted to the fieezing front, thereby causing disturbance due to 

fiost heave, while in coarse grain soils, such as sand or gravel, water tends to be expelled 

in advance of the fkezing fiont. 

Since many native saad deposits where liquefaction is a concem contain some fines, it is 

important to understaud the potentiai fiost heave mechanisms associated with fieezing of 

f i e  grain soils. Hence, fkezing of fine soils will first be reviewed, followed by 

discussion of fkeezing in granular soils. Once the soil fkezing mechanisms have k e n  

reviewed, the important factors to consider when carrying out a feasibility study. to 



CO& that in-situ Eeezing can be used in a particuiar deposit for obtaining undisnirbed 

samples wiil be discwed- 

Mer  confïrming that the characteristics of a sand deposit and the site conditions are 

appropriate for conducting in-situ ground kzing,  it is necessary to assess the heat 

extraction requirements to estimate the time and costs associated with this method of 

undisnirbed sarnpling. For this purpose, the theoretical pdct ion  of the ground fieezing 

process will be reviewed at the end of the chapter. 

2.1 Freezing of Fine Grain Soib 

According to Anderson and Morgenstern (1973), during fkezing most saturated fine 

grain soils. under low stresses, exhibit an affinity for water and ice lensing can occur. 

Konrad and Morgenstern (1983) present a sull~llary of the physicai processes associated 

with fieezing of fine grain soils. As the fiost fiont progresses thmugh a soil. ice nucleates 

in the pore water. In fine grain soils, some water remains d o z e n  as the temperature 

falls beiow O OC due to a fieezing point depression. The magnitude of the freezing point 

depression depends upon the minetalogy, chemistry and specitic surface area of the clay 

particle surfaces, the pressure and temperature of the soiVwater matrix, the presence of 

undissolved ions, the void ratio and fabric of the soil (Anderson and Morgenstem. 1973. 

Mitcbel, 1976' Nersesova and Tsytovick, 1963, and Tyutyunov, 1963). 

More specifically, the pore water in the soil matrïx may be divided into three zones. 

Water molecules immediately adjacent to negatively charged clay particle surfaces 

become oriented. Intemal bonds between water molecules are broken and extemal bonds 

between individual water molecules and clay minera1 ions are fomed. This water is 

usually called strongly bonded water (Tyutyunov, 1963). Water that is strongly bonded 

to particle d a c e s  does not fieeze even if temperatures drop well below O OC. The 

attraction between water molecules and clay mineral d a c e s  decreases as the distance of 



the water molecules h m  the solid d a c e s  increases. Adjacent to the strongiy bonded 

water, the next zone contains adsorbed water which is weakly bonded to soil particle 

d a c e s .  Weakly bonded water k z e s  when the tempetatute drops below the fieezing 

point depression r e q d  to overcome the bonding. Free water, which fills the void 

spaces between soi1 particles, k z e s  at O OC under 1 atmosphere, if no dissolved saits are 

present. 

in h e  grain soils, ne+ water is attracted to the fieezing fiont as a result of a suction 

gradient that develops due to the temperature gradient set up by the fieezing point 

depression (Konrad and Morgenstern. 1980). According to Mitchell (1 976). less energy 

is required to transport water fiom adjacent pores to the fkezing fiont via the unfiozen 

water film. than to freeze the adsorbed water surrounding the particles at the fieezing 

front. When enough water accumulates near the freeting fiont in fine grain soils. ice 

lenses tend to grow just behind the fiont (Konrad and Morgenstern. 1980). Unless v e p  

high overburden stresses are present ( K o d  and Morgenstern. 1982). these soils often 

cannot be fiozen without disturbing the in-situ void ratio. 

For fine grain soils, Konrad and Morgenstern (1983) presented a method of evaluating the 

fioa heave susceptibility based on the segregation potential, which is equd to the water 

intake flux divided by the temperature gradient across the fiozen fringe. The segregation 

potential varies with suction at the b s t  fiont, the rate of cooling at the f i g e .  and the 

permeability of the zone between the fiost fiont and the segregation front. where an ice 

lem foms if the conditions are appropriate. These panuneten are strongly dependent 

upon the applied stress level, since stress affects the average unfiozen water content. the 

permeability of the fiozen mge,  and the segregation fieezing temperature. To estimate 

the froa heave potentiai of a fine grain soil, the segregation potential can be measured 

readily in the laboratory by conducting fioa heave tests in which the water intake rate 

and temperature profile are measured with time (Konrad and Morgenstern, 1983). 



Conversely, in sands the mineralogy and chernistry are such that attractive forces between 

soil particles and water molecules are extizmely we& There is no strongly bound water 

around clean sand grains. Less energy is required to expel the excess 9 % pore water 

volume than to move apart soil grains to accommodate the increase in volume associated 

with water changing to ice. Therefore, as the k z h g  fiont progresses through sandy 

soil, 9 % of the 6ree pore water volume is expelfed away fiom the fkezing fiont. The 

theoretical 9 % volume of expelled pore water is given by McRobexts and Morgenstern 

( 1975) as: 

AV = 0.09 Vv Sr [24] 

where: Vv is the volume of voids (cc) and Sr is the degree of saturation. 

Provided that drainage around the zone in which in-situ ground ikeezing is being 

undertaken is unimpeded by physical constraints, and that the soi1 is fiozen at a rate 

which is slow enough compared to the permeability of the soil to d o w  for expulsion of 

pore water, there is Little or no disturbance of the &situ void ratio or fabric- 

2.3 Ceneral Description of the Cround Freezing Process 

Since many sands cm be fiozen without causing distwbance of the in-situ void ratio or 

fabnc, in-situ ground fkezing can ofien be used for obtaining undisturbed samples of 

sand. The most effective method of underiaking in-situ ground freezing, without causing 

disturbance of the void ratio or fabnc, involves unidirectional k z i n g  from a central 

fieeze pipe. A column of sand cm be fiozen by circulating a coolant through the fieeze 

pipe. Figure 2-1 shows a schematic keze  pipe arrangement. This method allows for 

unimpeded drainage of pore water in advance of the fkezing fiont, as the column of sand 



is fiozen around the fieeze pipe, and therefore reduces the nsk of causing disturbance due 

to the excess 9 % pore water volume k z i n g  in place. 

Historkally, ground k P n g  has been carrieci out utiliang various brine solutions as the 

coolant, with the heat aaasfer mechanism to k z e  the soii king conductton. Brine 

coolants, such as magnesium chloride or calcium chloride, typically can be maintained at 

temperatures of -34 OC to -55 "C (Stoss and Va&, 1979). Where ground fieezing is 

undertaken for construction purposes to seal off loose grandar soils or groundwater flow. 

fiost have  is not usually a concem and k e z e  pipes can be closely spaced thereby 

reducing the time for joinuig of the fiozen columns. However, in the case of conducting 

in-situ ground fieezïng for undisnirbed sampling, where oniy one fieeze pipe is utilized. 

the use of brine coolants result in a slow keziag process. tt may be necessary to 

maintain a brine cooüng system for as long as two months to fieeze a colwnn of sand. 

with a 1 m radius around the ûeeze pipe. 

Altematively, liquid nitrogen, with a phase change temperature of -196 OC. rnay be used 

as the coolant in this case, heat extraction is accomplished through two heat transfer 

mechanisms. Firstiy. liquid nitrogen in the fieeze pipe, at a temperature of approximately 

-196 OC, absorbs heat from the surroundhg ground through conduction. Secondly. a 

significant amount of heat is absorbed by the liquid nitmgen when it undergoes a phase 

change to gas. Phase change occurs spontaneously such that mass is transferred fiom the 

phase with a higher partial molar fke energy to the phase with a lower partial molar fiee 

energy (Colbeck, 198 1). Mer the phase change, nitrogen gas is then vented back to the 

atmosphere as more liquid nitrogen is injected into the fieeze pipe reservoir. Therefore. 

cooling of the ground occurs due to both the use of the volumetric latent heat and specific 

heat, since both the liquid and gas nimgen are substantially colder than the smunding 

soil. Therefore, when liquid nitrogen is used as the coolant, the rate of heat extraction is 

significdy greater than when a brine coolant is used to extract heat solely by absorbing 

heat from the surroundkg fieezing soil which causes the brïne temperature to increase. 



To increase efficiency, a reservoir for the liquid nitmgen can be created within a given 

length of the fieeze pipe, conesponding to a target zone of interest where undisturbed 

samples are fequired- As iilustrated in Figure 2-1, a copper pipe c m  be used to feed 

liquid nitrogen into the reservoir and a second copper pipe can be used to vent gaseous 

nitrogen back into the atmosphere, the two copper pipes behg separated at the top of the 

reservou by a large rubbet seai. The length and location of the fieezing target zone can 

be altered in the field, depending upon the actuai ground conditions encountered by 

simply moving the location of the rubber seals within the nw2c pipe. Hatanaka et al. 

(1985) aiso recognized the value of fieezing dong discrete target zones of interest- They 

advanced a large àiameter borehole to the top of the target zone, which was subsequently 

filled with circulating warm water, to prevent fkeezing above the zone of interest A 

fieeze pipe was then extended through the casing, down the center of the large diameter 

borehole to the bottom of the target zone. 

Once a column of sand is fiozen around the fieeze pipe. a large number of undisturbed 

samples can be obtained by continuously C O M ~  through the target zone in cased 

boreholes advanced to the top of the fiozen column. As will be described in the case 

histories presented in Chapters 4, 5 and 6, a core barre1 can be used to e m c t  continuous 

wnples of fiozen sand, utilizing a dry coring method. Frozen samples, retrieved to the 

surface, can then be placed in freezers with dry ice and transported directly to the 

laboratory without nsk of disturbing the specimens during transportation. Yoshimi et al. 

(1978 and 1984), have used an overco~g technique and craw to recover the entire 

colwnn of fiozen sand around the f'reeze pipe. This procedure works well if the deposit is 

nozen nom the ground nirface down. However, since the frozen sand closest to the 

freeze pipe is disturbed by insertion of the fkeze pipe, the entire column of sand cannot 

be considered as undisturbed. Yoshimi, et al. (1978) showed that a zone of 

approximately 2 Urnes the heze  pipe diameter was disturbed around a 73 mm Freeze 

pipe, installed with a seKboring technique in sands of various densities. 



2.4 Evaluation of Soü Frost Heave Susceptibüity 

Pnor to undertaking in-situ ground fieezing, feasibility -es should be carried out to 

con- that groimd k z i n g  can be utilized at a given site without causing disturbance of 

the in-situ ground conditions. To undertake feasibiiity studies, detaiied information 

regarding the subsoil and groundwater conditions are required Factors which control 

whether or wt fiost heave may deveiop in a sandy soil Uiclude: 

amount of fines in the sand deposit (grain size distribution) 

mineralogy of fines 

h o z e n  water content 

drainage boundary conditions 

overburden stress and rate of cooling compared to the permeability of the soil 

In addition, the characteristics of the site, including the groundwater temperature and 

flow conditions, are relevant with respect to the feasibility of conducting in-situ ground 

freezing for undisturbed sampling. in the following sections of Chapter 2. each of the 

above factors will be discussed in tems of the fiost have susceptibility of a granular soi1 

deposit. 

2.4.1 Characteristics of the Sand Deposit 

2.4.1.1 Grain Site Distribution and Fines Mineralogy 

One of the fust steps in conducting a ground fkezing feasibility study includes 

determinhg the grain size distribution of the sand deposit within which undisturbed 

samples are required. In general, the higher the percentage of clay and silt sized particles 

within a sand deposit, the more constraïnts will be placed on in-situ ground freezing to 

avoid disturbance of the void ratio and fabnc. 



Most naturai and many man-made sand deposits contain a cenain amount of silt sized 

(between 2 p and 74 pn) and clay shed  (a p) particles. or fines. Daviia. et al. 

(1992) conducted a study to examine the amount and type of fines which could be 

contahed within sand without causing disturbance during f k e p l l g .  The midy included 

open system. unidirectional k z i n g  of sand samples containhg varyuig amounts of 

kaolin, bentonite, iiiite and Devon siit fines. The temperature gradient used during the 

k z i n g  tests was approximately the same as that which exists at the samphg locations 

around a freeze pipe, approximately 0.4 OC/cm. The pore water flux, pressure and sample 

height were monitored to evaluate whether or not measurable disturbance of the soil 

occurred during freezing. 

Based on this study, Davila, et al. (1992) developed a chart which relates the specific 

surface area of the fines to the frost heave susceptibility of the soil. The axes of the chart. 

shown in Figure 2-2. include: the fuies mineralogy ratio. Zv, on the horizontal axis. and 

the surface area index, Rz on the vertical axis. The f ies  mineralogy ratio is defined by: 

zv = C M ~  1 rssA p-21 

where. CMf is the clay mineral content. as a percentage by weight of the clay panicles in 

the fines fraction. and 

ISSA = SC sf [2-31 

where Sc is the specific d a c e  area of the fiaction of the soil with a mean particle 

diameter smailer than 2 p, and Sf is the specific surface area with mean particle 

diameter smaller than 74 Pm. 

The surface area index is defined by: 

where CM is the clay content of the soil expressed as a percentage of the total weight of 

the soil and Sr is the specific surface area of the fraction of soil with a mean particle 

diameter smaller than 74 W. 



The study indkated that sands with fines contents of up to 18.7 %. containhg 4.2 % clay 

sizes and 14.5 % siit sizes, couid be fiozen *out disturbance due to fiost heave. 

provided that the clay minerals within the fines were relatively inactive such as Devon 

silt The Activity. or plastïcity index divided by the clay fiaction as a percent by weight. 

of the Devon silt used in the study was 0.80. According to Holtz and Kovacs (1981). 

soils with an Activity of less than about 0.75 are considered to be inactive, while soils 

with an Activity of between 0.75 and 1.25 are classified as normal and those with an 

Activity of greater than 1.25 are classified as active. Based on determination of the fines 

mineralogy, Davila et al.3 (1992) chart can be used to pmvide a preliminary evaluation 

of the nost heave susceptibility of a sand deposit where in-situ ground fieezing may be 

undertaken. The preliminary evaluation of frost heave susceptibility, conducted for each 

of the test sites evduated as part of this research utiiiEog Davila et a l 3  (1992) chart. are 

presented in more detail in Chapten 4 and 5. 

If the sand deposit in question has a relatively high fines content and if a preliminv 

evaluation of the fiost heave susceptibility. using the chart provided by Davila et ai. 

(1992). suggests that disturbance of the sand during kezing rnay be a concem. f ion  

heave tests should be conducted. Buik sarnples of sand shouid be recovered from the site. 

and fkozen unidirectionally in the laboratory under the same overbwden stress and 

thermal gradient that will be induced in the wnpling region during in-situ ground 

fkeezing. 

The sample should be placed in a rigid insulated ce11 with a floatïng top cap and fiozen. 

preferably fkom the bottom upwards to avoid tiictional r e s i ~ c e ,  under constant 

tempe- boundary coiiditions at either end and fiee drainage. Changes in sample 

height and pore water volume should be recorded during the test to determine whether or 

not fieezing wiil cause disturbance. If the conditions are favorable for expulsion of the 

excess 9 % pore water volume, the volume of pore water expelled should be 

approximately equal to the theoretical volume given by Equation [2- 1 1. 



Severai fkost heave tests could be conducted under various thermal gradients to detemine 

the Limits of fkezing rates under which measurable distwbance of the soil will not occur. 

Typically, for a 1 m radius column of hzen  sand, core sarnples are recovered around the 

fieeze pipe at a radius of about 0.6 m where the fieezing gradient can either be specified 

in terms of 0.15 * C h  to 0.30 Oc/hr, or 0.4 OUcm to 0.6 OC/cm. The actual gradient 

depends upon the gmund conditions . However, there may be some flexibility regarding 

the radius of the colurnn of sand that can be fiozen. la this case the location of the 

boreholes advanced for sampling couid be varied to correspond with the themai gradient 

under which fiost heave tests determined that disturbance would be negligible. 

2.4.1.2 Unfiozen Water Content 

Konrad (1995) noted that during rapid fkezing of sandy soils containing clay fines. 

loosely bonded water that is unfiozen at temperatures slightly below O OC, could fieeze in 

place under conditions of impeded drainage as temperatures drop quickly to well below 

O O C .  A schematic diagram of a clayey sand matrix, assumed to be at a temperature of 

about -0.5 O C ,  is shown in Figure 2-3. Since the quartz sand grains have a very hi& 

thermal conductivity (5 W/mK) compared to that of water (0.6 W/mK), freezing of the 

water-soi1 matrix will commence mund the perimeter of the clean sand grains (Hivon 

and Sego, 1994) in the largest pore voids fïrst. In zones where clay minerais have been 

deposited within the soil matrix, a layer of d o z e n  water surrounds the clay mineral 

surfaces. If the amount of clay mineral fines and the corresponding Mozen water 

content is suflicient, rapid fkezing of sand containing clayey fines could result in 

impeded drainage conditions that would resuit in some pore water fieezing in place, 

thereby causing distubance of the in-situ fabric and possible alteration of the void ratio. 

The magnitude of possible disturbance due to loosely bound water around clay minerais 

fieezing in place should be estimated as part of a ground freezing feasibility snidy. 

Example calculations of void ratio changes occurxing due to trapped ufkozen water 

freezhg in place under very cold temperatures will be given in Chapter 4. 



2.4.2 Characteristics of the Site 

The characteristics of the site play an important role in the feasibility of carrying out 

in-situ ground kezing for obtaining undisturbed samples of sand. The factors related to 

a particular sand deposit, which may influence h s t  heave susceptibility. including the 

drainage conditions, the overburden stress, the rate of cooling compared to the 

permeability of the deposit, the groundwater temperature, salinity and flow conditions. 

are discussed in the following sections. 

2.4.2.1 Stratigrnphy and Draiaage Conditions 

As stated previously, it is imperative that in-situ ground fieezing be carried out under 

conditions of fiee drainage, to allow for expulsion of the excess 9 % pore water volume 

in advance of the fieezing fiont. For example, if a native sand deposit fiom which 

undisturbed samples are required contains numerous or extensive silt lenses that may 

impede drainage. it may be dificuit to avoid disturbance due to excess 9 % pore water 

freezing in place. It is therefore necessary to advance several boreholes or soundings 

across the site to deheate, without disturbance, a zone where the sand deposir is 

relatively unifonn and in-situ ground freezing couid be undertaken. Nonnally. carrying 

out a study to identify the liquefaction potentid of a site includes identification of the 

region(s) where the soi1 under investigation is loosest At this tirne, potential mne(s) for 

undisturbed sampling shouid be identified and measutes taken to prevent any premature 

disturbance of the area where sampling would be carried out. 

The permeability of a sand deposit also affects pore water expulsion. Yoshimi, et al. 

(1978) conducted laboratory fieezing tests on Tonegawa sand which indicated that as the 

relative density of the sand increased, correspondhg to a decrease in permeability, the 

percent eltpansion due to fieezing increased. Yoshimi et al. (1978) concluded that 

expansion d u ~ g  fkezing is more strongly related to the ease at which pore water can be 



expeiIed, as governeci by the hydraulic conductivity of the unfiozen sand rhan by the 

quantity of pore water, or void ratio. The resuits also showed that the effect of decreased 

penneability on froa heave potentid could be reduced if the overburden stress is 

increased. The effkcts of oveiburden stress wiii be discussed M e r  in the following 

section. 

2.4.2.2 Overburden Stress and Rate of Cooiing 

Yoshimi et al. (1978; 1994), Konrad (1990) and Williams (1967) have show that 

volumetric expansion during fieezing of various sands is dependent upon the overburden 

stress, or externally applied load. Using the capillary model. Williams (1967) provided 

an excellent swlllllary of how overburden stress affects the fiost heave susceptibility of 

soil. According to Williams (1967), ice leases develop when the following condition is 

satisfied: 

p i -pw=2ahf  ï i w < 2 ~ b ! ï c  [MI 

where pi is the ice pressure; p, is the pressure in the pore water; oiw is the ice-water 

surface tension; r, is the radius of the ice-water interfaces in the pore spaces and r, is the 

size of the larges continuous pore openings through the soil and the maximum radius 

which an ice-water interface c m  have if the interface is to advance tbrough the pore 

system. The pressure in the ice is generally equal to the total overblrrden or confining 

pressure and the pore water pressure is related to the hydrostatic groundwater pressure. 

Therefore, since the density of soil is greater than that of the groundwater. as the 

overburden stress increases with depth, pj increases more quickly than pw and there is a 

limiting depth for which Equation [ 2 4 ]  is w longer tme. Beyond the limiting depth. 

growth of an ice lens cannot occur. 

The laboratop kezing tests conducted by Yoshimi et al. (1978) indicated that the 

expansive strains during one-dimensional fieezing under laterally confined conditions 



decreased with increasing surcharge. Data obtained by Yoshimi, et ai. (1978) for three 

ciiffirent wds subject to increasing surcharge loads is shown in Figure 2-4 (modined 

Corn K o d  1990). The test resuits indicated that surcharge aud soi1 type had the most 

signifïcant effect on volumetric expansion. For Tonegawa sand, the expansive strains 

during fkezing became less than 0.1 percent once the surcharge exceeded about 33 kPa 

for a cooling rate of about 16 cm/hr, while w volume change was noted during fkezing 

of Niigata and Toyoura sand under a surcharge of ody 9 kPa at the same rate of coolhg. 

As shown in Figure 2-4, although the Toyoura sand had a lower permeability than the 

Niigata sand, it exhibited a lower tendency towards heaving. As pointed out by Yoshimi. 

et al. (1978), the difference in behaviour may therefore be a funftion of not only the 

permeability and gradation but also of the fines mineraiogy of the soil. Since clay 

mineralogy plays an important role in the deveiopment of the kezing point depression. 

associated suaions and the unfiozen water content, the type of clay mineral wouid affect 

the forces that must be overcome to allow for pore water expulsion. If less than 9 % of 

the pore water volume is expelled prior to advance of the fieeze front, some volumetric 

expansion will occur due to fieezhg. 

Konrad and Morgenstern (1982) showed that, depending on the applied pressure and soil 

type, water is expelled when saturated silts are fiozen under rates of cooling that are 

larger than a critical rate. Tests conducted by Konrad (1990) on fme ûttawa sand 

indicated that for a given stress, the vertical saain  due to pore water fieezing in place 

increased with increasing rates of cooling above approximately 20 OC/hr. Here the rate of 

cooling is defined as the change in temperature at the fioa front per unit time. As show 

by the test resuits in Figure 2-4, the volumetric expansion during fkeezhg decreased with 

increasing applied stress and the stress under which volume expansion became negligible 

depended upon the cooling rate. Accorciing to Konrad (1990) specimens subject to a 

cooling rate of 20 O~/hr, or less, under an applied stress of about 3.5 kPa, did not exhibit 

kost heave. This stress level corresponds to approximately 0.2 m of dry soil. Konrad 

(1990) points out that analysis of the data presented by Yoshimi et al. (1978). indicated 



that for specimens subject to stresses ranging h m  0.3 to 14 kPa, no froa heave occurred 

in specimens fiozen under rates of cooling of less than 15 OC/hr. 

nie above information illustrates the importance of including overburden stresses when 

evaluating the feasl'bility of obtainllig undisturkd samples of sand by in-situ ground 

fieezing. The effit of overburden stress can be taken into account directly by 

conducting one-dimensional h s t  heave tests in the laboratory under the same stress level 

and temperature gradients that wouid exist at the site where uadisturbed samples are 

required. 

2.4.2.3 Groundwater Temperature, Saünity and Flow Conditions 

Temperature and groundwater flow conditions can have a significant effect on the 

fieezing process and must be considered when estimating the energy and length of time 

required to c a q  out ground &eBng. even when liquid nitrogen is used as the coolant. 

As will be discussed in a later section, the initial groundwater temperature is needed as an 

input parameter for the theoretical determination of the heat extraction requirements to 

fkeeze a given radius of soil. 

Salts present in groundwater cause a keezing point depression. which becomes more 

pronouafed as the salt concentration increases (Hivon and Sego, 1994). If liquid nitrogen 

is used as the codant for in-situ ground fkeezing in saline soil. the fieezing point 

depression is very small compared to the capacity for heat extraction by the liquid 

nitrogen. Therefore, the rate of fieezing is not affected significantly by saline 

groundwater. However, in sands containhg clay fines, the amount of UIlfiozen water will 

increase as salinity increases. This may in tum result in more significant volumes of 

trapped d o z e n  water fieezing in place as the temperature drops below the freezing 

point depressioa. If the volumes of h o z e n  water are signifcant, disturbance of the soil 

fabric and void ratio may occur. 



Where in-situ giound fireezing may be used to recover rmdisturbed samples of saline soil. 

fkezing tests should be undertaken in the laboratory on samples with the same pore water 

chemistry that erçists at the site to determine whether or not the soil can be fiozen without 

causing disturbaace. It may be possible to avoid disaubgnce caused by trapped tubozen 

water fkezing in place by decreasing the rate of cooling to d o w  for the h o z e n  water 

to be expelleci in advance of the fieeze fiont As discussed disturbance may also be 

avoided by increasing the overburden stress. 

Evaluation of the effect of groundwater flow on the growth of the fiozen zone around the 

freeze pipe requires numencal anaiysis. since an exact solution does not exist that 

simultaneously solves the groundwater flow velocity and temperature distributions in two 

dimensions (Hashemi and Siïepcevich, 1973; Sanger and Sayles, 1979; Takashi. 1969). 

Numericd solutions to this problem have been published by Hashemi and Sliepcevich 

(1973), utilking fuiite ciifference, and by Cornini and Frivik (1980), utilizing a fuiite 

element program. 

In general, as shown by Hashemi and Sliepcevich (1973), groundwater flow across a site 

where in-situ ground fieezing is king undertaken causes elongation of the fiozen column 

in the down stream direction and foreshortenhg in the upstream direction. If  the 

groundwater flow velocity is significantly high. pore water that is cooled as liquid 

nitrogen is circuiated through the fieeze pipe may be transported away fiom the fieezïng 

zone where sampling is requkd before it can change to ice in place. In this extreme 

case, it may not be possible to cary out in-situ &round fieezing for undisturbed sampling 

unless the groundwater flow can be slowed. 

Hashemi and Sliepcevich (1973) show that for closure of a fiozen soil curtain between 

nvo adjacent fieeze pipes, the steady state rate of cooling attained by the fieeze pipe must 

be greater than the volumetric k a t  capacity (amount of sensible heat) that can be 

removed by groundwater flow. The steady state rate of cooling attained by the freeze 



pipe sunoundeci by a hzen column of soil, of Tadius R can be detennined by calculating 

the inmment of total heat extracted per ïncrement of time, or dQ/dt (Sanger and Sayles. 

1979). This steady state heat flow to the neat pipes is therefore given by: 

2n kf (TrTB) l in (WrO) = 2n k, VJ in (WrJ 12-61 

w h :  v, = (Tf - T*) is the difference between the surfafe of the fieeze pipe and the 

fieezïng temperature of water ("K); kf is the mean thermal conductivity of the fiozen soil 

(JIsmOK); Tf is the fmnng temperature of water (%); Tm is the skin temperature of the 

freeze pipe (%); and ro is the radius of the k e z e  pipe (m). 

To reach a given fiozen radius, R, the rate of heat removal by the groundwater flow must 

be less than the rate cf heat extraction required to fieeze the pore water in place. This 

relation is expressed by Hashemi and Sliepcevich (1973) as: 

kf v, / in (Rho) > Q(R) Cu v, ; for r,<RcL 12-71 

where: v, = (To-Tf) is the difference between the initial temperature of the ground and the 

fieezing point of water e(); Q(R) is the total flow through the region (m3/s m of 

thickness); and Cu is the d o z e n  volumetric heat capacity of the seepage stream 

(.I/m3%). 

When brine is used as the coolant, severai authors, including Sanger and Sayles (1979) 

and Takashi (1969), have show that the limiting seepage velocity for closure of a fiozen 

soil curtain is approximately 1 m per day. As noted previously, the temperature of brïne 

coolants is typically 4 0  OC. However, if liquid ninogen is used as the coolant. closure 

can be achieved in the presence of significantiy higher groundwater flow. By replacing 

the total flow through the region with the critical groundwater flow velocity and cross- 

sectional area in Equation [2-71 and rearranging the ternis, it c m  be seen that the critical 

groundwater flow velocity is proportionai to the fhezing pipe temperature, where: 



In Equation [2-81, L is the thickness of the zone of groundwater flow (rn) and A is the 

cross-sectionai area (m2). Hence, given the same initial ground conditions. the critical 

flow velocity when fkeeptlg with Liquid nitmgen wouid be appmximately 5 rimes the 

allowable velocity when a brine codant is used. An evaiuation of the effect of 

groundwater flow on the shape of the fkozen column will be discussed in M e r  detail 

with respect to a specific site in Chapter 4. 

2.5 Laboritory Determination of Frost Eeave Potential 

Many of the factors related to fiost heave nisceptibility of a sand deposit are interrelated. 

As described in the preceding sections, Konrad and Morgenstern (1982) showed that 

small changes in the overburden pressure or externally applied Io& result in dramatic 

changes to the critical rate of coolïng, below which fiost heave disturbance can be 

avoided. Due to the interrelated nature of these factors, in-situ gmund freezing feasibility 

studies should include conducting fiost heave tests in the laboratory which simulate field 

f3eez.g conditions. 

Ideally, laboratory fiost heave tests should be conducted on sand obtained fiom the site 

where in-situ ground fkeezing may be used. Test specimens may be reconstituted fiom 

bulk samples obtained fiom the site, however, the grain size dimibution and fines 

mineraiogy of the recoanituted specimen should have characteristics that are similar to 

those existing in-situ. One-dimensional fiost heave tests should be conducted ailowing 

free drainage, under the in-situ stress and pore water pressure conditions. The themal 

gradient applied to the sample shouid be equal to the temperature gradient that would 

exist in the field, at the radial distance fiom the k z e  pipe where samples would be 

recovered. Based on temperature measurements at either end of the specimen, the test 

should be carried out until al1 of the soi1 f3eezes- 



If h s t  have tests, conductexi under conditions which mode1 the in-situ conditions. do 

not show any signifiant expansion (< 0.5 mm) due to k z i n g ,  in-situ ground fieezing 

can k carrieci out to obtain undisturbeâ samples, pmvided that the time and cost 

associated with this method are not prec1usive. Theoretical modeling of the in-situ 

ground k z i n g  process will be discussed in the following section, to show how 

predictions of the heat extraction requkements and the associated costs can be evaluated. 

2.6 Theontical Preàiction of Ground Freezing Process to Evaluate Time and 

Costs Requirements 

Feasibility studies shouid aiso include an estimation of costs and fieezing time required to 

conduct in-situ ground fkezïng. Typical cost estimates associated with carrying out 

in-situ ground freezing at three test sites are provided in Appendix F. The heat extraction 

requirements to freeze a given soii depends on the subsoil and groundwater conditions. 

The parameters which effect the amount of liquid nitrogen required to fieeze a given soil 

include: soi1 moistwe content soi1 density, fiozen and unfiozen thermal conductivity and 

heat capacity, latent h a  and initial groundwater temperature. The moisture content has 

a greater impact on the heat extraction requirernents than the soi1 density. since less heat 

must be extracted to cool mineral grains than to cool and transfomi pore water into ice. 

Therefore, soils with a high moistue content require the removal of larger amounts of 

heat to initiate phase change in the pore water. The heat extraction requirements govem 

the volumes of liquid nitrogen required to fkeze a column of soil at a specific site and 

therefore. directly affect the costs associated with undertaking in-situ ground freezing. 

As shown in Figure 2-5, after Sanger and Sayles (1979), at the boundary between the 

fiozen and d o z e n  soi1 a discontinuity exists due to the change in thermal conductivity 

and specinc heat capacity that occurs with a change ui phase. The equations derived by 

Sanger and Sayles (1979), expressing the temperature distributions through the fiozen (vd 

and d o z e n  (vJ soiis are aiso show in the Figure 2-5. As a result of the discontinuiv. 



simplüjing assumptions mua be used, ahmg with heat conduction theory. to determine 

the heat extraction requiianent and length of t h e  to k z e  a given radius of soil. In the 

development of the equation descn'bing beat extraction, Sanger and Sayles (1979) 

assumed that the isotherms move slowly enough to resemble steady state conditions. 

According to the authors, although this is not saictly correct, experience has shown this 

assurnption to be adequate for engineering design prnposes. 

To predict the volume of liquid nitrogen required to fieeze a given radius of soil. the 

equation given by Sanger and Sayles (1979) for the total energy extracted nom the 

groound to fieeze a cylinder of soi1 can be utilized by dividing the expression for the 

energy extracted by the latent heat of phase change of liquid nitrogen. The equation for 

the total energy extracteci Uicludes four ternis: (1) the volumetric latent heat of the frozen 

soil Liberated when the unfiozen soil changes phase; (2) the unfiozen volumetric heat 

capacity, goveming the amount of heat that was extracted to cool the mil, that constitutes 

the fiozen column at the thne under consideration, fiom its original temperature to the 

fieezing point of the pore water, (3) the fiozen volumetric heat capacity. governing the 

amount of heat that must be extracted to cool the fiozen soil fiom 0' C to its temperature 

at the tirne under consideration: and (4) the unfiozen volumemc heat capacity for cooling 

the d o z e n  soil outside the fiozen cylinder, but within the radius of infiuence of the 

fieeze pipe. 

The equation for the total heat energy extracted given by Sanger and Sayles (1979) is: 

where: Q is the total heat extracted nom the ground (Jlm length of fieeze pipe); L is the 

volumetric latent heat of fusion (~/m'); a, is the factor which when multiplieci by the 

fiozen radius, R (m), defines the radius of temperature influence of the freeze pipe 

outside the fiozen cylinder (a, is generally assumed to be 3); Cu is the volumetric latent 

heat of the unfiozen soil ( J / ~ ~ ' K ) ;  vo is the difference between the original ground 

temperature and the fieezing point of water ("IC); Cf is the volumetric heat capacity of the 



fiozen soi1 (~/m~%); v, is the ciifference between the sicin temperature of the fieeze pipe 

and the fkezing point of water (%); and ro is the radius of the f k z e  pipe (m). 

Sanger and Sayles (1979) also give an equation for the tirne required to k e z e  a column 

of soi1 with radius R The expression is based on the fact that the rate of heat flow 

through the wall of the fireeze pipe mus be sufFcient to sustain the growth of the fieezing 

soi1 column. Applying the Fourier Equation for steady state heat flow to a cylinder. the 

authors give the foiiowing expression: 

t = (E? ~ , 1 4 k & )  { 2 ln(iUrO) - 1 +cfvJL, } [2- 1 O] 

where: 

L, = ( L + ((q2- 1 112 wr)) C,v, t [2-111 

where k, is the thermal conductivity of the fiozen soil (J/smS(). 

2.6.1 Growth of the Frozen Radius 

The growth of a fiozen colurnn of soil around a fkeze pipe cm be predicted by solving 

Equation 12-1 O], repeatedy, for specified radial increments up to the final design radius. 

Utilizing a spread sheet and speciwg the soi1 rnoisture content, density. both the fiozen 

and unfiozen soi1 themal properties, and the temperatures of the groundwater and fieeze 

pipe, the fiozen radius vernis time can be obtained A typical plot of the growth of the 

fiozen radius with time is show in Figure 2-6. Initially. the fiozen radius increases 

quickly since the unfiozen soi1 is in close proximity to the k z e  pipe containhg liquid 

nitrogen at -196 OC. As the fiozen radius increases, the unfiozen soil is in contact with 

the fiozen column of sand which is considerably warmer than the freeze pipe. Hence, the 

rate of growth of the fiozen zone decreases with thne. The selection of themal properties 

will be discussed M e r  as part of the case histones presented in Chapters 4 and 5 .  

Cornparisons between the actual growth of the fiozen zone and the theoretical predictions 

will also be presented. 



2.6.2 Volume of Liquid N i g e n  Required 

The volume of liquid nitrogen requied to k z e  a given radius, R, can be determiwd by 

dividing Equation [Z-91 by the volumetric latent heat of iiquid nitrogen, since this 

represents the capacity of the liquid Ditmgen to extract hcat h m  the ground. The iïquid 

nitrogen coasumption can then be plotted against the, utilùing Equations [2-101 and 

[2-111 for increments of fiozen radius up to the nnal radius. Figure 2-7 shows a typical 

plot of Liquid nitrogen consumption with thne. Corresponding to the growth of the 

fiozen radius with the, the rate of liquid nitmgen co~lsumption decreases with tirne. 

however, the decrease is less pronounced. This is due to the fact that although the rate of 

growth of the fiozen radius is decreasing with the. the volume of soil being frozen as the 

radius progresses is increasing drarnaticaiiy. 

2.7 Coacfusioas 

In summary, the following conclusions can be made: 

Disturbance by fkost heave is due to either ice lenses forming in fiost heave susceptible 

soils or when the excess 9 % of pore water volume kezes in place. 

The fiost heave susceptibility of a soil depends on the soi1 grain size distribution. 

inciuding the percentage of fines and their mineraiogy, the unfrozen water content, the 

drainage boundary conditions, the overburden stress and rate of cooling compared to 

the permeability of the deposit 

The nsk of disturbance due to fiost have can be reduced by conducting radial ground 

freezing, such that pore water expulsion can take place in advance of the fieezing 

fiont. 

The chart presented by D a d a  et al. (1992), which takes into account the effect of the 

fines mineralogy on nost heave potential, can be utilized. in conjunction with bulk 



samples obtained nom a specific site, as a preliminary estimate of the froa heave 

susceptibility of the deposit. 

Prior to conducting in-situ ground k z i n g ,  it is prudent to carry out frost heave tests 

in the laboratory, under the conditions that exist in-situ, to c o & m  that this method is 

appropriate for obtaining undisnirbed samples. 

Theoretical equations are available for predicting the rate of growth of the fiozen zone 

and the consumption of iiquid aitrogen during ground fkezing. This will help identiS; 

the costs associated with undertaking in-situ ground freezing for undisturbed sampthg. 
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Figure 2-2: Surface Area Criteria Plot for Evaiuation of Frost Heave Susceptibility 

(modified fiom Daviia, et al. 1992) 
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Figure 2-3: Schematic Illustration of Impeded Drainage of Unfiozen Water Sunounding 

Clay Minerals is a Sand Sample. 
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Figure 2-5: Typical Temperature Pmfile through Frozen and Unfkozen Soi1 Sur~oundiog 

a Freeze Pipe (modified fiom Sanger and Sayles, 1979). 
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Figure 2-6: Theoretical Prediction of the Growth of a Frozen Column around a Freeze 

Pipe for DifTerent Initial Ground Temperatures. 

Figure 2-7: Theoreticai Prediction of Liquid Nitrogen Consurnption durhg Freezing of a 

Columa of Sand around a Freeze Pipe. 



CHAPTER 3: Design of in-Situ Gmund Fmziag System Utiiizing Liquid 

Nitmgen 

3.0 Introduction 

At the beginnuig of this research project, a ground fkezing study was undertaken to 

develop an efficient fkeezing system that could be utiiized at various test sites to recover 

undisturbed samples of relatively loose granuiar soils for the CANLEX project. The 

study included conducting large scale' in-situ gmund kezing experiments in a large 

diameter cased borehole, extending 10 m below the ground surface, that would serve as a 

freezing chamber. Four experiments were conducted in a 10 rn deep column of water and 

two were conducted in a 5 m deep column of wet sand, to monitor the growth of the 

frozen zone around a prototype fieezing pipe under different boundary conditions. 

The primary objectives of the ground heziug experiments conducted for the study 

included: 

cornparison of the achial and predicted growth of the hzen  zone around a freeze pipe 

system to check how well the available heat flow equations mode1 the actual freezing 

process; 

design of a kezing system to promote the efficient use of liquid nitrogen and reduce 

the rate of liquid nitrogen consumption; and 

development of a system for fieering of target zones, dong specified lengths of the 

freeze pipe, to reduce the volume of soi1 to be fiozen and thus the liquid nitrogen 

consumption. 



3.1 Design of Experimental Freezing System 

3.1.1 Fnezing Chamber 

To fonn a large, below ground chamber to conduct the experiments. a 0.9 m diameter 

borehole was excavated at the University of Albemi Fann test site to a depth of 

approximately 12 m below the ground surface. The borehole was advanced through 

clayey subsoils utilizing a large diameter auger drillhg rig. A steel casing was lowered 

down the borehole to the full depth. Concrete was then placed at the bottom of the casing 

to prevent groundwater nom entering the cased hole. The completed inside depth of the 

cased hole was approximately 10 m below the ground d a c e ,  with the casing protruded 

approximately 0.75 m above the ground surface. Upon completion, the cased hole was 

fiiled with clean water to the ground d a c e .  The ha1 configuration of the cased hole. 

prepared for the ground fieezing experirnents, is show in Figure 3-1. 

3.1.2 Fr-g System 

The freezing system was compnsed of a 51 mm diameter steel freeze pipe that contained 

NO, 13 mm diameter copper pipes. One of the copper pipes was used for injecting liquid 

nitmgen into the Ereeze pipe, and the other to eluninate gas nitrogen after the liquid 

nitrogen had undergone phase change. Rubber seals were placed at selected depths to 

create reservoirs within the freeze pipe where liquid nitrogen would be allowed to 

completely fil1 that section of the k z e  pipe. A schematic diagram, showhg a typical 

fieezing system configuration utilued during the experiments is s h o w  in Figure 3-1. 

3.1.3 Monitoring of the Freeziag Process 

Resistance Temperature Devices (RTDs) were hung at regular intervals from a bracket 

attached near the top of the fieeze pipe and fastened to a similar bracket located at the 



base of the k z e  pipe. Four strings of RTDs were installed such that the temperature 

distribution during fkezing could be determined in a radial direction and dong the length 

of the fieezing zone. The RTD saings were instailed at radial distances of 0.06 m. 

0.16 m, 0.26 rn and 0.36 m dong the fidi length of the k z e  pipe, as show in 

Figure 3-1. 

3.1.4 Theoretical Preàiction of the F m P i g  Process 

In Chapter 2 of this thesis. a detailed discussion of the theoretical prediction of the 

ground fkezing process was presented. However. it is necessary to highlight some of the 

key features regarding the theoretical equations presented by Sanger and Sayles (1979) 

that describe the heat energy extraction requirements. This will facilitate an 

understanding of the discrepancies between experimental measurements and the 

theoreticai predictions. 

Given the discon~uity that exists in the temperature cuve at the frozen/unfiozen 

boundary, Sanger and Sayles (1979) made some shplifying assumptions to allow for 

development of a mathematical expression descnbing heat extraction during ground 

freezhg. Included in these, was the assumption that the isothems move slowly enough 

that the conditions at any given fiozen radius can be assumed to be steady state. Thus. 

the equation, which describes the total energy that must be extracted fiom the gound at 

any given radius, includes the following four terms: 

1. the volumetric latent teat of the fiozen soi1 liberated when the d iozen  soil changes 

phase; 

2. the unfiozen volumetric heat capacity, governing the amount of heat that must be 

extracted to cool the soil, that constitutes the frozen column at the t h e  under 

consideration, fkom its initial temperature to the fkezing point of the pore water; 



3. the hzen volumetric heat capacity, goveming the amount of heat that must be 

extractcd to cool the h z e n  soi1 h m  the fkzing point of the pore water to its 

temperature at the tïme under consideration, and 

4. the Utlfiozen volumetric heat capacity for cooling the uafimzen soi1 outside the nozen 

cylinder, but within the radius of Muence of the fkeze pipe. 

The volume of liquid nitmgen required to k z e  a given radius of soii c m  then be 

estimated by dividuig the summation of these terms by the latent heat of liquid nitrogen. 

since this represents the capacity of the liquid nitmgen to extract heat fiom the ground. 

The effect of assuming that steady state conditions prevail at a given fiozen radius. for 

theoretical prediction of the ground fieezing process. will be discussed dong with the 

experimental results later in this chapter. Copies of the spread sheets used for predicting 

the volumes of Liquid nitrogen used during each experiment are provided in Appendix A. 

3.2 Procedures and Test Results for FrooPng Experiments Conducted in Water 

Four experiments were conducted with the fkezing chamber full of water and two 

experirnents were conducted in clean wet sand. Water was fiozen for the fim set of 

experiments since the themial properties of water are known, thereby facilitating 

evaluation of how well the theoretical equations for heat extraction requirements 

presented by Sanger and Sayles (1979) mode1 the actual fkezing process. 

The thermal properties used for the caicdations in which water was frozen included: 

Thermal conductivity of water = 0.6 1 J/sm°K 

Thermal conductivity of ice = 2.20 J/sm°K 

Volumetrk Heat Capacity of water = 4.187 M J / ~ ~ " K  

Volumetric Heat Capacity of ice = 1.88 M.I/rn3"IC 

Latent Heat of Fusion = 334 kJ/kg 



Afier the completion of the water fkezing experiments, two experiments were conducted 

where saturated, clean sand was fiozen. Modeling of the b z b g  process during these 

experiments required estimation of the the- properties of the sand. The volumenic 

heat capacity of the unfkozen (Cd and h z e n  (Cd sand were estimated using the 

following relations provided by Farouki (1 986): 

Cf = y d  yv (0.18+0.50/100}C, ( J / ~ ~ " K )  [3-21 

where yd is the dry density of the soi1 in kg/m3, y, is the unit weight of water in kg/m3. o 

is the water content in percent, and C, is the volumetric heat capacity of water in ~ l r n " ~ .  

initially, the dry density and water content of the sand were estimated based on 

expenence with similar soils. However, once a sample of the fiozen sand could be 

recovered, two block samples were cut nom the fiozen bulb obtained during 

Experiment 6 for grain size and moisme content analysis. After the moisnire contents 

had been corrected for 9 % expulsion of pore water during fieezing. the information 

obtained nom the laboratory tests conducted on the block samples was used to 

re-calculate the ùi-put parameters required for anaiytical predictions. The grain size 

curves obtained fiom the two block samples are shown in Appendix A. Figure Al. The 

moisture contents determined for the two block samples were 23.8 % and 27.5 %. giving 

the average moimue content of 25.7 % that was used for theoretical predictions. 

Initial predictions of the fiozen and unfiozen thermal conductivity of the sand were made 

based on charts provided by Kersten (1949), where thermal conductivity is presented as a 

fiuiction of dry density and moisture content. . The charts given by Kersten predicted an 

unfiozen themal conductivity of about 1.75 J/sm% and a fiozen thermal conductivity of 

about 3.1 J/sm"K. However, after &ta was available fiom the fieezing experiments, it 

was evident that these unfiozen and fiozen thermal conductivities were not correct. since 



the actud growth of the h z e n  radius was significantiy faster than the initiai theoretical 

prediction, 

According to Farouki (1981), although Kersten's method does not consider the quartz 

content of a soil, the thennal conductivity of a granuiar soils is mongly related to the 

thermal conductivity of the soil grains, which is a hction of quartz content. By 

comparing measured and predicted values, Farouki concluded that the bea method for 

estimating the thermal conductivity of granula soii, which takes into account quartz 

content, is given by bhansen (1975). Therefore, the unfrozen and fiozen thennal 

conductivities of the sand were revised based on the charts presented by Farouki (1981). 

The revised thermal properties used to predict the growth of the fiozen radius and liquid 

nitrogen consumption in the experiments where sand was fiozen. were as follows: 

The specific fieeze pipe configurations and procedures followed during each experiment 

are presented in the following sections dong with a brief description of the test results. 

This is foliowed by a more detailed discussion and cornparison of the experimental 

results with the theoretical predictions. 

3.2.1 Experiment 1 

Procedui.e 
Experiment 1 involved tieezing a column of water of approximately 1 m in length. 

between a depth of 4 and 5 m below the ground d a c e .  Rubber seds were placed at 

depths of 4 m and 5 m below the pomd d a c e  to allow for the accumulation of liquid 

nitrogen in the fieeze pipe between these depths during the experiment The exhaust, or 

nser, pipe was cut off just above the upper rubber seal and gaseous nitrogen was allowed 



to escape thmugh the riser pipe. into the lÏeeze pipe above the target zone and then into 

the atmosphere. 

The initial set of temperature rradings taken h m  the RTDs pnor to freezing indicated 

that the temperature of the water in the steel casing ( f k e z i n g  chamber) was 

approximately 6.2 O C  near the bottom of the fkezing chamber and 8.7 O C  near the 

ground surface. Prior to connecthg the fieezing system to the liquid nitrogen. the 

column of water in the k z h g  chamber was cooled to reduce the volume of liquid 

nitrogen needed for the experiment and the length of time required to k e z e  the target 

zone. This was achieved by feeding srnall volumes of iiquid nitrogen directly into the 

column of water through an open-ended 0.05 m diameter copper pipe with a length of 

about 4.6 m. After 8 hours of cooling, the water temperature in the casing was reduced to 

approximately 0.35 OC, in the upper 4.5 m zone, and approximately 4.0 OC, below this 

depth. In the target zone, the initial water temperature was approximately 3.3 O C .  Liquid 

nitrogen was then comected to the f k e e ~ g  system and radial freezing commenced. 

lk&ïb& 

Freezing during Experirnent 1 was carried out for a total of 11 -8 hours. During fieezing. 

the temperatures were monitored at the RTD locations. Temperature data collected 

during the experiments are provided in Appendix A Once fieezing was complete. the 

fieeze pipe with the fiozen bulb attached was lifted out of the casing utilizing a Crane. 

The dimensions of'the fiozen zone were then recorded. A schematic of the fiozen bulb is 

shown in Figure 3-2, with the dimensions recorded at 1 m intervals. 

The fiozen zone extended fkom just below the ground surface to a depth of approxirnately 

6.0 m. Since the copper exhaust pipe had been cut off just above the rubber seal at the 

top of the target zone: gaseous nitrogen, and probably some excess liquid nitrogen, was 

allowed to fil1 the k e z e  pipe above the upper target zone, thereby also causing freezing 

in this region. The fiozen column had an average radius of approximately 0.14 m 

between depths of 1 m and 3 m. In the target zone. the minimum frozen radius. measured 



at the top of the target zone, was 0.18 m, and the maximum fiozen radius. measured at the 

bottom of the target zone, was 0.22 m. Once the measurements of the Erozen zone had 

been taken, the ice was removed h m  the freeze pipe and the RTD strings. The fieezing 

system was then repositioned in the borehole for the next experiment. 

A cornparison of the b z e n  radius predicted for an initial groundwater temperature of 

3.3 O C ,  assuming that the fieeze pipe was full of liquid nitrogen in the target zone. was 

made with the a d  measured maximum and minimum fiozen radii attained. Figure 3-3. 

shows that the measured mînïmum fiozen d u s ,  at the top of the target zone. fell below 

the growth of the fiozen radius pdicted for liquid nitrogen. while the maximum radius 

of the fiozen zone. near the bottom of the target zone, agreed with the theoretical 

prediction. Figure 3-4 also shows that the predicted liquid nitrogen consumption was 

significantly greater than the actual consumption 

The discrepancy with respect to liquid nitrogen consumption was likely due to the fact 

that during the first experiment some difficulty was encountered in maintaining the freeze 

pipe reservoir completely full of liquid nitrogen at al1 times within the target zone. 

Hence, in the upper portion of the target zone, heat loss to gaseous nitrogen in the f ieee  

pipe by conduction would have been substantially less than heat loss due to the phase 

change of liquid nitrogen. Since, the theoreticai predictions considered thus far assume 

that heat extraction is due solely to the latent heat of liquid nitrogen, the growth of the 

fiozen m e  near the bottom of the target zone, where liquid nitrogen filled the freeze pipe 

throughout the duration of the experiment, would be expected to agree with theoretical 

predictions. However, Figure 3-3 aiso shows that when it was assumed that only gaseous 

nitrogen existed in the fieeze pipe at a temperature of about -120 O C ,  the minimum fiozen 

radius near the top of the target zone a g m d  with the theoreticai prediction. 

To confimi the hypothesis that the fmte pipe in the target zone was partiaily filled with 

liquid nitrogen and partially filled with gas nitrogen, the themai predictions were 

revised. Since the actual proportions of liquid and gaseous nitmgen were unknown. it 



was assumed that the upper 1/3 of the k z e  pipe in the target zone was filled wirh 

gaseous nitrogen and the lower 2/3 was fïiled with tiquid ninogen. To prdct the growth 

of the fhmn zone under these conditions, a weighted average of the liquid nitrogen 

temperature and the gaseous nitrogen temperature was used to calculate the time required 

to reach a given fiozen radius. The weighted average temperature was falculated as: 

(112) x {[(in) x nooc] + [(u3) x i 9 6 O c l )  = 170 O c  

The equation for calculating the time to k z e  a given radius of soil is given by Sanger 

and Sayles (1979) and was discussed in Chapter 2. For reference here. the equation is: 

and L is the volumetric latent heat of fusion of the pore water (Jlm3); a, is the factor 

which when multiplied by the fiozen radius. R (m), defines the radius of temperature 

influence of the freeze pipe outside the fiozen cylinder (a, is generally assurned to be 3): 

Cu is the volumetric latent heat of the unfiozen soil (J/m3%); v, is the difference between 

the original ground temperature and the fkeezing point of water (%); kf is the thermal 

conductivity of the fiozen soi1 (~/sm%); Cf is the volumetric heat capacity of the frozen 

soil (J1m3%); v, is the ciifference between the skin temperature of the freeze pipe and the 

fieezhg point of water ("K); and r, is the radius of the fieeze pipe (m). Figure 3-5 shows 

that the revised prediction agrees with the average of the maximum and minimum fiozen 

radii measured dong the target zone. 

In Chapter 2 it was stated that, when liquid nitrogen is used as the coolant in a fieeze 

pipe, the volume of liquid nihogen required to heze  a given radius of soil can be 

estimated by dividing the totai heat energy that mut be extracted, by the latent heat of 

liquid nitrogen. Calculation of the volume of liquid nitrogen that would be required to 

fkeeze a given radius, when the freeze pipe contains both liquid and gaseous nitrogen, 

requires evaluation of the contribution to heat extraction by the latent heat of liquid 



nitrogen and by the volumetric heat capacity of the gaseous nitrogen times the 

temperature change of the gas. 

Hence for Experiment 1, where it was assuwd that the f k z e  pipe reservoir contahed 

1B gas nitrogen and 2/3 Liquid nitmgen, the equation used to calculate the volume of 

liquid nitrogen included the heat extraction, QLHl related to the latent heat of liquid 

nitrogen and the heat extraction, QGm, related to the volumetric heat capacity of the 

gaseous nitrogen- Therefore. the total volume of  liquid nitrogen required to f5eeze a @en 

radius was deterrnined based on the foliowing equation: 

where: LW2 is the latent heat of liquid nitrogen (kJ/m3); CGN2 is the volumetric heat 

capacity of gaseous nitrogen (k.T/m3%), Av, is the increase in temperature of the gas 

nitrogen due to absorption of heat fiom the surroundhg ground e(). (vJm is the initial 

temperature of the liquid nitrogen ("K) and ( v , ) ~  is the initiai temperature of the 

gaseous nitrogen (%). Figure 3-6 shows that the revised theoretical prediction of volume 

of liquid nitrogen utilized during Experiment 1 agrees with the achial consumption of 

iiquid nitrogen. 

3.2.2 Esperimeat 2 

Fn2dun 

Expriment 2 involved fieezing two target zones in water, between depths of 4 to 5 m and 

7 to 8 m. Rubber seals were placed at depths of 4.5.7 and 8 m below the ground surface 



to create reservoirs for the liquid nimgen dong specinc target zones. The copper 

exhaun pipe was cut off jut above the rubber seal at 4 m, such that afier the liquid 

nitrogen underwent a phase change in the upper rese~oir. the gas nitrogen could flow 

into the fkz pipe where it could then be exhausted into the atmosphere at the gound 

surface. 

The RTDs indicated that the initial temperature of the water in the fieezing chamber was 

behveen 3 -3 and 3 -9 OC throughout the fidi depth. The entire column of water was cooled 

to approximately 0.6 OC by circulating liquid nitmgen directly into the water through an 

open-ended copper pipe that extended to the bottom of the cased hole. Once the water 

had been cooled, the fkezing system was comected to the liquid nitrogen supply. 

l3smesm 
Freezing dtuing Experiment 2 was carried out for a total of 19.8 hours. The dimensions 

of the fiozen zones were measured afker 7.5 houn and 19.8 hours of fieezing. Two sets 

of measurements were taken in order to compare the growth of the ice with the theoretical 

predictions. Two distinct bulbs of ice were forrned at the target zone locations. as shown 

in Photograph 3-1. The measured dimensions of the frozen zones are shown in Figure 3- 

7. The radius of the fiozen zone decreased significantly between the two mget zones. 

indicating that the liquid nitmgen was isolated from the fkeze pipe in this region in 

accordance with the placement of the rubber seals at 5 and 7 m. Again, neezing occurred 

above the upper target zone since the copper exhaust pipe had been cut off just above the 

mbber seal at 4 m, thereby allowing gas and excess liquid nitrogen to fil1 the freeze pipe 

above the target zone and cause kezing in that region. Once the measwments of the 

fiozen zone had k e n  taken, the ice was removed fkom the freeze pipe and RTD strings. 

The fieeze pipe was then placed back into the water in the k z i n g  chamber utilizhg a 

Crane. 

In Figure 3-8, the maximum and minimum fiozen radii measured in the target zones for 

Experiment 2 are shown in cornparison to the predicted frozen radius for an initial 



groundwater temperature of 0.6"C, assimiing that the freeze pipe reservoirs in the target 

zones were completely full of iiquid nitrogen. The maximum fiozen radius, measured at 

the lower target mue, exceeded the predicted value, wMe the minimum fiozen radius 

measured at the base of the upper target zone agreed with the theoreticai prediction. -4s 

show in Figure 3-9, for this experiment the consumptioa of liquid nitrogen a p d  well 

with the theoretical prediction, based on assMling Liquid nitrogen was contained within 

the Ereeze pipe resewoirs. 

The theoretical predictions assumed a constant initial groundwater temperature. Hence. 

the maximum fiozen radius measured at the bottom of the lower target zone, may have 

exceeded the theoretical predictions due to colder water accumuiating at the bottom of the 

f'keezing chamber by convection as the expeciment progressed. However. lower 

groundwater temperatures. of between 0.6 OC and O OC, would not fûily account for the 

fiozen radius exceeding the predicted vaiue by 0.06 m. 

It therefore appears that the theoretical equations under-predict the growth of the fiozen 

radius at the base of the f k z e  pipe, where liquid nitrogen first accumulates. As noted in 

Chapter 2, the theoretical prediction of fieezing t h e  is based on assuming that steady 

state conditions have been attaîned. However. the actuai time recorded during 

progression of the fieezing fiont, corresponds to the instant at which a temperature of 

O O C  is recorded at an RTD location, which may not represent the steady state condition. 

Hence, the experirnental data hdicates that when liquid nitrogen is used as the refngerant 

for in-situ ground k e z h g ,  the assumption that the isothems move slowiy enough to 

resemble steady state conditions is conservative. 



Procedure 
Experiment 3 also involved fkezing two target zones between 4 to 5 m and 7 to 8 m. 

however, some modifications to the copper riser pipe (vent pipe) were made. The growth 

of ice above the target zone in Experiments 1 and 2 occurred due to the fact that cold 

gaseous nitrogen, and probably some excess liquid nitrogen, was allowed to £31 the freeze 

pipe above the upper seal. The growth of the h z e n  zone in this region indicated that the 

fkeezing system may be more efficient if the copper vent pipe were extended above the 

seal to the ground surface. in this way, the air surroundhg the nser pipe. wouid act as an 

insulator and reduce the amount of radial fieezing that would take place above the target 

zone. In response to the test results obtained fiom the fist two experiments. for 

Experiment 3 the copper exhaust pipe was extended above the ground surface into the 

atrnosphere- 

RTD measurements iodicated that the initial water temperature varkd fiom about 0.5 "C 

to 0.9 OC. initial temperature ciifferences of this magnitude make very Iittle difference to 

the predicted growth of the fiozen radius. It is not until the initial temperature is varied 

by about 10 OC that the theoretical curve shifts significantly (see Figure 2-6 in Chapter 2). 

For calculation purposes. the initial water temperature was assumed to be 0.9 O C .  Since 

the initial water temperatures in the chamkr were ody slightly above fieezing. 

Experiment 3 was staned immediately. 

x h L R d # s  
Freezing durhg Experiment 3 was carried out for a total of 1 8 hours. Due to a delay in 

the mival of the Crane, it was not possible to remove the ice colwnn fiom the casing for 

measurement of the fiozen zones until 2 hours &er the liquid nitrogen supply had 

expired. Two isolated fiozen bulbs located at 4 to 5 m and 7 to 8 m were evident when 

the fmze pipe was lifted fiom the casing, as shown in Figure 3-10. These results show 



that the fkeezing systern designed to freeze discrete target zones was successfid when the 

copper exhaust pipe was extended to the ground surface. 

It is possible that some melting of the ice occurred between the t h e  that the supply of 

liquid nitrogen expimi and the tirne that the ice was removed h m  the casing. Therefore. 

the dimensions of the fiozen section, immediately after the k z h g  system was shut 

down, may have been slightly larger. However, since the water srnoundhg the ice was 

at a temperature of less than 1 OC7 the amount of melting was iikely limited Once the 

measurements of the fiozen zone had been taken, the ice was removed fiom the fieeze 

pipe and the RTD strings, and the k z h g  system was placed back into the water. 

in Figure 3-1 1. the maximum and minimum measured fiozen radü measured in the target 

zones are compared with the theoretical predictions. assuming that the target zones were 

completely full of liquid nitrogen at al1 times during the experiment. The actual 

maximum fiozen radius measured at the lower target zone. 2 hours afier fieezing was 

complete. was greater than the predicted value. However. the fiozen radius measured at 

the upper target zone agreed with the theoreticai prediction. Similarly to Experiment 2. 

the actual rate of liquid nitrogen connimption agreed well with the theoretical prediction. 

based on assuming that the fieeze pipe contained only liquid nitrogen in the target zones. 

as shown in Figure 3- 1 2. 

These results also indicate that at the bottom of the fieeze pipe. where liquid nitrogen 

accumulates fmt, the theoreticai equations are somewhat consemative with respect to 

prediction of the length of Mie  required to fieeze a given radius. As noted previously. 

the conservatism inherent in the theoretical prediction of time to freeze a given radius 

stems ftom the fact that the theory is based on assuming steady state conditions have been 

attained; however, when liquid nitrogen is used to k z e  the ground, the rate of growth of 

the fiozen zone likely exceeds the rate that can be approximated by steady state 

conditions. This conservatism may also be caused by assuming that the unfiozen and 

fiozen thermal conductivities are constant, whereas the very cold temperature of the 



Liquid nitrogen (-196 OC)  may result in signifïcantly higher values for the soi1 in the 

immediate vicinity of the k z e  pipe. In addition, the discrepancy may also result fiom 

additional heat loss fiom poorly innilated regions of the k z e  pipe adjacent to the target 

zones that is not taken into accouat by the theoretical equations, which assume 

one-dimensional kz ing .  Although the Iiquid nitrogen in the copper pipes outside the 

target zones were insulated from the k z e  pipe by the air space between the copper pipes 

and the wall of the fkze pipe, the steel k z e  pipe most iikely conducted cold 

temperatures along its entire length, thereby causing cooling of the water smunàing the 

fieeze pipe outside the target zones. Convection of the colder water to the Iower portions 

of the fieezing chamber. such that the initial temperature used in thermal calculations was 

not constant, may have thus resulted in an increase in the rate of growth of the fiozen 

zone in this region. 

3.2.4 Experiment 4 

I k x d u e  
Experiment 4 involved fieezing a continuous 8 rn long column of water. The rubber seals 

were positioned such that fieezing would take place between depths of 1.25 m and 9.25 m 

below the ground d a c e .  The location of one of the RTD strings was modified slightly 

for the remaining experiments. The RTD string initially located at a radial distance of 

0.36 m fiom the fkeeze pipe was removed and installed directly along the outside of the 

fieeze pipe. ï h e  remaining RTD strings were left in their original positions at radial 

distances of 0.6 m, 0.16 m, and 0.26 m fiom the k e z e  pipe. 

The water in the casing was warmed sligbtly prior to commencing fieezing to include the 

energy extraction required to cool the water to the freezing point. This was accomplished 

by mixhg hot water into the fieezing chamber. The initiai temperatures just pnor to 

connecting the fkeezing system varied fiom approximately 1.5 O C  to 2.2 O C .  An initial 

groundwater temperature of 1.9 O C  was used for theoretical predictions. 



llsm?am 
Freezing during Experiment 4 was d e d  out for a total of approximately 19 hours. The 

h z e n  column was removed h m  the water immediately after the supply of liquid 

nitrogen was ~ m e d  off and measurements of the hzen zone were taken. The fiozen 

column was slightly tapemi, as show in Photograph 3-2 and Figure 3-13, with a radius 

of approximately 0.21 m near the top of the column and a maximum radius of 

approximately 0.28 m at the base. Once the measurements were taken, the ice was 

removed fiom the fieezing systern, which was then modified for Experiment 5. 

The maximum and minimum fiozen radii measured in Experiment 4 are s h o w  in 

Figure 3-14. The maximum fiozen radius measured near the bottom of the fiozen column 

slightly exceeded the theoretical prediction, assurning that the fieeze pipe was completely 

full of liquid nitrogen in the target zone at al l  times. However. the minimum fiozen 

radius measured was less than predicted. Figure 3-15 also shows that the actuai 

consumption of Liquid nitrogen during fkeezing of a continuous 8 m column of water in 

Experiment 4 was considerably less than the predicted. assumine the fkeeze pipe ~ithin 

the target zone contained liquid nitrogen. 

The slower rate of cooling at the top of the target zone was likely due to the fact that 

since the target zone reservoir was 8 m long, it was ciifficult to maintain a suficient flow 

rate of liquid nitrogen to keep the reservoir full of liquid nitrogen at ail times during the 

experiment. Figure 3-13 shows that the fiozen radius ïncreased at a depth of 

approximately 6 m. It therefore appears that during most of the experiment, the bottom 

113 of the k e z e  pipe most Iikely contained liquid niaogen while the top 2/3 contained 

gaseous nitrogen. ïhe  mvised thermal pcedictions based this assumption are shown in 

Figures 3- 16 and 3-1 7. Once again, the revised predicted growth of the fiozen radius 

marks the approximate average of the measured maximum and minimum fiozen radius. 

while the predicted and achiat liquid nitrogen consumption show good agreement. 



To increase the efficiency of ground freePng, higher Liquid nitrogen flow rates would 

have to be maintained to prevent the level of Liquid nitrogen in the k z e  pipe fiom 

falling below the top of the target fkz zone. To aid in keeping the fieeze pipe reservoir 

consistently full of liquid nitmgen, uistallation of a valve on the exhaust pipe. to apply a 

slight back pressure, would likely be beneficial. 

3.3 Procdum and Test Rcsults for Experiments Conducteai in Sand 

3.3.1 Experiment 5 

Procedure 
As the ice was king removed fiom the hezing system at the end of Experiment 4. most 

of the ice was piaced on the ground, outside the casing. However. some pieces of ice fell 

back into the fieezing chamber. This ice fioze to the walls of the steel casing. formïng an 

ice cap at the water surface with a thickness of approximately 0.5 m. in order to place the 

fieeze pipe back in the borehole, the ice cap had to be broken up. This was accomplished 

by the addition of hot water and circulation of the water in the casing with warm gaseous 

ninogen at a temperature of approximately +s0 C. This process resulted in a slight 

temperature gradient in the water. 

Experiment 5 involved fieezing a 5 m column of wet sand. The target freeze zone was 

located between 1 m and 5.4 m below the ground surface. To facilitate removal of the 

fiozen zone at the end of the experiment., the heze pipe was shortened such that f?eezing 

would take place only within the upper section of the fieezing chamber. Once the ice had 

been broken up, the fkeezhg chamber was filled with sand by hand. The sand was 

allowed to settie through the water contained in the cased hole, to a depth of 5.25 m 

below the ground surface. The fieeze pipe was then hung in the water above the sand 

with a Crane such that it extended fiom 1.2 m above the ground surface to 5.8 m below 

the ground surface. Sand was then placed around the k z e  pipe up to the ground 

surface. RTD measiuements indicated that the initial temperature of the sanuated sand. 



O O 

prior to fkezing, was approximately 3.5 to 4.1 C. An initial temperature of 3.5 C was 

w d  for the theoretical predictions. 

llsmalh 
Based on theoretical predictions using the thermal properties estimated fiom Kersten's 

charts (Kemen, 1949), b z h g  driring Expairnent 5 was Camed out for a total of 

approximately 20.4 hours. After fkezing was complete, a vacuum truck was utilized to 

remove the saturated Wlfiozen saod fiom between the fiozen soi1 and the cas@ to allow 

for removal of the fiozen column of sand However, during rwiovai of the unfiozen 

saturated sand, it was discovered that the fiozen fadius extended to within 14 cm of the 

casing at the ground d a c e  and the fiozen column of sand could not be removed with a 

Crane. Hence, it was assumed that the h z e n  sand likely extended al1 the way to the wail 

of the casing at depth. Figure 3-18. shows the estimated extent of the fiozen column sand 

developed during Experiment 5. 

To thaw the sand fiozen to the casing, hot water was circulated through the freeze pipe 

for several days. Once the RTDs indicated that the temperature of the sand was above 

O0 C at dl locations. circulation of the hot water was stopped. The same fieeze pipe 

configuration was then w d  for Experiment 6, where the sand was fiozen for a shorter 

period of time. 

The estimated maximum and minimum fiozen radii attained in Experiment 5 are show 

in cornparison with the predicted values in Figure 3-19. Prediction 1. which was based 

on the themal conductivities estimated fiom Kersten's method does not agree with 

either the maximum or minimum growth of the fiozen radius. Therefore, it was assurned 

that the thermal properties may not be correct and new parameters were selected based on 

Johansen's charts (Johansen, 1975), as presented by Farouki (1981). The growth of the 

fiozen radius given by Prediction 2 agrees witb the maximum fkozen radius estimated at 

the bottom of the fiozen column. The minimum fiozen radius at the top of the target zone 

likely does not match with the theoreticai predictions due to the presence of only gas 



nitrogen in the upper portion of the target zone, as indicated in Experiments 1 and 4. In 

support of this assumption, the a d  consumption of liquid nitrogen during 

Experiment 5 also does not agree with the theoretical predictions. as shown in 

Figure 3-20. Since the actual h z e n  radii were not measured for Experiment 5. 

modification of the thexmai pndictions to account for gaseous nitrogen in the k e z e  pipe 

was not undertaken- 

emGdlm 

Experiment 6 involved repeating Experiment 5, but fieezing was undertaken for a shorter 

period of t h e .  A 5 m column of wet saad was fiozen between 1 m and 5-4 m below the 

ground surface. RTD measurements indicated that the initiai temperature of the saturated 

sand prior to commenchg fieezing was 9.5 OC to 10.3 OC. The thermal predictions were 

carried out assumhg an initial temperature of 9.9 OC. 

In order to improve the efficiency of the fieezing system a piezometer was installed to 

measure the liquid nitrogen levei in the copper feeder pipe such that it could be kept 

constant during eeezing. Prior to conducting Experiment 6, a 3 mm diameter copper 

standpipe was installed through the exhaust pipe. down to the bottom of the liquid 

nitrogen reservoir m the tatget zone. 

Continued fluctuations in the piezometer level indicated that the reservoir was filled with 

liquid nitrogen until a critical level of fluid had accumulated and then the liquid nitrogen 

rapidly undenvent a phase change to the gaseous state. By monitoring the piezometer 

levels, it was possible to maintain a more constant flow of Iiquid nitrogen during 

freezing. However, with the equipment king utilized on the üquid nitrogen tanker at the 

t h e ,  it was not possible to completely eliminate surging of the coolant. 



lamdrs 
By exercising more carefbi control over the tiow of liquid nitmgen, the rate of usage of 

the iiquid nitrogen was kept more constant during Experiment6. The RTD 

measurements taken during Experiment 6 indicated t&at, provided the supply of liquid 

nitrogen was kept constant, the groundwater temperatures did not fluctuate significantiy. 

but continued to decrase srnoothiy throughout the neeMg pmess. 

Freezing during Experiment 6 was carried out for a total of approxîmately 10 hours. A 

vacuum truck was used to remove the saturateci, unfiozen sand fiom inside the cased 

hole. The fiozen column was then raised from the casing utilizing a Crane, as shown in 

Photograph 3-3. The dimensions of the frozen column are show in Figure 3-21. The 

fiozen bulb was slightiy tapered. with a radius of 0.26 m at the top of the column and 

0.24 m near the midpoint, with a maximum radius of about 0.38 m near the bottom. 

The maximum and minimum fiozen radii attained withui the target zone during 

Experùnent 6 are shown in Figure 3-22. The average of the maximum and minimum 

measured fiozen radii corresponded with the predicted fiozen radius, assuming that the 

fieeze pipe within the target zones contained liquid nitrogen at al1 times during the 

experiment. This suggested that freezing during Experbent 6 progressed due to both 

liquid and gaseous nitrogen in the reservoir. Moreover, as show in Photograph 3-3. the 

shape of the fiozen column was not uniform and it appears that liquid nitrogen was 

probably contained within only the lowerrnost 2 m of the target zone for the duration of 

the experiment. As shown in Figure 3-23, the actuai consumption of liquid ritrogen for 

fieerulg during Experiment 6 was aiso significantly less than predicted. 

Figures 3-24 and 3-25 show revised predictions assuming that liquid nitrogen existed in 

the lowerxnost 2 m of the reservoir and gas nitrogen filled the rest of the fieeze pipe. As 

shown by the figures, the predicted fiozen radius is acceptable, since it falls in between 

the maximum and minimum measured fiozen radii, and the actual consumption of liquid 

nitrogen agrees very well with the predicted volumes of liquid nitrogen consurned. 



3.4 Conclusions 

The experimental results iudicated that the theoretid predictions. undenaken assuming 

that liquid nitrogen was contained within the k z e  pipe reservoir(s) in the target zone(s) 

at ali times during fkezing, generaiiy showed good agreement with the average of the 

minimum and maximum h z e n  radii measured in the target zone. However, in cases 

where the level of Liquid nitrogen in the f k z e  pipe fell below the top of the target zone 

durhg moa of the experiment, these theoretical predictions showed poor agreement with 

the actual consumption of liquid nitrogen. The actuai minimum fiozen radius. found to 

occur near the top of the target zone, agreed well with the theoreticai prediction. based on 

assuming that the ffeeze pipe contained gaseous nitrogen. This result indicated that the 

phase change interface, where the liquid nitrogen changed to gas. was located below the 

top of the target zone. Revised predictions, that considered the heat extraction 

contributions fkom both the latent heat of Liquid nitrogen, in the lower portion of the 

target zone, and the volumetric heat capacity of the gaseous nitrogen. in the upper portion 

of the target mne, predicted the average of the measured hozen radii well and showed 

very good agreement with the actual consumption of liquid nitrogen. 

The actuai maximum fiozen radius. found to occur near the bottom of the mget zone. 

slightiy exceed the theoretical prediction, based on assuxning that liquid nitrogen was 

contained w i t b  the fkeeze pipe reservou in the target zone at dl times. This discrepancy 

Iikely arose fiom the fact that the theoreticai prediction of freezing t h e  was based on 

assurning that steady state conditions existed, while the actual t h e  recorded during 

progression of the fieezing nont corresponded to the iastaat at which a temperature of 

O OC was recorded at the RTD locations, which may not correspond to steady state 

conditions. Hence, the experimental data indicates that when liquid nitrogen is used as 

the refngerant for in-situ ground fireezing, assuming that the isothems move slowly 

enough to resemble steady state conditions is consenrative during initial ground fieezing. 

This conservatism may also be caused by assuming that the unfiozen and fiozen thermal 

conductivities are constant, whereas the very cold temperature of the liquid nitrogen 



(-196 OC) rnay result in significantly higher values for the soil in the immediate vicinity 

of the f k z e  pipe. During the experiments where water was hzen,  convection of colder 

groundwater to the bottom of the k z h g  chamber may have also resulted in more rapid 

freePag near the bottom of the target zone, comparai to the theoretical predictions. 

In spite of the above inaccuracies, prior to undertaking in-situ ground fieezing, the 

theoretical equations presented by Sanger and Sayles (1979) cm be used to predict the 

Mie required to fieeze a specified average radius reasonably weil. However. if the level 

of liquid nitrogen in the fieeze pipe fdls below the top of the target zone during much of 

the fieezing process, the pdicted volume of liquid nitrogen will likely be significantly 

higher than the actual requirement. This results since significant cooling of the ground is 

achieved by conduction of heat fkom the ground to the gaseous nitrogen in the fkeeze pipe 

which is at a temperature of about -120 OC. 

Although it may be possible to determine the relative proportions of gas and liquid 

nitrogen by iostalling temperature measurement devices that c m  withstand the 

temperatures and turbulence in the fkeeze pipe, it is preferable to fkeeze the soil in the 

fom of a right cylinder by maintaining only liquid nitrogen in the fieeze pipe. Freezing a 

uniform column of soi1 wiU both reduce the risk of disturbance of the soiIs. due to sub- 

vertical fkezing &on&, and facilitate corhg of the fiozen sand upon completion of in-sini 

ground fkeezing. To avoid dificulties associated with coring of the frozen sand and 

inaccurate prediction of the liquid nitrogen requirements, modifications to the fieezing 

system could be dertaken to ensure that the fieeze pipe reservoir is full of liquid 

nitrogen at al1 times. Utiiizing higher liquid nitrogen flow rates and installation of a 

valve on the exhaust pipe, to apply a slight back pressure, should aid in keeping the fieeze 

pipe reservoir consistentiy full of liquid nitrogen. 
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Photograph 3- 1 : Frozen Zone Obtained fiom 
Experiment 2 

- 

Photograph 3-2: Frozen Zone Obtained fiom 
Experiment 4 



Photograph 3-3 : Frozen Zone Obtained From Experiment 6. 
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Figure 3-1: Schematic of the Cased Borehole showing Typical Freeze Pipe 

Configuration. 



Zone Target I 

Figure 3-2: Dimensions of the Frozen Zone Recorded for Experiment 1. 



Figure 3-3: Cornparison of Predicted Frozen Radius with Actual Maximum and 

Minimum Frozen Radii anained in Experiment 1. 

Figure 3-4: Cornparison Berneen Predicted and Actuai Liquid Nitrogen Consumption 

during Experiment 1. 



Figure 3-5: Frozen Radius Prediaion for both Liquid and Gas Nitrogen in Freeze Pipe 

during Experiment 1. 

Figure 3-6: Liquid Ntro8~11 Consumption Prdction for both Liquid and Gas Nitrogen 

in Frceze Pipe during El<paiment 1. 
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Figure 3-7: Dimensions of the Frozen Zone Recorded for Experiment 2. 



Figure 3-8: Cornparison of Predicted Frozen Radius with Actual Maximum and 

Minimum Frozen Radii attained in Experiment 2. 

Figure 3-9: Cornparison Between Predicted and Actuai Liquid Nitrogen Consumption 

during Experiment 2. 
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Figure 3-10: Dimensions of the Frozen Zone Recorded for Experirnent 3. 



Figure 3-1 1: Comparison of M c t e d  Frozen Radius with Acnial Maximum and 

Minimum Frozen Radii attained in Experiment 3. 

Figure 3-12: Comparison Between P d c t e d  and Acnial Liquid Nitmgen Consumption 

during Experiment 3. 
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Figure 3-1 3 : Dimeasions of the Frozen Zone Recorded for Experiment 4. 



Figure 3-14: Cornparison of Prdcted Frozen Radius with Actual M;uùmwn and 

Minimum Frozen Radii attaïned in Experiment 4. 

Figure 3-15: Cornpuison B ~ e c n  Prcdicted lad Actual Liquid Nitrogen Consumption 

during Experiment 4. 



Figure 3-16: Frozen Radius Prediction for bath Liquid and Gas Nitrogen in Freeze Pipe 

during Experiment 4. 

Figure 3- 17: Liquid Nitrogen Coasumption Prediction for both Liquid and Gas Nitrogen 

in Freeze Pipe during Experiment 4. 



Figure 3 - 1 8: Dimensions of the Frozea Zone Recorded for Experiment 5.  



Figure 3-19: Comparison of Predicted Frozen Radius with Amal Maximum and 

Minimum Frozen Radü anained in Experirnent 5.  

Figure 3-20: Comparison Betwœn Preciictcd and A d  Liquid Nïtrogen Consumption 
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Figure 3-2 1 : Dimensions of the Frozen Zone Recorded for Experiment 6. 



Figure 3-22: Comparison of Prdicted Frozen Radius with A d  Maximum and 

Minimum Frozen Radü attaiaed in Experiment 6. 

Figure 3-23: Comparison Betwccn Predicted and Actual Liquid Nitrogen Consumption 

during Experiment 6. 



Figure 3-24: Frozen Radius Predïction for both Liquid and Gas Nitrogen in Freeze Pipe 

during Expriment 6. 
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Figure 3-25: Liquid Mtrogen Coasumption Rediction for both Liquid and Gas Nitrogen 

in Freeze Pipe during Expenment 6. 



Chapter 4: Case Eistoy of Undisturbed Sampiing of a Man-Made Sand Deposit 

by InSihi Ground Fr#zi.g 

The Canadian Liquefxtion Experiment (CANLEX) was undertaken IO detemine the 

most effective methods of characterizhg sand to evaluate the potential for dynamic and 

static liquefaction. The main objectives of the project included: development of test sites 

to study sand characterization, development of economical undisturbed sampling 

techniques, and establishing a greater understanding of soi1 liquefaction (Robertson. et al. 

1994). As part of the CANLM project, in-situ ground freezing was undertaken at the 

centre of the Phase 1 test site to obtaui undisturbed samples of loose sand. Within a 5 m 

radius of the zone where &situ ground fieezing and sampling was undertaken. 

conventional Fixed Piston samphg and various in-situ testkg techniques. such as Cone 

Penetration Tests, Standard Penetration Tests, Geophysical Logging, Self Bonng 

Pressuremeter Tests were undertaken for cornparison of different sand characterization 

rnethods- 

The scope of work for the ground fieezing and sampling activity Încluded the following: 

Conduct a site specific feasibility study to confimi that in-situ ground fieezing of 

a sand deposit at the Phase I test site to obtain undisturbed samples of sand 

without disturbing the existing void ratio or fabric. 

Design an efficient fkezïng system, utilking Liquid nitmgen. to fieeze the ground 

without causing disturbance in the most cost-effective mariner. 

Obtain undisturbed core samples of the in-situ fiozen sand for evaluatioa of the 

in-situ void ratio and for subsequent laboratory testïng by CANLEX participants 

to evaluate the liquefaction potential of the sand deposit. 



The following chapter describes in-situ ground fkezing and c o ~ g  of the frozen sand 

deposit undertaken at the Phase 1 test site. The feasibility studies conducted pnor to 

executing the fieldwdc are reviewed. The g r o ~ d  fkezing system utilized at the test site 

is descrîbed, the data measined during the neCzing process are presented and the actual 

progress of gound f'reezing at the test site is compared with theoretical predictions. The 

procedure utilized for coring of the in-situ hzen  sand is described. Measuements of the 

in-situ void ratios determined h m  the fiozen cores are compared with the void ratios 

detemllned by the geophysical logging conducted within a 5 m radius of the fkeeze pipe. 

4.1 Background 

The location and target depths for undertaking ground fieezing and sampling at the 

Phase I test site was selected as part of a separate activity for the CANLEX Project. The 

criteria for site selection included identifying the loosest available deep deposit of sand in 

the southest end of the Mildred Lake Settling Basin (MLSB) dike at 

Syncrude Canada Ltd. (SCL). Seismic Cone Penetration Tests (SCPT), with shear wave 

velocity measurements, and Standard Penetration Tests (SPT) were c d e d  out in 

Cells 22 to 28 of the MLSB to identiQ the best location for the Phase I test site. The 

zone selected that satisfied these criteria was located in Ceii 24, between depths of 27 m 

and 37 m below the ground surface. correspondkg to elevations of approximately 324 m 

and 3 14 m, respectively. The test site location is shown in Figure 4-1. The CPT profiles 

obtained during the initial site screening are provided in Appendix By Figure B 1, and the 

nonnaiized values of q,,, v,, and N, obtauied fiom the SCPTs and SPTs are show in 

Table B 1. 

Once the site location had been setected, SPT split spoon samples were recovered corn 

the target zone to evaluate the sand with respect to the feasibility of conducting in-situ 

ground fieezhg for undisturbed sampling. Information obtahed fiom Ce11 24 which was 

relevant to the ground fkezing study, including the characteristics of the sand. the density 



of the sand deposit and the groundwater conditions are discussed in the following 

sections, 

Feasibility nudies were conducted prior to undertaking in-situ ground f i e e ~ g  at the 

Phase 1 test site to c0di.m that the sand deposit couid be fiozen without altering the 

in-situ void ratio or fabric of the deposit To meet this objective, the following studies 

were completed between May, 1993 and October. 1993 : 

Evaluation of the fkost heave susceptibility of the sand deposit at the 

Phase 1 test site. 

Evaluation of the groundwater conditions at the site. including expected 

groundwater temperatures and in-situ flow gradients. 

Evaluation of the cooling system and fieeze pipe configuration that would 

resuit in the most efficient system for ground freezing. 

Evaluation of the dimensions of the fiozen column of sand required in 

order to recover the desired amount of fÎozen core for subsequent in-situ 

void ratio determination and laboratory testing. 

Evaluation of the time and volume of liquid nitrogen required to fieeze a 

column of sand with given àimensions. 

4 2 1  Frost Heave Susceptibüity of Sabsoii 

Laboratory testing was carried out to d e t e d e  the grain size distribution and the 

minedogy of the sand at the test site. Frost heave tests were also conducted on two 

samples of sand to evaiuate the fioa heave susceptibüity of the MLSB smd. 



4.2.1.1 Grain Size Disîribution 

Grain size curves established for the Split Spoon sarnples recovered from depths of 

27.4 m and 36.6 m duriDg the site selection study indicated fhes contents of 9.5 and 

14.7 percent, ~spectively. To supplement the grain size information obtained from these 

samples, additionai SPT Split Spoon samples were reaieved h m  Cell24 fiom a 

borehole advanced to i n d l  a groundwater obsmration well aear the test site. The 

sarnples were taken fiom depths of between 18.3 m and 32.0 m. Grain size analyses 

undenaken by both the University of Alberta (U of A) and SCL indicated that the target 

zone contained fine uniforni, angular to subanguiar sand with traces of silt and clay. The 

average DSo of the samples tested was approximately 0.20 mm. The fines content varied 

fiom 7.9 to 13 -9 percent between depths of approximately 2 1 rn and 35 m, and the 

average fines content in the target zone was about 12 %. A typical grain size c w e  

obtained from a sample recovered from just above the target zone is shown in Figure 4-2. 

A summary of the fines content determined for each of the sarnples taken is provided in 

Table 4-1 and the grain size curves established for al1 of the samples are presented in 

Appendix B. 

4.2.1.2 Sand Mineralogy 

The fuies minerdogy was evaluated for the split spoon samples obtained fiom depths of 

28.7, 31.7 and 34.8 m in the borehole advanced for the groundwater observation well. 

The percent clay, by weight of the total fines content, was d e t e h e d  as pari of the 

mineralogical evaluation of the samples. As shown in Table 4-2. the percent of clay sized 

particles in the fines fraction of the samples was found to be 10,8 and 9, for the samples 

obtained from depths of 28.7, 31.7 and 34.8 m, respectively. These percentages 

correspond to approximate clay contents, expressed as percent by weight of the total 

sample, of 1.2, 1.0 and 1.1%, respectively. Therefore, the percentage of clay size particles 

in the saad encountered at depth in Celi 24 was minimal. 



The sinface area of the clay fraction and the estimated mineral content determined for 

each sample, are summarized in Tables 4-2 and 4-3. The rninetalogical evaluation 

indicated that the clay size particle fiaction (a mm) was comprised of between 60 and 

64 percent kaolinite, with appmximately 26 percent mica and 10 to 14 percent quartz. 

The silt size particle fiaction (2-74 pm) was comprised of approximately 90 percent 

quartz, 5 percent kaoiïnite and 5 percent feldspar, with a trace of mica These results 

show that the silt sized particles were comprised of predominantly non-clay quartz 

minerals and the clay size fiaction was comprised of mainly kaolinite clay minerais. 

which exhibit relatively low frost heave susceptibility since kaolinite is an inactive clay 

mineral (see Chapter 2). Thetefore. the sand deposit iikely has a very low potential for 

disturbance due to frost heave. 

Based on the mineralogical information, a preliminary evaluation of the potential for kost 

heave during fieezing was undertaken using the parameten proposed by Davila ( 1992). 

Based on determination of the specific surface areas of the fines soil fraction (< 74 pm) 

and the clay size soi1 fhction (< 2 p), the Fines Mineralogy Ratio, 2,. and the Surface 

Area Index. Qs were calculated. These parameten were then ptotted on the chart 

provided by Davila (1 992) for evaiuating whether or not a soil will have during fkeezing. 

as shown in Figure 4-3. 

Figure 4-3 indicates that, according to Davila's work, heave will not occur during fieezing 

of the sand encountered between approximately 21 m and 35 m in Ce11 24. It should be 

noted that Davila's chart was developed for soil fiozen under a confining stress of 24 kPa. 

The confining stress at the test site wodd be considerably higher than 24 kPa and. as 

discussed in Chapter 3, this fiirther reduces the potential for heave during freezùig 

(Konrad and Morgenstern, 1982). 



42.13 Labotato y Frost Heave Testhg 

To connmi the conclusion based on Davila et al. (1992), that the sand at the Phase 1 test 

site could be Erozen without disturbance due to hst  heave, two fkost heave tests were 

conducted on buk samples of tailings sand recovered near the Phase I test site. The &es 

contents of the samples tested were 6.2 % and 15.2 % and, therefore, in the same range as 

that determuied from SPT Split Spoon samples obtained at the Phase 1 test site in the 

target zone. 

The froa heave tests were conducted over a period of approximately 150 houn. under the 

same temperature gradient of 0.6 to 1.1 "Ckm as that expected in the sampling zone 

during in-situ ground fieezing. Both sarnples indicated that pore water was expelled in 

advance of the fieezing fiont and negligible heaves of approximately 0.1 mm were 

recorded at the end of the tests. Plots of the test results are shown in Figures 4 4  and 4-5- 

The fioa heave tests therefore agreed with the results from Dada's chart, confyming 

that dimirbance due to frost heave would not occur during ground freezing at the Phase 1 

test site. 

4.2.1.4 Unfrozen Water Content 

ïhe  magnitude of possible disturbance at the Phase 1 test site, caused by unfrozen water 

surrounding clay minerais freczing under conditions of impeded drainage. was evaluated. 

The Syncnide sand deposits at the Phase 1, where in-situ ground fieezing was undenaken. 

had a silt and clay size hction (fines content) of about 12 % by dry weight, with only 

approximately 1.2 % of the fines comprishg clay sizes. Grain size analysis and 

mineralogical evaluation of the fines indicated t&at the Synmde sand could contain up to 

0.28 % Mica minerais, as a percent by weight of the sand fiaction, and up to 0.70 % 

Kaolin minerals, as a percent by weight Both of these clay minerals have a specifc 



d a c e  area of appmximately 5 m2/g to 50 m2/g, which is directly related to the amount 

of LUlfcrOzen water content (Anderson and Tice, 1972). 

For calcuiation purposes, a sarnpie of Syncrude sand with a total weight of 780 g and a 

high moistrne content of 30 % was considered. Based on assuming an UIlfiozen water 

content at -1 OC of approximately 0.30 g water/g dry soil, h m  measurements undenaken 

for Kaoh by Tice, e t  ai. (1976), the 9 % volume expansion that could occur due to the 

al1 of unfiozen water b z i n g  in place at lower temperatures is 0.15 ml. See Appendk B 

for calculation details. This volume expansion represents an increase in the void ratio of 

approximately 0.0007. Disturbance of this small magnitude is below the iimits of 

accumte weigbt measurement and can be neglected. 

4.2.1.5 Density Condition 

Information obtained fiom a FOred Piston samphg program undertaken in Aprii. 1987 at 

the MLSB pnor to the CANLEX project, indicated that the sand had an average dry 

density of 1 -8 ~ ~ / m 3  and an average moi- content of about 22 %. This information 

was used for predicting the rate of ground fieezing that could be achieved at the site and 

the volumes of liquid nitrogen that would be required to k z e  a 1 m radius column of 

sand. Theoretical prediction of the neezing rate at the Phase 1 test site will be discussed 

latter in this chapter. 

4.2.2 Groundwater Conditions 

The groundwater conditions at the test site which would have an effect on the fieezing 

process, including the groundwater temperature and flow gradients, are discussed in the 

following sections. 



4.2.2.1 initial Gromdwater Temperature 

Groundwater temperatures measured in standpipes in Cells 27 and 28, in March 1993. 

indicated groundwater temperatures in the order of +10 OC. However, a review of data 

obtaïned for CeIl 24 during the Fixed Piston Sampling irogram undertaken in 198% 

indicated groundwater temperatures in the order of 20 OC to depths of 23 m below the 

ground d a c e .  Temperature measurements taken in the MLSB pond during May. 1987. 

Uidicated temperatures varying from 19 OC at the pond d a c e  to 14 OC at a depth of 

approximately 23 m. To incorporate a range of temperatures theoretical predictions for 

in-situ ground fieezing were carried out considering temperatures of 12 OC and 22 OC. 

4.2.2.2 Groundwater Flow 

Information regarding the groundwater flow gradients was obtained from groundwater 

well and pond level measurements taken in the vicinity of the Phase 1 test site and nom a 

report prepared by Klohn Leonoff Ltd. (1991), for SCL. Based on the groundwater level 

measurements taken in existing standpipes near the test site and on the elevation of the 

tailings pond, it was estimated that a groundwater flow gradient of 4.3 percent existed 

across the site. The report prepareâ by Klohn Leonoff provided informatian regarding 

groundwater seepage expected through the MLSB dike. Based on a review of the report. 

it was estimated that the seepage flow in the vicinity of the test site wodd Iikely be in the 

order of 0.25 m3/day m2. The effect of the groundwater flow on the shape of the nozen 

zone will be discussed in the next section. 



4.23 Preàiction of the F@g Praecm at the Phase 1 Test Site 

Thermal computations were carried out to evaluate the amount of energy that would have 

to be extracteci and the leqgth of time that would be required to k z e  a 10 m long 

column of sand with a 1 rn radius. The computations were based on available 

information regarding the site conditions and estimated thermal properties for the sand 

encountered at the site. The input parameters wd for the theoreticai predictions 

included: 

where k,, and kf are the h o z e n  and fiozen themai conductivities, respectively. Cu and 

Cc are the unfiozen and hzen  volumetric heat capacities. respectively. pd is the dry 

density and o is the moisture content. k,, and kf were estimated based on the charts of 

thermal conductivity for granular soils, with different moistue contents and densities. 

published by Farouki (1 98 1, 1986) and C, and Cf were calculated using Equations [ H l  
and [3-21, given in Chapter 3. 

The steady state heat flow equations provided by Sanger and Sayles ( 1978) were used as 

a basis for the thermai computations. as described in Chapter 2 (see Equations [2-91 and 

[2- 1 O]). The energy and time requirements for undertaking ground fkeezing a the Phase 1 

site were h t  evaluated neglecting groundwater flow. The effect of groundwater flow 

was then estimated, based on a review of the transient heat conduction modeling carried 

out by Hashemi and Sliepcevich (1973) for seepage velocities in the order of those 

expected at the Phase 1 site. 



423.1 EEstimated Time Rquired for Frrcziiig 

The growtb of the fiozen column was predicted by solvhg Equation [2-101 repeatedly for 

0.25 m hzen radius increments up to a noal radius of 1.0 m. Calculations indicated that 

the estunated tirne required to fcreeze a 1 m radius column of sand in the target zone 

would be in the order of 12 to 16 days, depending on the groundwater temperature and 

assurning negligible groundwater flow. Figure 4-6, shows the predicted growth of the 

fiozen radius with time for initial groundwater temperatures of 12 OC and 22 OC. 

assuming no groundwater flow. The ordinate in Figute 4-6 could be considered as an 

approximate average fiozen radius. since groundwater flow velocities. in the order of 

those expected at the test site, would have the eflect of causing the fiozen column to grow 

more quickly in the d o m  Stream direction and somewhat more slowly in the upstream 

direction, as will be discussed in the next section. 

4.2.3.2 Effet  of Groundwater Flow on the Growth of the Frozen Radius 

As noted in Chapter 2, evaluation of the effect of groundwater flow on the growth of the 

fiozen zone around the freeze pipe requins numerical analysis. since an exact solution 

does not exist that simultaneously solves the groundwater flow velocity distribution and 

the temperature distribution (Hashemi and Sliepcevich, 1 973; Sanger and Say les. 1 979). 

Since a numericd mode1 that incorporates transient heat and groundwater flow conditions 

was not available at the U of A, at the tirne that this study was undertaken in order to 

estimate the effects of seepage at the Phase 1 test site, data presented by Hasherni and 

Sliepcevich (1973) regarding the effect of groundwater flow on the sbape of the fiozen 

zone was reviewed. Using a finite difference technique, Hashemi and Sliepcevich 

estimated the defomed shape of a frozen column around a fieeze pipe for diflerent 

groundwater flow velocities, a s d g  a k z e  pipe codant temperature of -35 OC. The 

flow velocities considered by Hashemi and Sliepcevich were in the order of the 

groundwater flow expected at the Phase 1 test site. 



A cornparison of the shape of the h z e n  zone predicted for no groundwater flow and for a 

groundwater flow of 0.4 m3/day m2 is shown in Figure 4-7, assuming a coolant 

temperature of -35 O C .  The figw confimis that when groundwater flow exists, the fiozen 

zone tends to be elongated in the downstrram direction and foreshortened in the upstream 

direction. However, for a groundwater flow of 0.4 m3/day m2, which is slightly greater 

than that expected at the Phase 1 test site, the total volume fkozen is not reduced 

signincantiy nor is its shape distorted such that it could not be cored easily. Furthemore. 

it was shown in Chapter 2, Equation [2-81, that the critical groundwater flow velocity is 5 

times greater when liquid nitrogen is used as the coolant, at a temperature of -196 OC. 

than when brine is used as the coolant, at a temperature of -35 OC. ï h i s  indicates that 

higher groundwater flow velocities can be tolerated when Iiquid nitrogen is used as the 

coolant before the effects on the shape of the k e n  zone become significant. 

However. to account for some elongation of the fiozen column in the downstream 

direction it was planned to advance boreholes for sampling slightly downstream of the 

fieeze pipe. It was also decided that temperature measuring devices, or RTDso would be 

installed at the base of each of the cased sample boreholes to coafimi that the sand was 

fiozen prior to comrnencing sampling. 

4 3 3 3  Estimated Volume of Liquid Nitrogen Required 

The volume of liquid nitrogen required to fieeze a 1 m tadius column of sand was 

determined by dividing Equation [2-91, in Chapter 2, by the latent heat of iiquid nitrogen. 

This volume was then multiplied by 10 to detemiine the total volume of liquid nitrogen 

required to k z e  a 10 m long column of soi1 between depths of 27 and 37 m below the 

ground sunace. Figure 4-8 shows the total predicted volumes of liquid nitmgen required 

for initial groundwater temperatures of 12 OC and 22 O C ;  the total predicted volume of 

liquid nitrogen was 96,000 to 128,000 m3 (equivalent gaseous volume), respectively. It 



was recogoùed that the volume of iiquid aitrogen required to freeze a 1 m radius may be 

greater if gmundwater flow velocities would be signincantly higher than antïcipated. 

4 3  Ground Fmezhg System Design 

As discussed in Chapter 2 radial nwdng can be accomplished by circuiating coolant 

through a fieeze pipe located in the center of the material king fiozen. When liquid 

nitmgen is used as the coolant, ground k ~ g  is accomplished as heat is withdrawn 

from the ground sunounding the fieeze pipe, when the iiquid nitmgen changes phase at a 

temperature of -1 96 OC. 

The CPTs undertaken during the site screening phase of the project indicated that the 

loosest sand available for the Phase 1 test site was Iocated in Ce11 24. between an 

elevation of approximately 3 14 m and 324 m. As indicated by the fieezing experiments 

described in Chapter 3, creating a reservoir for the liquid nitrogen in the target zone 

resuits in the most efficient use of iiquid nitrogen for fkeezing. Iherefore, the fieeze pipe 

was designed with a 10 m long Iiquid nitrogen reservoir to be installed between 27 and 

37 m below the ground d a c e .  

The diameter of the fieeze pipe was kept as small as possible to minimize the zone of 

disturbance around the fieeze pipe due O installation, yet ailowïng sufficient interna1 

space for a liquid nitrogen feed pipe and a gaseous nitrogen exhaust pipe. A steel freeze 

pipe was selected with a diameter of 5 1 mm. A rubber seal was placed at the top of the 

10 m long reservoir to maintain liquid nitrogen below the seal. A copper feed pipe was 

installed to extend fiom the liquid nitrogen supply tank, through the rubber seal, to the 

bottom of the reservoir. A copper exhaust pipe was provided to extend from just below 

the rubber seal to the ground surface, to ailow for the nitrogen that had undergone a phase 

change to escape into the atmosphere. The feed pipe had a diameter of 13 mm in the 



target zone and a diameter of 19 mm above the target zone to increase the flow of liquid 

nitrogen. 

4.4 Phase 1 Fieldwork 

The in-situ ground k z i n g  and coring of the fiozen sand undertaken at the Phase 1 test 

site are described in the following sections. Detds regardhg drilling and installation of 

the heezing and sampling system are provided, followed by a discussion of the actuai 

fieezing process. 

4.4.1 Borebok Layout 

Since the target fkeeze zone was located at a significant depth, it was decided that the 

material overlying the target zone wouid be preddled to a depth of 27 m and casing 

would be instalied to facilitate installation and operation of the ground freezing system as 

weil as sampiing in the target zone. To aiiow for installation of the freae pipe and to 

provide suficient clearance for the core barre1 during sampling, large diameter boreholes 

(approximately 180 mm) were advanced to 27 m beiow the ground surface and PVC 

casing was instalied. 

The borehole layout included a central fkeeze pipe with four boreholes for sampling of the 

fiozen core located within a 1 m radius of the k z e  pipe. Figure 4-9 shows a schematic 

cross-section illustrating the cased boreholes extending nom the surface d o m  to the top 

of the target ground kezing m e  around the centrai fieeze pipe. In the event that 

groundwater flow velocities would cause signincant downstream elongation of the fiozen 

zone, t h e  of the four sample boreholes were proposed to be located downstream of the 

fieeze pipe with one located in the upstream direction. Figure 4-10 shows a plan view of 

the proposed k e z e  pipe and sampling borehole locations. 



4.4.2 lnstaliation of Casing to the Top of The Tatgct Zone 

Large diameter (260 mm) boaholes were advanced to the top of the target zone utilizing 

a truck-mounted Failing 1500, wet rotary drill rig suppüed by Elgin Exploration Ltd. 

Biodepdable, Kim mud was used as the drillhg fluid. Che borehole was advanced and 

cased to the top of the target wne for later installation of the k z e  pipe. Four Borehoies 

were then advanced and cased at radial distances of approximately 0.5 m, measured fiom 

the centreline of the fieeze pipe, for later coring of the h z e n  sand. To advance a vertical 

borehole to the top of the target zone at 27 m, care was taken to erwre that the ddling rig 

was level and that the kelly was centered on the drill table prior to commencing drilling. 

The boreholes were first advanced utiluing a 159 mm (6'1,") tricone drill bit on the end 

of 1 14 mm (4'1,") drill rods. The borehole was then rearned out with a 260 mm (1 ol/,") 
tricone bit attached to a 4.5 m longy 178 mm (7") àïameter stabilizer on the end of the 

drill stem. Once the reamed boreholes had ken advanced to the desued depth 200 mm 

diameter PVC cashg was installed. The drilling mud was then replaced with clean water 

and a 600 mm thick bentonite seal was placed at the bottom of each borehole. The water 

was then blown out of the cased boreholes to avoid problems during later sampling 

associated with melting of the outer layer of the fiozen sand by relatively wam water in 

the casing, as the fiozen core was brought to the ground surface. 

The boreholes advanced for later sampling of the fiozen sand were designated at FS 1. 

FS3, FS4 and FSS. The borehole advanced for installation of the freeze pipe was 

designated as FS2. Temperature measunment devices (RTDs) were installed at the 

bottom of each of the cased sampling boreholes to enstue that the ground at the base of 

the sample boreholes was h z e n  prior to commencing corhg. 

Two additional small diametet boreholes, were also advanced around the outside 

perimeter of the target fkezing zone for installation of additional RTDs to confimi that 

the target radius had k e n  fiozen before commencing coring of the fiozen sand. These 



boreholes were advanced with a Longyear 38 drillhg rig provided by Elgin Exploration 

Ltd. A 67 mm ( 2 * / ~ )  tricone drill bit was utilized to advance the borehole and Kim rnud 

was used as the drillhg fluid. One of these boreholes, RTD 3, extended to a depth of 

27 m, at a radial distance of 0.8 m dowastrram of the k z e  pipe centdine, and the other 

borehole, RTD 1, extended for the fidi depth of the target fieezing zone, fiom 27 to 37 m. 

at a radiai distance of 0.9 m nom the fÎeeze pipe centrelule. Figure 4-1 1 shows the 

as-bdt cross-section of the f k z e  pipe, sample boreholes and RTD boreholes. 

4.43 Instaliation of Freeze Pipe 

Steel casing, with a diameter of approxhnateiy 150 mm (6") was installed through the 

bentonite plug at the bottom of Borehole FS2 located in the center of the test site. This 

was done to prevent squeezing of the bentonite during installation of the freeze pipe 

through the target zone. A Longyear 38 drill ng was centered over the borehole and a 

smaller diameter borehole was advanced thmugh the target zone for installation of the 

fkeeze pipe. The borehole for the fieeze pipe was cùilled utilizing a 67 mm (2*'/g1') tncone 

drilling bit and Kim mud as the driliing fluid. The 51 mm diameter steel fieeze pipe was 

then comected to the end of a 114 mm (4'4') drill stem and Iowered down the borehole. 

where it was positioned between 27 and 37 m below the ground SWface. Figure 4-12 

shows a schematic illustration of the Ereeze pipe configuration as uistalled at the Phase 1 

site. 

Once the steel k z e  pipe was in place, the drill stem was uncoupled at the ground 

surface and a rubber seal, with the copper feed and exhaust pipes, were instailed down to 

the target zone. This is also illustrated in Figure 4-12. RTDs, attached to the copper 

piping, were iastalled inside the fieeze pipe at approximately 2.5 m and 7.8 below the 

nibber seal for monitoring whether or not the f k z e  pipe reservoir in the target zone was 

completely filied with liquid nitrogen. 



4.4.4 Mapping Borehole Aligiment 

To confirm that the bottom of each of the cased boreholes advanced for samphg fell 

within a 1 m d u s  of the k z e  pipe, the deflection of each of the borehole casings was 

rnapped with a Digitiit Iocliwmeter. Gmoved ABS inclinorneter cashg was installed in 

the large diameter PVC casing h m  the surface down to the top of the target zone. 

Plastic centralken were used to keep the inchorneter casing in the center of each 

borehole. A Digitilt Inclinorneter was then lowered down each borehole and the exact 

alignment and location of each of the borehole casings were mapped. 

Figure 4-13 shows the top of each borehole in plan and the bottom of each borehole at a 

depth of approximately 27 m. Table 4-4 shows the deflections fiom the ground surface to 

the top of the target zone measured for each borehole casing. Plots of the borehole 

deflection measured between the ground surface and a depth of 27 m are presented in 

Appendix B. The maximum deviation fiom vertical, measured over a distance of 27 m in 

either the casing uistalled for the fieeze pipe (FS2) or the sarnple boreholes was ody 

375 mm. The boreholes advanced for later sampling of the fiozen sand column fell well 

within a 0.76 m radius, upstrearn of the fieeze pipe centerline at a depth of 27 m. and a 

0.6 m radius, downstrearn of the fieeze pipe. 

Yoshimi et al. (1978), undertook studies to detennine the extent of the zone of 

disturbance around a fkeeze pipe installed in large samples of sand in the laboratory. The 

results nom this work, shown in Figure 4-14, indicated that the zone of disturbance 

around a 73 mm fieeze pipe installed with a cup auger extended approximately 15 cm in 

loose sand, 8 cm in medium dense sand and 6 cm in dense saad. The maximum zone of 

disturbance in the loose sand was therefore about two times the diameter of the fieeze 

pipe- 

The borehole for the fieeze pipe installed at the Phase 1 test site had a diameter of 67 mm. 

Based on the studies undertaken by Yoshimi et al. (1978), the zone of disturbance may 



extend a distance of approximately 134 mm h m  the waii of the borehole advanced for 

the fkeze pipe. Figure 4-13 shows that the minimum distance fiom the bottom of any of 

the sample holes to the fieeze pipe Borehole, FSZ, was approximateIy 475 mm. 

Therefore, the minimum distauce between Borehole FS2 and any of the samphg 

boreholes was weii in excess of two Urnes the diameter of the b z e  pipe borehole. Thus. 

no fiozen samples would be obtained fiom within the zone of possible disturbance due to 

installation of the &eze pipe. 

4.4.5 Initiation of Ground Freezhg 

Installation of the freeze pipe and the cased boreholes for sampling of the frozen sand was 

complete, by November 4, 1993. A 15,000 cubic meter capacity liquid nitrogen truck. 

supplied by Praxair Canada inc., was transported to the test site and the liquid nitrogen 

was connected to the copper feed pipe. Freezing commenced at 15:30 hours on 

November 4, 1993. 

The RTDs installed inside the freeze pipe indicated that the liquid Ntrogen was 

undergoing a phase change prior to reaching the bottom of the reservoir for several hours 

after comrnencing fkeezing as the fieeze pipe system was being cooled. The RTDs 

located at the base of the sample boreholes indicated that the initial gound temperature 

was approxùnately 18.S°C at a depth of 27 m. 

After approximately 4 hours of Feezing, the lower RTD in the fkeze pipe was not 

measuring temperatures in the range that would indicate that liquid nitrogen was 

accumulating in the lower region of the reservoir. The upper RTD was recording a 

temperature of approximately -20 O C  and the lower RTD was recording a temperature of 

-7 O C .  It was not clear whether the freezing system was d l  coolhg down or whether 

there was somethùig wrong with the liquid nitrogen flow path. 



After some time it became evident that the r u b k  seal was leaking since significant 

volumes of nitrogen vapors were seen escaping h m  the drill stem attached to the fieeze 

pipe. SmaU volumes of water were poured d o m  the fieeze pipe in an attempt to seal the 

leak with ice. Bentooite chips were aiso dropped d o m  the fkeze pipe to e m e  a proper 

Kal. mer this procedure, gas nitrogen vapon no longer emanated h m  the drill stem at 

the ground surface, indicating that a complete seal had been formed. 

Aithough the le& in the seal near the top of the target zone had k e n  repaired. the RTDs 

in the fkeeze pipe continued to indicate that liquid nitrogen was not accumulating in the 

reservoir dong the target k z i n g  zone. On November 8.1993, it was decided that the 

copper tubing and rubber seal should be removed fiom the fireeze pipe to determine where 

the additional leak was and to insral1 a new seal. A stem truck and air cornpressor were 

used to melt the icehntonite seal and the copper tubing with the rubber seal were 

removed fiom the fieeze pipe. Examination of the copper feed pipe indicated that a leak 

had developed at one of the joints just above the rubber seal. The Leak had allowed most 

of the liquid nitrogen to circumvent the reservoir and escape back to the ground surface. 

The defective copper tubing was replaced and new tubing was installed in the fieeze pipe- 

A new rubber seal was instailed in the freeze pipe just above the top of the target freezïng 

zone. Afier the repairs were complete, liquid nitrogen was again hooked up to the copper 

feed pipe and fieezing commenced at 18:OO hours on November 1 1, 1993. No leaks were 

detected in the newly repaired fkeezing system. The RTDs ùistalled in Boreholes RTD 1 

and RTD 3, indicated that the ground temperatmes just prior to recommencing fieezing 

were 16.5 OC at a depth of 27 m and 14.4 O C  at a depth of 37 m. 

The flow of liquid nitrogen in the fkeeze pipe was controlled on a reguiar basis to fill the 

fieeze pipe with as much liquid nitrogen as possible without expelling the liquid before it 

had a chance to change phase. During the ht few days of fieezing, it was difficult to 

completely fill the freeze pipe reservoir with liquid ~tmgen. However, as the freezing 

system and the ground immediately nrrrounding the fieeze pipe cooled to near O O C .  it 



was possible to increase the flow of liquid nitrogen and gtaduaiiy bring the level of liquid 

nitrogen up to the top of the reservoir. 

4.4.6 Monitoring of Ground Temperatures During Fmzing 

Ground fkezing was carrieci out fiom November 1 1 to November 23, 1993. During this 

time the RTDs iostalled at the top of the target h z e  zone in each borehole were 

monitored every six hours. The temperatures measured during ground fieezing are 

provided in Appendix B. Figure 4-15 shows the changes in temperature recorded in each 

of the sample boreholes and in Boreholes RTD 1 and RTD 3 at a depth of 27 m. The 

figure shows that a temperature of O OC was attained in Sample Boreholes FS3, FS4 and 

FS5 after approxhately 140 hours of fieezing. These boreholes were located 

approximately 0.5 m downstream of the fieeze pipe. Figure 4-1 5 also indicates that even 

afier 250 hours of fieezing, a temperature of O OC had not been reached in either Borehole 

FSl or RTD 1, located upstream of the fkeze pipe, or Borehole RTD 3, located 

d o m e a m  of the freeze pipe, at a depth of 27 m. 

The temperature distribution in Borehole RTD 1 between 27 and 37 m is shown in 

Figure 4-16. The figure indicates that the rate of decrease in ground temperature was 

greater with increasing depth. ïhis likely occurred shce liquid nitrogen accumulated in 

the fieeze pipe at the bottom of the target zone fim and the level of liquid aitrogen then 

increased as the ground cooled and fieezing progressed. This phenornenon resuited in 

part, due to the fact that the flow of liquid nitrogen couid aot be increased sficientiy 

during the initiai stages of ground fieezing to allow for liquid uitrogen to completely fil1 

the reservoir. 

Based on the temperature measurements nom dl of the RTDs, a cross-section of the 

frozen zone was established. The extent of the fiozen zone, afier approximately 

258 hours of fieezing, is shown in Figure 4-1 1. The cross-section indicates that the upper 



portion of the target zone below Borehole FS 1, located upstream o f  the fieeze pipe. was 

not fiozen after 258 hours. 

To avoid problems with groundwater flow during coring of the in-situ fiozen sand, it was 

desirable to f k z e  the upper portion of the target zone prior to c o ~ g  Borehole FS 1.  

However, since FSI was located appmximately 0.9 m upstream of the fteeze pipe. the 

M i e  required to fieeze this portion of the target zone fiom the fkeze pipe would have 

k e n  uaacceptably long. It was therefore decided to expose the top of the target zone in 

Sample Borehole FSI directiy to liquid nitrogen. 

Tbe liquid nitrogen supply was comected to a flexible 15 mm grout hose that extended to 

the top of the bentonite seal in FS 1. Liquid nitrogen was then allowed to flow directly 

into the cased borehole. A PVC cap was placed over the botehole with 50 mm exhaust 

pipe and gas nitrogen was directed away f h m  the working area via the exhaust pipe. 

Freezing was carried out in this manner until the RTDs indicated that the upper portion of 

the target zone beneath FS 1 was likely fiozen. 

4.4.7 Actual Liquid Nitrogen Consumption 

The consumption of liquid nitrogen was monitored every six hours during &round 

freezing. The rate of usage of liquid nitrogen was reviewed to check for arîy indication 

that problems may be developing. Figure 4-17 shows the volume of liquid nitrogen used 

during fieezing. The figure Uidicates that the rate of consumption of liquid nitrogen was 

fairly consistent during the entue field program. Figure 4-17 aiso shows that 

approximately 6 tanks, contaking 15,000 m3 (equivaient gaseous volume) of liquid 

nitrogen, were required to complete p u n d  fkezing and coring at the site. 



4.5 Cornparison of the Rite of Ground FmPng with Theoretical Predictioas 

4.5.1 Growth of the Frozen Radius 

The actual growth of the h z e n  radius, based on RTD measurements, was compared with 

the initial theoretical predictions, assirmiag an initial ground temperature of 15.5 O C  and 

that the k z e  pipe rrsewoir in the target zone was completely fU of liquid nitrogen at 

ali  times during fkzing. Figure 4-18, showing the cornparison beo~een the actuai data 

and the theoretical predictions, indicates that the actual fiozen radius at a depth of 27 m 

was Iess than the predicted fiozen radius and the actual fiozen radius at a depth of 37 m 

exceeded the predicted value. 

The resuits shown in Figure 4-18 agree with the results obtained from the large scaie 

fieezing experiment presented in Chapter 3. where a continuous 8 m Long column of 

water was fiozen (Experiment 4). In both cases. liquid nitrogen accumulated in the lower 

portion of the k e z e  pipe reservoir much sooner than in the upper portion due to 

insufficient flow of the liquid nitrogen into the reservoir. This resdted in siower growth 

of the fiozen zone near the top of the target zone, where cooling occurred by conduction 

as heat was Loa from the ground to the gaseous nitrogen, and more rapid growth at the 

bottom of the target zone where fieezing progressed as heat was absorbed fkom the 

ground due to the phase change of liquid nitrogen. 

In the lower portion of the target zone, where heat extraction occurred due the latent heat 

of liquid nitrogen, the theoretical equatiom are slightly conservative compared to the 

actuai growih of the fiozen radius, as noted in Chapter 3. This is due to the assumption 

inherent in the equation for calcuiating fieezing the ,  that steady state conditions have 

been attained at the d u s  where ground temperature measurements are recorded. 

However, the t h e s  shown for the actual fiozen radii show in Figure 4-18 are the first 

times at which a temperature of O OC is recorded at the RTD locations, and does not 

account for any additional time required to reach steady state conditions. 



Although the theoretical equations used here are somewhat of an approximation to the 

actuai field measurements and have not yet been modifïed to account for the various 

coolant phases that existed during in-situ gmund kz ing ,  Figure 4-18 shows that the 

prediction of fiozen radius with time represents a reasonable average of the actuai 

conditions. 

A cornparison of the volume of liquid nitrogen used during -und freezhg with the 

initial theoreticai predictions is shown in Figure 4-19. The figure indicates that the total 

volume of liquid nitrogen useci, of about 90,000 m3 (equivalent gaseous volume), was 

slightly les  than the total preàicted volume of 108,000 m3(equivalent gaseous volume). 

This was m d y  due to the fact that fieezing was temiuiated before the fiozen radius 

extended to 1.0 m. The final fkozen radius, just prior to commencing coring, was 

approximately 0.91 m. Figure 4-18 aiso shows that the actuai rate of Iiquid ninogen 

consumption was considerably less than the predicted rate. This was likely due to the fact 

that the flow rate of liquid nitrogen into the freeze pipe was not high enough to maintain a 

full liquid nitrogen level in the reservou at al1 times during fieezing. 

To corifkm this hypothesis, a revised prediction was made. Based on temperature 

measurements fiom RTD's that had been installed near the top and bottom of the fieeze 

pipe reservoir, it was assumed that, on average duriag the fieezing process, the phase 

change of Liquid nitrogen resulted in 213 of the contribution to the total heat extraction 

and conductive heat loss to gaseous niaogen iesulted in If3 of the contribution to the total 

heat extraction. The revised predictions are shown in cornparison with the actuai data in 

Figures 4-20 and 4-21. Figure 4-20 shows good agreement between the actual and 

revised prediction of Liquid nitrogen consumption during the first approximately 168 

hours of fkezing. The predicted fiozen radius also agrees well with the actual fiozen 



radii rneasured at the top of the target zone where the fkeze pipe was likely filled with 

gaseous nitmgen during at least the initiai stages of the k z h g  process. 

Since the flow of Liquid nitrogen was increased during the later stages of in-situ ground 

fieezing, the pmlictions were M e r  modified to consider two stages in the fieezbg 

process. During the initiai stages of grouad kz ing ,  it was assumed that the phase 

change of Liquid nitrogen redted in 2/3 of the contribution to the total heat extraction 

and gaseous nitrogen resulted in 113 of the contribution to the total heat extraction. 

Then, &er approximately 192 hours of fkeezing, it was assumed that the entire freeze 

pipe reservou in the target zone was completely fidl of liquid nitrogen. Figure 4-22 

shows that the average revised prediction of liquid nitrogen consumption n o n  agrees very 

well with the actual liquid nitxogen consumption, both in terms of the rate of 

consumption and the total volume of liquid nitrogen used. in Figure 4-23, the revised 

prediction of fiozen radius also shows ceasonable agreement with the average rneasured 

fiozen radii. 

4.6 Coring of In-Situ Frozen Sand 

Coring of the in-situ fiozen sand column was undertaken utilizing a 150 mm. outer 

diameter. Cold Regions Research Engineering Labotatory (CRREL) core barre1 with a 

dry coring technique. M e r  each run of the CRREL core barre1 the borehole was reamed 

out utüizing a 260 mm (lol/,") tricone bit to avoid problems associated with slough 

accumulating in the borehole. Coring was underiaken during the daytime. Ovemight. 

Iiquid nitrogen was hooked up to the fieeze pipe and freezing was continwd to maintain 

temperatures in tbe fiozen zone at well below O O C .  The ambient air temperature at the 

tirne of coring ranged fkom -5 OC to -25 O C .  

The fiozen core was extruded at the ground siuface utilizing a hydraulic ram. The 

extruded fiozen core was sprayed with water which was allowed to fieeze on the surface 



of the core. The length and depth of the core was recorded. The samples were then 

wrapped in plastic bags and storeci in a freezer beh~een layers of insulation for padding. 

Dry ice and genaatoa were on hand in the event that the ambient air temperature rose 

above O OC and artificiai coolhg was required. The h z e n  core samples were transported 

by vehicle to the U of A in fieezers containùig dry ice. At the U of A, the samples were 

carefirlly placed in a cold room for long term storage. A total of 20 m of 100 mm 

diameter fiozen COR samples were recovered h m  the Phase 1 test site. 

4.7 Catalog of In-Situ Frozen Sand Core Simples 

During the weeks following the ground £ k i n g  and c o ~ g  field pro-. each of the 

in-situ s oz en core samples were logged and photographed in the U of A cold room. The 

sides of each core were scrapped with a sharp W e  to check for any ice lens formations. 

binmien or silt layers. No signs of disturbance due to pore water fieezhg and expanding 

in place or due to ice lens formation were observed. Occasional bitunen layers of up to 

2 mm in thickness were noted. Discrete silt lenses were not encountered in any of the 

core samples examined. 

As each of the core samples were logged, a catalogue of the samples was developed. The 

core cataiogue is provided in Appendix B. Four categories of core samples were 

established. The categones were defhed based on the quality of the core in ternis of 

whether or not they could be used for laboratory testing. The categories were as follows: 

1. 

Homogeneous sand with no signs of disturbance due to fkeezing; 

Insignificant zone of melting around perimeter of sample during conng 

or extrusion; 

No significant layering of bitumen evident 

Core is of laboratory testing quaiity. 



2. ore ; 

Homogeneous sand with no signs of disturbance due to freezing; 

Minor zone of melting around perimeter of sample during coring or 

extrusion; 

No signincant layering of binimen evident 

Core is of laboratory testing quaiity. 

3. O F P ;  

Signiîïcant zone of melting arouDd perimeter of sample during coring or 

extrusion; 

Sample may contain refiozen slough; 

Significant layering of bitume11 is evident. 

4. Poor ; 

Core contains disturbed material due to either the presence of refrozen 

slough, excessive melting and/or hcturing during corhg or extrusion. 

The length of each piece of core was recorded and the number of samples that could be 

vimmed fiom each piece of core was estimated and recorded on the core catalogue. Due 

to the large arnount of fiozen core samples recovered fiom the test site, it was possible to 

trim a total of approximateiy 215 specimens for laboratory testing by CANLEX 

participants. The number of triaxial and direct simp1e shear specimens nimmed fiom 

either excellent or good quality core was estimated as follows: 

74 Triaxial Specimens - with maximum dimensions of 125 mm (* 3.0 mm) 

in length by 60 mm (+ 1 .O mm; - 0.0 mm) in diameter. 

144 Direct Simple Shear Specimens - with maximum dimensions of 

22 mm (+ 1.0 mm; - 1.0 mm) in length by 71.1 mm (t0.0 mm, - 0.3 mm) in 

diameter. 

The ends of several of the cote samples were trimmed for moisture content and void ratio 

determination. The void ratios were determined based on 3 cm by 3 cm by 2 cm fiozen 

cubes of sand, trimmed fiom the ends of the core samples. Void ratio calculations were 



carrieci out based on the dry density of these cubes, without assuming full saturation. 

using the foilowing relation: 

These void ratio meannements are discussed in the following section and are included on 

the core cataiogue, in Appendix B. A summary of the fiozen core recovered in the target 

zone h m  each botehole is also provided in Appendix B. 

4.8 In-Situ Void Ratios 

The void ratios measured fiom the fiozen core trimmhgs were compared with the in-situ 

void ratios determined independently fiom geophysicai logging undertaken within a 5 m 

radius of the fieeze pipe at the test site. The geophysical logging was carried out using a 

downhole nuclear density technique with a tool that measures gamma ray scattering as a 

fiinction of buik density. Details of the Geophysical Logging are given by Küpper et al. 

(1995). Figure 4-24 shows tbat the void ratios established fioom the fiozen core samples 

agree very well with the void ratios determined fiom 4 boreholes where geophysical 

logging was undertaken. 

It should be noted that the precision of the void ratios measured with these two 

techniques differs slightiy. Due to erroa associated with physical measurements, it is 

estimated that the accuracy of void ratio measurements fiom fiozen cubes is 

approximately * 0.007, as will be shown in Chapter 7, whereas the potential error in void 

ratio measurements based on geophysical logging is slightly higher at approximately 

k 0.03 (Plewes et al., 1988). However, the general agreement between the independently 

measured void ratios shown in Figure 4-24, and the fact that there was no visual evidence 

of disturbance due to fiost have or due to fkezing and expansion of pore water, indicates 

that the in-situ fiozen core samples were of high quai@. 



4.9 Conclusions 

The feasibility studies conducted prior to undertaking ground fkeezing at the Phase 1 test 

site, indicated that in-situ ground k z i n g  couid be used to recover undisturbed samples. 

Both the evaluation of fiost heave potential based on mineralogicai anaiysis of the fines 

contahed within the sand and the laboratory h a  heave tests showed that disturbance of 

the soil due to fiost heave or to the excess 9 % pore water volume fieezing in place would 

not occur. 

A fieezîng system was designed to freeze a 10 m long target zone between depths of 27 m 

and 37 rn below the ground surfhce. The acnial growth of the fkozen radius was 

reasonably well predicted using the theoretical equations for heat extraction provided by 

Sanger and Sayles (1979) as a basis. As a nrst approximation of the rate of fieezing and 

the rate of Liquid nitrogen consumption, predictions can be made based on assuming that 

the fieeze pipe reservoir will be full of liquid nitrogen at al1 titnes. If the level of liquid 

nitrogen fdls below the top of the target zone during fieezing, the predicted fim 

approximation will likely show good agreement with the average fiozen radius dong the 

length of the target zone. while the acnial rate of liquid nitrogen consumption will likely 

be less than predicted. 

A technique was described for recovering fiozen core samples fiom significant depth by 

utilizing precased boreholes to the top of the target zone, carefbl drilling procedures and 

measurement of the borehole alignment to confirm that the core barrel would intersect the 

fiozen column of sand. Once alignment of the sampling boreholes with the fiozen sand 

column has ken achieved, dry corhg of the in-situ fiozen saod with a CRRU. core 

barrel is an effective means of obtaining the undisturbed samples. A total of 20 m of 

undisturbed fiozen core samples were recovered fiom the Phase 1 test site. 

The void ratios measured fiom the in-situ fiozen core showed very good agreement with 

the void ratios measured independently by geophysical logging, conducted in boreholes 



located at a radial distance of 5 m fiom the f k z e  pipe. Therefore, the work undenaken 

at the Phase 1 test site showed that in-situ ground fkezing cm be used to recovered 

undisturbed samples fkom significant depth. 
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Table Cl : Slmimary of Fines Content Detennined for Split Spoon Samples Taken at 

the Phase 1 Test Site 

Borehole 

Number 

SPA24S9307 

SPA24S9307 

Sampie 

Depth 

(m) 

1 8 -29 

19.8 1 

Sample 

Elevation 

(ml 

332.634 

331.1 14 

Sand 

Content 

(%) 

91.0 

91.0 

Fines 

Content 

(%) 

9.0 

35.2 

Size 

Passing 

Dl0 

0.15 

0.10 



Table 4-2: Summary of Fines Content Deter-ed for Split Spoon Samples Taken at 

the Phase 1 Test Site. 

Table 4-3: Esllmated Mineral Content for Split Spoon Samples Taken at the Phase I 

Test Site 

Sample 
Number 

- - -  

Sample 

Number 

Surface Area 
of Clay Fraction 
< 2 ?(rn2@ 

(m k) 

- Sdace Area 
of Silt Fraction 
2 pm - 74 pm 

(&3) 

Silt Mineralogy 

2 p - 7 4 p m  

m2m 

Clay 
Content 

(% of fines) 

Silt 
Content 

(% of fines) 

Kt(60), Mi(26), Qtz(l4) 

Kt(64), Mi(26), QU( 1 O) 

Kt(63), Mi(25), Qu( 12) 

1 

Kt: kaolinite; 

Mi: mica; 

Fd: feldspar 

BA 28.7rn 

BA 3 1 -7m 

BA 34.8m 

Kt(5), Mi@), Fd(5), Qtz(90) 

Kt@), Mi@), Fd(5), -90) 

Kt(S), Mi(@, Fd(lO), -85) 



Table 4-4: Summary of Sampie Borehole Deflections 

BorehoIe 

Number 

FS1 Casiag 

FS I Borehole 

FS2 

FS3 

FS4 

FSS 

Freeze Pipe 

RTD 1 

RTD2 

RTD3 

Direction 

East 

South 

East 

East 

East 

East 

East 

West 

East 

East 

Direction 

North 

East 

North 

North 

South 

North 

South 

South 

North 

North 

Deflection 

(mm) 

40 

12 

235 

375 

310 

280 

155 

50 

320 

80 

Deflection 

(mm) 

90 

35 

70 

40 

30 

150 

20 

62 

430 

O 



Figure 4-1 : Plan View of Phase 1 Test Site 
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Figure 4-2: Grain Size Curve for Split Spoon SampIe Obtained at 25.91 m. 

-- - -. - * - -  - -- - - .--- . . . - 
i .  x CANE%: Phan I lent Site ... -. . .-. - . .  SO ...-*. .--- . . . .  . . . .  . . . . 8 H0.W 

. . . . . .  ........ . . . . .  __CC__.-- _-.. O No Heave 
: : .  . . 
L i  . - . . . . . .  . . . . .  G O . . I -  --.. ..-..-........... 
: .  . . . . . . . . .  . . .  . . . f 6 0  . 

Non-Plastic to 
Low Plastic Fines 

L v  
Ttst Boundary Conditions- 
Tempnturc Gndient = 0.4*Ucni 
Minimum Time Pcriod = 50 houa 
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Figure 4-4: Frost Heave Test Results for Sample with 15.2 % Fines. 

Figure 4-5: Frost Heave Test Results for Sample with 6.2 % Fines. 
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Figure 46:  Predicted f i e  Required to Freeze a 1 m Radius Column of Sand at the 

Phase 1 Test Site Considering DifEerent Initial Groundwater Temperatures. 
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Figure 4-7: Effect of Seepage Fiow on Frozen Zone (after Hashemi and Sliepcevich, 

1973) 



Figure 4-8 : Predicted Volume of Liquid Nitrogen Required to Freue a 1 m Radius 

Column of Sand at the Phase 1 Test Site Considering DBerent Initial 

Groundwater Temperatures. 
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Figure 4-9: Schematic of Borehole Layout for Freezing and Sarnphg 
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Figure 4-10: Plan View Showing Proposed Freeze Pipe Layout and Sarnple Borehole 

Layout at the Phase I Test Site. 
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Figure 4- 1 1 : As B d t  Cross-Section of Freeze Pipe and Sarnple Boreholes. 
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Figure 4- 12: Schematic Diagram of Freeze Pipe System used at the Phase I Test Site. 
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Figure 4- 13 : Site Plan S howing F i  Borehole Locations. 
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Figure 4-14: Disturbance Caused by W a t i o n  of Freeze Pipe (der Yoshimi a al., 

1978) 



Figure 4-1 5:  Ground Temperatures Measufed During Ground Freezing at Sample 

Borehole and Rn> Borehole Locations at a depth of 27 m. 

Figure 4-16: Ground Temperatures Measured During Ground Frecziag at Borehole 

RTD 1 through Target Zone. 





Figure 4-1 8: Comparison of Amai and Predictcd Growth of the Frozen Radius 

assuming Freeze Pipe Reservou Contained Liquid Nitrogen at aii times. 

Figure 4-19: Cornparison of Amal and Pndicted Consumption of Liquid Ndrogen 

assuming Freeze Pipe Resewoir Contained Liquid Nitrogen at al times. 



Figure 4-20: Cornparison of Aciuol and Prcdicted Coasumption of  Liquid Nitrogen 

assuming Freeze Pipe Resavoir ContPineâ 2/3 Liquid Nitrogen and 113 

Gaseous Nitrogen. 

Figure 4-21 : CompPriron of Actiul a d  Ptedicted Growth of Frozen Radius assuming 

Freeze Pipe Reservoir Contained Y3 Liquid Ntrogen and 1D Gaseous 

Nitrogen. 
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Figure 4-22: Cornparison of Actuai and Predicted Consumption of Liquid Nitrogen 

assuming Freeze Pipe Reservoir Contained 213 Liquid Nivogen and 1/3 

Gaseous Nitrogen foiiowed by only Liquid Nitrogen afta 192 hrs. 
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Figure 4-23: Cornparison of &ai and Predicted Growth of Frozen Radius assuming 

Freeze Pipe Reservoir Contained 2/3 Liquid Ntrogen and 1B Gaseous 

Nitrogen foliowed by only Liquid Nitrogen after 192 hrs. 
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Figure 4-24: Cornpanson of In-Situ Void Ratios detennined fkom Frozen Core Samples 

and fkom Geophysical Loggi ng. 



ChapterS.0 Case Birtory of Uadirtarbed Samphg at a Natural Deposit By 

In-Situ Groond FFmPDg 

5.1 Introduction 

Phase II of the Canadian Liquefaction Experiment (CANLEX) involved characterization 

of two loose na& sand deposits, in lower mainland British Columbia. with respect to 

the potential for static or dynamic liquefaction of the sand. During Phase II. in-situ 

ground fieezing was conducted at each site to obtain high quality undisturbed samples of 

the sand deposits for detemination of their in-situ void ratios and for Laboratory testing to 

evaluate the steady state characteristics. The following Chapter describes the in-situ 

ground fieering and subsequent coring of the fiozen sand underiaken at the Phase II test 

sites. 

The ground fieeziag feasibility studies undertaken at each site to confirm that the sand 

deposits could be fiozen without causing disturbance of the in-situ conditions are 

described. The methodology utilized to carry out ground fieezing at each of the test sites 

is described. Data obtained during monitoring of the fieezing process is presented and a 

cornparison of the actual field data is made w»h the theoreticai predictions for both the 

advance of the fiozen zone and the coosumption of liquid nitrogen. The equipment and 

procedures utilùed for coring of the in-situ fiozen sand deposits are described. The 

quality of the fiozen core is discwed and the void ratios determined for the core are 

compared with the void ratios determined independently h m  geophysical logging. 



5 3  Background 

During Phase 1 of the CANLEX project, in-situ ground freezing was undertaken in a 

deep, relatively loose, hydraulically placed sand deposit, at the Mildted Lake Senling 

Basin in Fort McMunay, ALber*~ Liquid nitmgen was used to fkeze a 1 m radius 

column of sand between depuis of 27 and 37 m below the ground surface. Upon 

completion of grouad k z h g ,  20 m of high quality fiozen core was recovered fiom the 

site. Visual examination of the core tevealed no signs of disturbance due to fiost heave 

during ground fieeziog. Moreover, the preliminary estimates of in-situ void ratios, 

determined fiom density measurernents of fiozen cubes removed fiom the ends of the 

core, showed good agreement with the void ratios measured from hi& quality 

geophysical logging undertaken within a 5 rn radius of the fiozen sand column. 

N a d  sand deposits tend to be less homogeneous than hydraulically placed sand and. as 

a result characterization of naturai deposits can be more challenging. Phase II. of the 

CANLEX project therefore carried out a detailed study of characterization techniques 

with respect to loose, native sand deposits. Due to the success of utilizing in-situ ground 

fieezing for undisnirbed sampling at the Phase 1 test site, this methodology was also used 

to obtain undisturbed sarnples fiom the Phase II test sites. 

Selection of the most appropriate sites for the characterization of relatively loose sand 

deposits during Phase II of the CANLEX project was based on a site selection study 

camied out in Iower mainland British Columbia under a separate activity (Stewart, 1993). 

This study hdicated that the KIDD 2 Substation site, owned by BC Hydro, and the 

Massey Tunnel site (south portal), owned by the B.C. Ministry of Transportation and 

Highways, would be the most appropriate sites with respect to the chmcteristics of the 

sand deposits and the ability to undertake extensive field work. In-situ ground fieezing 

and undisturbed sampling were catTied out at the two test sites. 



5.3 Scope of Work for In-Situ Grouad Freezing and Sampüng 

The scope of work for the in-situ gromd h z i a g  and sampling included the following: 

Coaduct feasibility studies to confirm that in-situ ground k z h g  could be carried 

out at each of the Phase II test sites without causing disturbance of the in-situ void 

ratio or the sand fabric. 

O Evaiuatioa of the dimensions of the column of sand that could be fiozen within 

the budget and time constraints and confirm that sufficient fiozen core could be 

obtained to meet the laboratory testing requirements. 

Design an efficient fieering system to fieeze ody the target zones at each of the 

test sites. 

O Obtain undisturbed core sarnples of the in-situ fiozen sand deposits at each of the 

test sites for determination of their in-situ void ratios and for laboratory testing. 

5.4 Description of the Phase II Test Sites 

5.4.1 Location 

Figure 5-1 shows the location of the KIDD 2 and Massey Tunnel (South) test sites 

studied during Phase II. The KU)D 2 Substation is located in the northwest corner of the 

intersection of River Road and No. 4 Road, in Richmond, British Columbia. The south - 
portal of the Masscy Tunnel is located on Highway 99, just south of the Fraser River. in 

Delta, British Columbia. Figures 5-2 and 5-3 show more detailed site location plans for 

KIDD 2 and Massey Tunnel sites, respectively. 

5.4.2 Target Zones 

Delineation of the mnes of interest within each sand deposit for characterization and 

sampling during Phase Il of the CANLEX project was based on existing CPT data 



available at each test site. Figure 5 4  shows typical CPT profïies available fiom the 

KIDD 2 and Massey Tunnel sites and the target zone selected at each test site. The 5 m 

target zones selected for characterization and sampling included the relatively loose zones 

between 12 and 17 m, at the KIDD 2 site, and between 8 and 13 m, at the Massey Tunnel 

site. 

The geology of the Phase Ii test sites is describeci in detail by Monahan et ai. (1995). 

According to Monahan et al. (1995), the target mnes at both sites were located within a 

20 to 30 m thick complex of distributary channel sands of the modem Fraser River delta. 

The sands located in the target zone at the KIDD 2 site, were deposited in channels that 

crossed the delta floodplain approximately 4430 I4c years ago and the sands at the 

Massey Tunnel site, were deposited by downstrearn migration of the Deas Island in 

historical times, about 10,000 years ago. At both sites, the distributary channel sands are 

underlain by silt and sand that appears to have been deposited on the delta slope. 

5.5 Ground Freezing Feasibüity Studies 

Prier to undertaking in-situ ground fieezing to obtain undisturbed samples of loose sand. 

it was necessary to confimi that this method of undisturbed sampling was appropnate. 

with respect to the subsoil and groundwater conditions that existed at the Phase II test 

sites. Several factors were considered. These included: the frost heave susceptibility of 

the soi1 related to the grain size distribution, fines mineraiogy, and overburden stresses. as 

well as the groundwater temperature, salinity and flow conditions. 

The feasibility study dso included d e t e d n g  the heat extraction requirements to freeze 

a 1 m radius, by 5 m long, column of sand at each test site. This required that detailed 

information regarding the subsoil and groundwater be obtained. The parameters taken 

into consideration which af5ected the amount of liquid nitrogen required to fieeze the 

soils included the moisture content and density, the fiozen and unfrozen themal 



conductivities, the fiozen and unfiozen heat capacities, the latent heat of the soi1 matrïx. 

and the groundwater temperature, salinity and flow conditions. The pertinent aspects of 

the subsoil and groundwater conditions that existed at the Phase U test sites are descrïbed 

in m e r  detail in the foliowing sections. 

5.5.1 KIDD 2 Site 

The ground fieezing feasibility study carried out for the KIDD 2 site was based on 

analysis of Split Spoon samples of sand obtained during Standard Penetration Testing 

60m within the target zone and on available information regarding the groundwater 

conditions. 

5.5.1.1 Frost Heave Susceptibiîity 

To evaluate the fioa heave susceptibiiity of the sand deposit within the target zone at the 

KIDD 2 site, grain size analyses and a mineralogical evaiuation of the fines fraction were 

carried out on dimubed samples. Figure 5-5 shows the grain size distribution of five 

Split Spoon samples obtained between 7.8 m and 18.5 m below the ground surface. The 

average fines content of the sand samples obtained fiom the target zone at the KIDD 2 

site was approximately 6.8 %. 

A mineralogical analysis of the fines was also conducted. The mineralogy of the silt 

s k d  particles (2 to 74 pn) and clay sizd particles (< 2 pn) is shown in Table 5-1. The 

clay sized particles compnsed approximately 20% Smectite, 15% Chlorite. 25% Mica. 

10% kaoiinite and 30% Quartz and the silt sized particles comprised approximately 70% 

quartz, 15% feldspar, 5% chlorite and Smectite, 5% Mica and 5% kaolinite. The 

mioeraiogical results, in conjunction with the criteria for fkost heave susceptibility 



established by Davila et al. (1992), were used to evaluate the potential for disturbance of 

the sand deposit due to h a  heave. Figure 5-6 shows that the criteria proposed by Davila 

et al. (1992) predicted a negligible risk of fiost heave at the KLDD 2 test site 

The criteria established by Dada et al. (1992) were based on fkezing tests carrïed out on 

sand samples with various amounts and types of fines added to the sand. The fieezïng 

tests conducted by Davila et al. evaluated the potential for disturbance of the soil due to 

either ice lem formation, where pore water is attracted to the fieezing fiont in the 

presence of clay minerais (see Chapter 2), or due to pore water k e z h g  in place. without 

expulsion of 9 % of the pore water volume prior to fieezing. 

Provided that the conditions that exist in the field are similar to the laboratory test 

conditions used by Davila et al. (1992), the test results can be used to evaluate whether or 

not disturbance due to fiost heave will occur during in-situ fieezing. The samples tested 

by Davila et ai. (1992) were fiozen under an overburden stress of 24 kPa which is 

approxùnately equal to effective stress acting on a soil element at 1.4 m below the ground 

surface, with the groundwater table located at 1.0 m. The minimum overburden stresses 

at the tops of the target zones at the KIDD 2 and Massey Tunnel sites were approximately 

130 kPa and 91 kPa, respectively, and as stated in Chapter 2, the tendency to undergo 

disturbance due to frost heave reduces as the overburden stress increases. The 

temperature gradient of 0.4 O ~ / c r n  used during the tests was equivalent to that which 

exists in the ground (0.4 to 0.6 'Clcm ), at the distance of approximately 0.4 to 0.6 m 

fiom the freeze pipe where sampling of the in-situ fiozen sand would be undertaken. 

Therefore, since the conditions under which Davila et ai.% critena was established are 

similar to those induced during ground freezing, the evaluation of fiost heave 

susceptibility utilizing this method was considered reasonable for the Phase II test sites. 



5.5.1.2 Site Conditions 

The subdace  stratigraphy at the KIDD 2 site compriseci a sudicial cover of organic silt 

and ctayey silt to a depth of approxhately 4 m, overlying a loose to medium dense, clean 

sand which extended to a depth of about 22 m. Under the regional design earthquake 

loadiog, the loose to medium dense sand is generally considered to be susceptible to 

c yclic lique faction. 

As show in Figure 5-1, the KIDD 2 site was Iocated approxllnately 200 m south of the 

north arm of the Fraser River. The average groundwater level measured at the KIDD 2 

site was approximately 1.5 m below the ground d a c e .  However, due to the close 

proximity of the Fraser River, imrnediately upstream of the Strait of Georgia it was 

assumed that the groundwater table at the KIDD 2 site would be subject to the influence 

of tidd fluctuations within the nver. According to locally avaiiable information. tidal 

fluctuations at the mouth of the Fraser River, during the months of May to My. average 

approximately 0.6 m/hr. This results in a change in the river level of 4.8 m per 8-hour 

tidal period. 

To evduate the effect of fluctuations in the groundwater table at the site with respect to 

ground fieezing, it was necessary to estimate the associated groundwater flow velocities. 

Since the sand was relatively clean in the target zone at the KlDD 2 site. the Hazen 

formula (1 9 1 1 ) was used to calculate an upper estimate of the pemeability. Using a 

permeability of 1 x 104 cmk, the groundwater flow velocity, resulting fiom the nse and 

fd of the nver level during each tidal period, was estimated to be in the order of 0.2 to 

0.4 dday. 

In Chapter 4, the results obtained by Hashemi and Sliepcevich (1973) nom numerical 

modeling of the effect of groundwater flows on the shape of the fiozen column was 

reviewed. Their analysis, based on assuming a freeze pipe coolant temperature of -35 OC, 

indicated that in the presence of a groundwater flow velocity of 0.4 m3/d m2, the fiozen 



zone tended to become elongated in the downstrram direction and foreshortened in the 

upstream direction; however, the total volume of fiozen soi1 around the fkeeze pipe was 

not reduced signifcantly fiom the total volume fiozen under static groundwater 

conditions. Since the direction of gmmdwater flow between the river and the test site 

wouid be reversed every 8 hours, it was not expected that the fiozen column wouid be 

elongated in any one direction. Moreover, it was shown in Chapter 2 that if Iiquid 

nitrogen, at a temperature of -196 OC, is used as the coolant rather than brine. at a 

temperature of -35 O C ,  the eEects of groundwater flow on the growth of the fiozen 

column are significantly reduced. Therefore, it was concluded that the groundwater flows 

expected at the UDD 2 site would not inhibit the ground fieezing process sipificantly. 

It was expected that the grodwater at the KCDD 2 test site would be saline due to the 

close proximify of the Pacific Ocean. Sea water Ereezes at a temperature of 

approximately -1.8 OC (Andersland. et al.. 1991). However, as noted in Chapter 2. the 

fieezing point depression caused by saline pore water is negiigible with respect to the 

heat extraction capability of liquid nitrogen as it changes phase. 

Based on information available fiom previous drilling investigations carried out at the 

KIDD 2 site for BC Hydro, the average groundwater temperature was assumed to be 

8.5 OC. This value was used for preliminary thermal calcuiations prior to carrying out 

ground fieezing, to estimate the fkeezing time and liquid nitrogen volume that would be 

required at the KlDD 2 site. 

5.5.2 Massey Tunnel Site 

The ground fieezing feasibility study carried out for the Massey Tunnel site was based on 

analysis of sand samples obtained by vibratory coring within the target zone and on 

available information fiom previous drillhg investigations regarding the groundwater 

conditions, 



552.1 Frost Have  Susceptibiiity 

To evaluate the eost heave susceptibility of the sand deposit within the target zone at the 

Massey Tunnel site, grain size analyses and a mineralogicd evaluation of the fines 

fiaction were camkd out on distutbed samples. Figure 5-5 shows the grain size 

distribution of five Split Spoon samples obtained between 3.7 m and 14.4 m below the 

ground d a c e .  The average fines content of the sand samples obtained from the target 

zone was approximately 3.0 %. 

A minedogical d y s i s  of the fhes fraction within the sand samples was also 

conducted. The mineralogy of the silt Ned and clay sized particles is shown in Table 

5-2. The clay sized particles comprised approximately 15% Smectite. 15% Chiorite. 30% 

Mica, 15% kaolinite. 20% Quartz, and 5% Feldspar and the silt sized particles comprised 

approximately 65% Q m  20% Feldspar, 5% Chiorite and Srnectite. 5% Mica and 5% 

Kaolinite. 

Of the clay minerals which comprised the clay size hction of the SM Smectite and 

Mica have a relatively hi* specific surface area. Although these minerals account for 

45% of the clay size faction, they represent about oniy 0.2% of the sand deposit. Only 

10% of the silt size hction was comprised of clay minerals, such as Smectite and Mica 

with a relatively high specific d a c e  area. The percentage of silt sized clay minerals 

represents only about 0.03 % of the sand deposit. 

The mineraiogical information was used in coajunction with Davila et al.% (1 992) criteria 

to estimate the fioa heave susceptibility of the sand deposit. Figure 5-6 (afier Davila et 

al., 1992) indicates a negligible risk of fkost heave during fieezing at the Massey Tunnel 

site. 



5.5.2.2 Site Conditioas 

Prelimuiary information, obtained h m  Cone Penetration Testing, regarding the 

subSUTface stratigraphy at the Massey Tunnel site, indicated a clean sand deposit between 

approximately 6 and 22 m below the ground dace. The sand deposit was relatively 

loose between 6 and 15 m, then became compact to dense with increasing depth. The 

sand between 6 and 15 m, at the Massey Tunnel site, was considered to be susceptible to 

liquefaction under dynamic loading. 

The average groundwater level measured at the Massey Tunnel site was approximately 

1.5 m below the ground surface. The site was located approximately 200 m south of the 

main channel of the Fraser River. and therefore, the groundwater table was also affected 

by tidal fluctuations. The groundwater flow velocity redting from tidal fluctuations 

adjacent to the Massey Tunnel site was expected to be similar to that calcuiared at the 

KIDD 2 site to be approximately 0.2 to 0.4 dday. Therefore. since liquid nitrogen 

would be used as the coolant for in-situ ground fieezing, the effect of groundwater flow 

on the growth of the fiozen radius was not expected to be sipiiTcant. 

Information regarding the average groundwater temperature was not available for the 

Massey Tunnel site. Hence, it was assumed that the initial grouchvater temperature 

would be similar to that measured previously at the KIDD 2 site and an average 

groundwater temperature of 8.5 OC was used for the initial theoretical predictions. As 

stated for the KIDD 2 site, it was assumed that the groundwater salinity could be ignored. 

since the associated small fkeezhg point depression, compared to the heat extraction 

capability of the liquid nitrogen, would have a negligible influence on the growth of the 

fiozen zone. 



5.6 Prediction of the Ground Fmzing Pmcess 

5.6.1 Growth o f  the Frozen Radius 

A 1 m cadial column of sand was seen as the mallest practical fiozen radius that would 

allow for sufficient rmm to sample the in-situ noten sand deposits. Based on the 

thermal heat flow equatioas developed by Sanger and Sayles (1979), a prediction was 

made regarding the amount of energy that would have to be extracted fiom the ground 

and the time required to fieeze a 1 rn radius, by 5 m long, column of sand. Preliminary 

information regarding the moisture content and dry density of the sand deposits and the 

groundwater temperature were obtained fiom previous investigations and utilized as input 

parameters for the predictions. Table 5-3 Iists these input parameters. 

One prediction was carried out for both sites since the ground conditions were similar. 

assuming an average groundwater temperature of 8.5 OC and an average m o i m e  content 

of 27.5 %. It was assumed that liquid nitrogen would be contained within the fieeze pipe 

reservoir in the target zone at al1 times during fieezing and groundwater flow was 

neglected. Figure 5-7 shows the predicted growth of the fiozen radius versus Ume for the 

KIDD 2 and Massey Tunnel sites. Based on the prediction, it was estirnated that 

approximately 10 to 12 days would be required to fkeeze a 1 m radius column of sand at 

each of the sites. 

5.63 Coosumption of Liquid Nitrogen 

The equations developed by Sanger and Sayles (1979) were also used to predict the 

volume of Liquid nitmgen that would be required to keze  a 1 m radius column at each of 

the test sites. Figure 5-8 shows that the predicted total volume of liquid nitrogen required 

to keze  a 5 m long target zone at each of the test sites was approximately 42,000 m3 

(equivalent gaseous volume). 



5.7 Gmund Freezing and Samphg System 

Two options were available for sampling of the in-situ fiozen sand in the target zone. 

One option iacluded k z i n g  h m  the ground d a c e  to the base of the target zone and 

then coring through the fiozen overburden to the top of the target zone, below which 

samples could be taken. The second option involved fieezing in the target zone only and 

innalling cased boreholes fiom the ground d a c e  to the top of the target zone. The 

bottom end of the casing could then be sealed by bentonite and fiozen into the top of the 

target zone such that sampling could be carried out through &y, cased boreholes. as was 

done at the Phase 1 test site. At both the KIDD 2 and Massey Tunnel test sites. cost 

analyses c-d out diiriog the feasibility mdy indicated that it would be more 

economical to advance cased boreholes to the top of the target zone for sampling of the 

in-situ fiozen core. 

Based on the feasibility studies. the ground fieezing system was designed to allow for 

radiai fieezing, utilizing liquid nitrogen as the refiigerant, in the target zones only. The 

fieeze pipes were assembled to create reservoirs for the liquid nitrogen, of 5 m in length. 

in the target zones at each of the test sites. Steel fieeze pipes were utilized with a 

diameter of 50 mm. as was used during Phase 1 of the CANLEX ground fieezing 

program. Copper pipe. with a diameter of 13 mm, was w d  to feed the Liquid nitrogen to 

the bottom of the reservoir, within the fieeze pipe, and to exhaust the gaseous nitrogen 

from the top of the reservoir. 

5.8 Phase II Fieldwork 

The Phase II ground fieezhg and sampling work was carrïed out between July 4 and 

July 26, 1994. The work was scheduled such that coring of the in-situ fiozen sand could 

be carried out at one site while ground freezing was king undertaken at the other site. 

This reduced the costs associated with drill ng support. 



5.8.1 Borehok Layout 

At both the KIDD 2 and Massey Tunnel sites, pipes were iastalled in the centre of 

the test sites and boreholes for later sampling of the in-situ h z e n  sand were advanced 

within a 1 m radius around the neQe pipe. Other in-situ testing and sarnpüng activities 

were Cameci out at a 5 m radius around the central fkeeze pipes at each site. as show in 

Figures 5-9 and 5-10. The other testing included: Seismic Cone Penetration Testing 

(SCPT), Standard Penetration Testing with energy measurements(SPT/E), Geophysical 

Logging (GEO), Self-Boring Pressuremeter Testing (SBPMT), Large Diameter sampiing 

(LDS), Vibrocore sampiing (MBRO) and Fixed Piston Sampling (FPS), carried out by 

othen. This allowed for cornparison of various characterization techniques, as described 

by Fear and Robertson, (1996). In the following sections of this report, the installation of 

the fieezing and sarnpling systems are described. 

5.8.2 Boreholes Advanced for Instaiiation of the Freeze Pipe and Later Sampling 

The fieering system and sample boreholes were installed at the Massey Tunnel site fint. 

between July 4 and 6, 1994. A Longyear 38, wet rotary drill rig, supplied by the BC 

Ministry of Transportation and Highways. was utilized with a tricone drillhg bit and 

bentonite dnliing fluid. ûne 228 mm diameter borehole was advanced in the centre of 

the test site, to the top of the target zone, for later installation of the fieeze pipe and four 

228 mm diameter boreholes were advanced to the top of the target zone at a radiai 

distance of about 0.6 m fkom the central borehole for later sampling of the in-situ frozen 

sand. As each borehole was advanced to the desired depth, 219 mm diameter PVC casing 

was installed. Tàe cased boreholes extended to an average depth of 7.6 m below the 

ground d a c e .  When d l  of the boreholes at the Massey Tunnel site had been advanced 

and cased to jus above the top of the target zone. the bentonite drilling fluid was replaced 

with water and the bottom of the boreholes were sealed with bentonite. The water was 

later blown out of the cased boreholes. 



At the KIDD 2 site, the k z h g  system and sample boreholes were advanced between 

July 7 and 9, 1994. A truck momted Failhg CS.  1500 Special, wet rotary drill rig, 

supplieci by Elgin Exploration Ltd., was utilized with biodegradable Kim mud as the 

drillkg fluid. One borehole was advanced in the centre of the test site for later 

installation of the k z e  pipe and five boreholes were advanced at a radial distance of 

about 0.6 m h m  the central borehole for sampling. The boreholes were advanced by 

fïrst drillhg a 130 mm pilot hole with a tricone bit and then ushg a 241 mm tricone bit to 

enlarge the borehole diameter- Afier each borehole was advanced to just above the target 

zone. 2 19 mm diameter PVC casing was installed to an average depth of 1 1 -6 m. Once 

ail of the sampling boreholes had been advanced, the drilling fluid in the cased holes was 

replaced with water. The bottom of each borehole was then seded with bentonite and the 

water was bIown out. 

At each test site. two 75 mm diameter boreholes were advanced at radial distances of 

approximately 0.6 and 1.0 m £kom the fieeze pipes for instailation of Temperature 

Resistance Devices (RTDs). These small diameter boreholes were extended just below 

the bottom of the target zones and RTDs were installed at regular intervals to monitor the 

temperature profile with depth during ground fkeezing. RTDs were also insralled at the 

bottom of each of the sampling boreholes to CO& that the sand deposit was fiozen 

pnor to commencing coring. 

5.83 InstaUation of Fneze Pipes 

At the Duncan Dam, Sego et ai. (1994) successfûlly installed two fieeze pipes for 

conducting in-situ ground fieezing utilizing a self-jetting technique. nie freeze pipes 

were jetted into place in a relatively loose sand deposit located between 12 and 2 1 m 

below the ground d a c e .  Due to the similarity between the ground conditions 



encountered at the Duncan Dam site and the Phase II test sites. this fieeze pipe 

installation technique was ais0 used at the KIDD 2 and Massey T m e l  sites. 

At the centre of each of the Phase II test sites a 230 to 240 mm diameter borehole was 

advanced and cased to the top of the target zone. A 50 mm steel fieeze pipe was then 

lowered down the cesed borehole and jetted into the target zone by flushing water 

through a 25 mm diameter intemal jening pipe, with a perforated tip, set just inside the 

end of the 50 mm freeze pipe. As the fieeze pipe was jetted into place. the sand cuttings 

were washed up the annulus between the jethg tool and the inside wall of the freeze 

pipe. 

At the Massey Tunnel site the fieeze pipe was jetted into place with little dificulty to a 

depth of about 13.5 m. To ensure that k z i n g  of the ground wouid be complete at the 

bottom of the target zone, the fieeze pipe was then pushed an additional 400 mm without 

the use of water. Once the freeze pipe was in place. the jetting tool was removed and a 

0.45 m long bentonite seal was placed at the bottom end of the fieeze pipe. The water 

inside the fieeze pipe was then blown out and the copper feed and exhaust pipes were 

i n d l e d  inside the fieeze pipe with a rubber seal at approximately 7.5 m. This 

configuration created a reservoir for the liquid nitrogen dong the full length of the target 

zone, between 7.5 rn and 13.45 m. A back pressure valve was installed on the copper 

exhaust pipe to aid in regdation of the liquid nitrogen level in the reservoir during 

fieezîng. 

At the KIDD 2 site the fireeze pipe was installed in the same manner as described for the 

Massey Tunnel site. However, perhaps due to the higher overburden stresses and the 

slightly more dense subsoil conditions at the KIDD 2 site, some difficulty was 

encountered during installation of the k z e  pipe. During the first attempt, it was not 

possible to jet the fieeze pipe dom to the bottom of the target zone at 17 m. A second 

attempt was made immediately beside the fh t  fieeze pipe and, by applying water 

pressures of up to approximately 200 kPa, it was possible to jet the fieeze pipe d o m  to a 



depth of 17.85 m. Once the fkeze pipe was in place, the jetting tool was removed. a 

0.35 m long bentonite seal was placed at the bottom of the k z e  pipe and the water 

inside the pipe was blown out. The rubber seaf and copper tubing were W l e d  inside 

the fieeze pipe, fomiing a nservoir for the Iiquid nitrogen between 1 1 m and 17.5 m. A 

back pressure vaive was Wied on the copper exhaust pipe to aid in control of the liquid 

nitrogen levels within the f k z e  pipe. 

Afier completion of the fieeze pipe instailations, RTDs were iastalled near the top and 

bottom of the Liquid nitrogen reservoirs in each k e z e  pipe. This allowed for monitoring 

of liquid nitmgen levels inside the resenroirs at each test site during fieezing. 

5.84 Mappimg of Borehole Alignment 

To coofinn that the bottorn of each of the cased boreholes advanced for sampling fell 

inside a 1 m radius fiom the fieeze pipes, the deflection of each of the borehole casings 

was mapped at the KU)D 2 and Massey Tunnel sites. The borehole casing alignment was 

checked by installing grooved ABS inclinorneter casing in the centre of each 219 mm 

PVC casing, with plastic centraiizers, and then u t i l i ~ g  a Digitilt Inclinorneter to map the 

borehole deflections. Figures 5-1 1 and 5-12 show the layout of the fieeze pipe. samplinp 

boreholes and RTD boreholes at the test sites. The figures indicate the location of the 

sample borehole casings at the ground surface and at approxhately the top of the target 

zones; the location of the fieeze pipe at the grouad surface and at the bottom of the target 

zone is also shown. The locations of the RTD boreholes at the ground surface and at the 

bottom of the target zones are ais0 shown. The slope indicator data and plots of the 

measured borehole casing deflections are given in Appendix C. 

At the Massey Tunnel site, al1 of the boreholes advanced were neariy vertical. The 

maximum deflection measured for the sampling borehole casings was that in borehole 

M94F2, where the casing deflected 32 mm south and 46 mm east. Figure 5- 1 1 shows 



that the k z e  pipe deflected 130 mm West and 60 mm north between the ground surface 

and the bottom of the target zone. The boreholes advanced for the RTDs showed very 

little deflection. 

At the KIDD 2 site greater borehole deflections were measured. Figure 5-12 shows that 

Borehole K94F7 deflected significantly, 415 mm in a northerly direction, and the fieeze 

pipe deflected approximately 500 mm in a westerly direction. Figure 5-12 indicates that 

the horizontal disuince between the edge of the fieeze pipe Borehole K94F4 and the edge 

of the casing for Borehole K94F7, at the top of the target zone, was only approximately 

150 mm. Y o s W  et ai., 1978. showed that the disturbance caused by installation of a 

fieeze pipe in loose sand caused a zone of distubance that extended a distance of about 2 

Urnes the fieeze pipe diameter. Therefore, the zone of disturbance between Borehole 

K94F7 and the two 50 mm fkeze pipes. uistalled adjacent to one another at the KIDD 2 

site. likely extended 100 to 200 mm, depending upon the exact location of the two fieeze 

pipes with respect to the sampling borehole. Since the location of the first fieeze pipe at 

depth was unknown, it was not certain whether or not the fiozen core samples recovered 

later fiom Borehole K94F7 wodd intersect the disturbed zone. Hence, it was noted that 

the fiozen core obtained Iater from Borehole K94F7 may be disturbed. 

Although the fieeze pipe deflected significantly, al1 of the sampling boreholes fell within 

a 1 m radius of the fieeze pipe, at the bottom of the target mne. except Borehole K94F3. 

The centre to centre, radial distance measured horizontally between Borehole K94F3. at 

the top of the target zone and the bottom of the k z e  pipe was 1 .O m. This information 

reinforced the need to confirm that casing for Borehole K94F3 was nozen into the top of 

the target zone, based on RTD measwements, pnor to commencing coring. 



5.9 Ground Fteezing at the Massy Tunnel Site 

5.9.1 Initiation of Grouid Freezing 

Installation of the k z e  pipe and the cased boreholes for sampling of the in-situ fiozen 

saod at the Massey Tunnel site was completed on Juiy 8, 1994. The copper liquid 

nimgen feed pipe was then comected to a 15,000 m3 capacity (equivdent gaseous 

volume) Iiquid nitrogen truck, supplied by Canadian Liquid Air Ltd. and ground fieezing 

at the Massey Tunnel site commenced on Juiy 9, 1994. 

59.2 Monitoring of Ground Temperatures During F m P i g  

Ground fieezing at the Massey Tunnel Site was carried out on a 24 hour basis from 10:30 

on July 9 to 8:20 on Jdy 18, 1994, for a total of approximately 214 hours. During this 

tirne. the RTDs installed at the top of the target fieeze zone in each of die sample 

boreholes and the those W l e d  in the two smdi diameter boreholes at a radius of 

approximately 0.6 and 1.0 m fkom the fkeze pipe, RTDl and RTD2. respectively. were 

monitored. The tempemm measurements taken during ground fieezing at the Massey 

Tunnel site are summarized in Figures 5-13 and 5-14; the data is given in Appendix C. 

The RTDs indicated that the average initial groundwater temperature, pnor to 

commencing ground fieezing, was approxhately 1 1.2 OC. 

Figures 5-13 and 5-14 show that the rate of decrease in ground temperatures increased 

with depth and was greatest near the bottom of the target zone. This phenornenon iikely 

resulted because, initially, the flow of liquid nitrogen was not sufncient to completely fil1 

the reservoir in the target zone. When ground fkezing commenced, the liquid nitrogen 

accumulated at the bottom of the mervoir, where it absorbed heat fiom the wann fieeze 

pipe and surrounding subsoils, thereby immediately undergoing a phase change. Then. as 

the fieezing system cooled, the level of the iïquid nitrogen rose graduaily to the top of the 

target zone. 



Observations made during large d e  ground k z h g  experiments conducted pnor to 

Phase 1 of the CANLEX project (see Chapter 3), indicated that surging of the liquid 

nitrogen phase change interface occun within the k z e  pipe. This fact dong with 

insensitive flow regdators on the liquid aitrogen tankers used at the Phase 11 test sites, 

made it diflicult to maintain the level of liquid aitrogen at the top of the target zone 

without wasthg liquid nitrogen at the ground SUIface, dthough the back pressure vaive 

on the copper exhaust pipe allowed for some control. As a result, regular monitoring and 

adjustment of the flow of liquid niaogen was required during the fieezing process. Since 

it was impracticd to manuaiiy control the flow of  liquid nitrogen on a 24 hour basis. the 

phase change interface occasionally dropped below the top of the reservoir in the freeze 

pipe. Therefore. gas nitrogen in the upper pari of the reservoir, with a warmer 

temperature than that of liquid nitrogen, resulted in a slower rate of fieezing at the top of 

the target zone. 

Figure 5- 14 shows that after approximately 2 14 hours of ground fieezing. the fiozen zone 

extended a radiai distance of 1.0 m fiom the fieeze pipe. between depths of 

approximately 8 m to 12.8 m. 

5.9.3 Consumption of Liquid Nitmgen 

The consumption of liquid nitrogen was rnonitored on a regular basis during ground 

fieezing. This was necessary to determine the time at which another tank of liquid 

nitrogen would be r e q d  and to check for any indication that problems were 

developing. Figure 5-15 shows the volume of liquid nitrogen used during ground 

fieezing at the Massey Tunael site. The figure Uldicates that the rate of consumption of 

liquid nitrogen was approximately constant for the duration of the fkeezing program. A 

total of approxhately 45,000 m3 (equivalent gaseous volume) of liquid nitrogen was 

used during fkezing and sampling at the Massey Tunnel site. 



The actuai volume of liquid nitrogen used drniDg ground fkezing at the Massey Tunnel 

site was compared with the theoreticai predïction, as shown in Figure 5-15. The 

prediction was based on assuming an initial gmundwater temperature of 1 1.2 O C  and that 

iiquid nitrogen was contained within the fkeze pipe reservoir in the target zone at ail 

h e s  during kzing,. The figure indicates that the actuai consumption rate was slightly 

higher t&an predicted. This was likely due to inefficieacies associated with controlling 

the flow rate of liquid nitrogen at two test sites shultaneously. On some occasions, 

when personnel where not on site to make adjusmients, the flow of liquid nitrogen 

became too high, whereby some of the refngerant was wasted at the ground surface. 

5.9.4 Growth of the Frozen Radius 

Based on the RTD measurements taken at the bottom of each of the sampluig boreholes 

and in Boreholes RTDl and RTDZ. a comparison of the actual growth of the frozen 

radius was made with a theoretical prediction, assuming an initial groundwater 

temperature of 11.2 O C  and that the fieeze pipe reservoir in the target zone conrained 

liquid nitrogen at al1 times during freezing. The M i e  at which each RTD indicated a 

temperature of O OC was recorded and compared with the theoretical growth of the fiozen 

zone. The comparison shown in Figure 5-16. indicates that the average radius of the 

fiozen sand, measured along the length of the target zone at the RTD locations. agreed 

reasonably well with the theoretical prediction. 

As noted previously, the rate of gowth of the fiozen zone tends to be greater at the 

bottom of the target zone than at the top, due to the time required for liquid nitrogen to 

accumulate along the full height of the reservoir in the fieeze pipe and due to persistent 

difficdties in maintaining the level of liquid nitrogen at the top of the target zone 

throughout the fieezing process. This redts in slower growth of the fiozen radius near 



the top of the target zone, as indicated by some of the RTDs i d e d  at the bottom of the 

sample boreholes (top of the target zone) in Figure 5-16. 

At the bottom of the target zone, the RTDs M e d  near the bottom of  Boreholes RTDI 

and RTD;! indicated that the growth of the h z e n  zone was p a t e r  than predicted. As 

noted previously (in Chapters 3 and 4), the theoretical predictions tend to be conservative 

in the region where liquid nitrogen is containeci within the b z e  pipe at al1 thes. This 

discrepancy is likely due to the fiwt that the theoretical prediction of fieezing time is 

based on assumiag steady state conditions, while the actual time recorded corresponds to 

the first iostance when a temperature of O OC is recorded at an RTD location. The 

predictions are also based on assuming that the thermal properties of the soil mahur do 

not Vary with temperature. 

As noted by Farouki (1986), the thermal conductivity of the fiozen soil actually decreases 

as the temperatwe drops down to approxhately -30 OC to -40 OC. However. at lower 

temperatures, the thermai conductivity of fiozen sand narts to increase. It is also known 

that the thermal conductivity of both minerai grains and ice increase as the temperature 

drops. Therefore, perhaps at the very cold temperatures associated with liquid nitrogen? a 

marked increase in the thermai conductivity redts in faster growth of the fiozen radius 

that is not taken Uito account by the theoretical predictions. To CO& this. it would be 

necessary to measure the thermai conductivity of fiozen sand samples at temperatures of 

-180 O C  to -196 OC,  however, special labotatory facilities and equipment would be needed 

to accommodate this temperattue range. 

5.10 Ground Fmziag at the KIDD 2 Site 

5.10.1 Initiation of Ground Fmzing 

Installation of the fieeze pipe and the cased boreholes for sampling of the Ui-situ fiozen 

sand was completed on Iuly 11 ,  1994. The copper, liquid nitrogen feed pipe was then 



connected to a 15,000 m3 capacity (equivaleot gaseous volume) liquid nitrogen truck. 

supplieci by Canadian Liquid Air Ltd. Ground freezing at the KIDD 2 site commenced on 

Juiy 12,1994. 

5.10.2 Monitoring of Ground Temperatures Durhg F d g  

Grouad fieezing at the KiDD 2 Site was carried out on a 24 hour basis h m  18:OO hours 

on Iuiy 12 to 17: 10 hours on Juiy 21, 1994, for a total of approximately 220 hours. 

During this time, the RTDs installed at the top of the target fkeze zone in each of the 

sample boreholes and the RTDs installed in the two smd diameter boreholes at a radius 

of approximately 0.6 and 1.0 m fiom the f k z e  pipe, RTDI and RTDZ. respectively. 

were monitored. The temperature measurements taken during ground fieezing at the 

KIDD 2 site are summarized in Figures 5-17 and 5-18; the &ta is given in Appendix C. 

The RTDs indicated that the average initial temperature at the KIDD 2 site. prior to 

commenchg ground f i e e ~ g ,  was approximately 9.6 O C .  

As was the case at the Massey Tunnel site. Figures 5-1 7 and 5-1 8 show that the rate of 

decrease in ground temperatures increased with depth and was greatest near the bottom of 

the target zone. Figure 5-18 shows that after approximately 220 hours of ground 

freezïng' the top of the fiozen zone extended a radial distance of 1.0 m fiom the fieeze 

pipe, between depths of approximately 12.19 m and 16.7 m. 

5.10.3 Coasumption of Liquid Nitmgen 

The coüsumption of liquid nitrogen at the KIDD 2 site was monitored on a regular basis 

during ground fieeruig. Figure 5-19 shows the volume of liquid nitrogen used during 

ground fieezing at the KIDD 2 site. The figure indicates that the rate of consumption of 

liquid nitrogen varied slightly for the duration of the fieezing program. A total of 



approximately 37,000 m3 (equivalent gaseous volume) of iiquid nitrogen was used during 

fieezing aad sampling at the KIDD 2 site. The total volume of iiquid nitrogen utilized at 

the KIDD 2 site was likely less than that used at the Massey Tunnel site due to the cooler 

initial groundwater temperature at the KIDD 2 site. 

A cornparison of the volume of liquid nitrogen used during ground fieezing at the KIDD 

2 site with the theoretical predictions is show in Figure 5-19. The predictions were 

carried out assuming an initial groundwater temperature of 9.6 O C  and that liquid nitrogen 

was contained within the fieeze pipe reservoir in the target zone at al1 times during 

fieezing. The figure indicates that the actual consurnption rate agreed well with the 

predicted rate. since the average slopes of the two Iines are nearly parallel. The total 

liquid aitrogen used was slightly less than the total predicted volume. based on assuming 

an average moisture content of 25 %. This discrepancy may have either k e n  due to the 

fact that the fieeze pipe was not full of liquid nitrogen during the initial stages of 

£keezing, since heat absorption by the fieezing system resdted in imrnediate phase change 

of the liquid nitrogen. or due to a Iower moisture content existing in the ground than that 

assumed for the theoretical prediction. 

The moisnire content bas a greater impact on the heat extraction requirements than the 

soi1 density, since less heat must be extracted to cool mineral grains than to cool pore 

water. Therefore, soils with high moisture contents require the removal of larger amounts 

of heat to initiate phase change in the pore water. The heat extraction requirements 

govem the total volume of liquid nitrogen required to fieeze a column of soi1 at a specific 

site. Figure 5-19 shows that if an average moi- content of 20 % is assumed the 

actuaI and predicted total volume of liquid nitrogen required to fieeze a 1 m radius' by 

5 m long, column of sand at the KIDD 2 site agree very well. 



5.10.4 Growth of the Frozen Radius 

Based on the RTD measurements taken at the bottom of each of the sampling boreholes 

and in Boreholes RTDl and RTD2, a cornparison of the actual growth of the frozen 

radius was made with the theoretical prediction, assuming that the resexvoir in the target 

zone was full of liquid nitrogen at all times during fieezing. The cornparison is shown in 

Figure 5-20. The figure indicates that the average d u s  of the fiozen sand in the target 

zone agreed reasonably weii with the theoretical prediction. The RTDs installed at the 

bottom of the sample boreholes, on average, indicated slower growth of the fiozen radius 

at the top of the target zone than the predicted growth. At the bottom of the target zone. 

the RTDs instaiied in Boreholes RTDl and RTD2 indicated that the growth of the fiozen 

zone was greater than predicted. 

As noted previously, the discrepancy between the a c t d  and predicted growth of the 

fiozen radii is due to NO factors. At the top of the fieeze pipe reservoir, the level of 

liquid nitrogen is variable; therefore. the fkeezing process is slower than the ideal case 

where the fieeze pipe is completely full of liquid nitrogen at al1 times. Near the bottom of 

the reservoir, the growth of the fiozen radius is greater than the predicted rate due to the 

fact that the theoretical predictions are based on assumhg that steady state conditions 

have been attained, while the actuai tirne to fieeze a given radius is taken at the instant an 

RTD indicates a temperature of O OC. As noted for the Massey Tunnel site, the use of a 

constant fiozen thermal conductivity for the sand, rather than one that increases with 

decreasing temperature, may also nsult in under prediction of the rate of growth of the 

frozen zone. 

5.11 Coring of In-situ Frozen Sand 

Coring of the in-situ fiozen sand was undertaken at the Massey Tunnel site first, 

commencing on July 18, 1994. Sampling at the Massey Tunnel site was completed bg 



July 20. 1994. Immediately foilowùig this, coring of the in-situ fiozen sand was 

undertaken at the KIDD 2 site. Coring at the KIDD 2 site commenced on Iuiy 21 and 

was complete by July 24, 1994. 

A 150 mm, outer diameter CRREL core barrel, shown in Photo 5-1, was utilized to core 

the fiozen sand continuously in the target zones at the sample borehole locations. The 

core barrel easily advanced through the fiozen sand ushg a dry coring technique with a 

mgsten carbide tipped cuning shoe. Core catchers were instailed at the bottom of the 

CRREL barre1 to prevent loss of the fiozen core as the banel was brought to the ground 

surface. To avoid problems associated with melted slough accumulating at the base of 

the boreholes. they were periodically cleaned out with a 260 mm tricone drill bit. Coring 

was undertaken durhg the daytime. During this t h e  and overnight. a low volume flow 

of liquid nitrogen was maintained in the fieeze pipe to preserve the cold ground 

temperatures- 

Core nins of approximately 0.6 m in length were recovered and the fkozen core was 

extmded directly into plastic bags at the ground surface utilizùig a hydraulic ram, as 

shown in Photo 5-2. At the time of coring, the arnbient air temperature was 

approximately 20 to 25 OC. Therefore. immediately after extrusion, the fiozen core was 

placed in an insuiated box filled with dry ice, as shown in Photo 5-3. The lengths and 

depths of the core sarnples were recorded; the samples were then stored in freezers 

between layea of insulation and dry ice, as shown in Photo 5-4. A total of 40 m of in- 

situ fkozen core were recovered fiom 6 sample boreholes at the KIDD 2 site and fiom 4 

sample boreholes at the Massey Tunnel site. 

At the end of the fieldwork, the fiozen core samples were traasported to the University of 

Alberta ( U of A ) in fkeezers fiiied with dry ice. At the U of A the samples were 

carefully placed in a cold room for detailed logging and long-term storage. 



5.12 In-situ Frozcn Core Quaiity 

The in-situ h z e n  core samples obtained h m  the Phase II test sites were relogged in the 

U of A coid room to prepare an inventory of the nurnber and quaiity of the samples 

available for laboratory testllig. To establish the core cataiogues, the in-situ nozen core 

samples obtained nom the KIDD 2 and Massey Tunnel site were examined as follows: 

the core samples were checked for signs of fiost heave or other disturbance; 

a the ends of each segment of core were aimmed for moistwe content and void 

ratio determination; 

several core samples were photographed; 

a the depths of al1 hctures within each core nm were recorded and an estimate was 

made of the number of specimens that could be trhmed for either triaxial or 

direct simple shear testing. 

No sign of fkost heave was noted in any of the in-situ fiozen core samples. The core 

cataiogues established for the Massey Tunnel and KIDD 2 sites are provided in 

Appendix C. 

Although no sign of fiost heave disturbance was encountered, some of the samples 

contained thin veins of fine grained material. The veins appeared with highiy random 

orientations across small distances of one core diameter. Photos 5-5 and 5-6 show a 

cross-section through Core Samples M94F6-C7A and M94F5-C2C recoveied frorn the 

Massey Tunnel site, that exhibited these randomly orientated veins. Theses features were 

encountered in a total of five boreholes at various depths at the test sites, including 

Boreholes K94F3 and K94F2, at the KIDD 2 site, and Boreholes M94F5, M94F6 and 

M94F2, at the Massey Tunnel Site. The depths where core samples were encountered 

that exhibited distinct fine grained vein features are shown with respect to the fieeze pipe 

location at each of the test sites in Figures 5-21 to 5-24. 



An investigation was undertaken to aetermine whether or not these features were caused 

by the in-situ ground k z k g  activities. To c o w  whether or not hydrauiic fracturing 

couid have occurred during installation of the h z e  pipes, caiculations of the pressure 

required to hydraulidy hcture the ground were undertaken. Hycirauiïc fracturing 

requks that a condition of zero effective stress be ùiduced, where the water pressure is 

equal to or greater than the minimum total stress. The initial fhcture(s) then develop 

with an orientation that is perpendicular to the minimum principal stress (Guo et al.. 

1993). The minimum principal stress at the top of the target zone, quai to the total 

horizontal stress, was approximately 166 kPa, at the KIDD 2 site, and 65 kPa at the 

Massey Tunnel site, assuming that the groundwater table was located at 1.5 m. 

Therefore, to develop a condition of zero effective stress, it wodd have been necessary to 

induce a minimum water pressure equai to the total horizontal stress as the fieeze pipe 

was jetted into place. 

At the KIDD 2 site. where some diffculty was encountered during installation of the 

fieeze pipe, the maximum applied water pressure recorded was 200 kPa which wouid 

have been sufficient to hydraulically hcture the ground. Unfortunately the water 

pressures applied during installation of the heze  pipe at the Massey Tunnel site were not 

recorded, although less resi-ce to jetting the f k z e  pipe hto place was encountered at 

this site, thereby requiring less hydrauiic pressure. Yet, given the lower overburden mess 

at the top of the target zone at the Massey tunnel site, it is possible that the ground was 

hydraulically fiactured at this site as well. 

To confïrm whediet or not the vein features were remnant of hydraulic hcturing? it was 

necessary to identiQ the nature of the vein materiai. If the ground had ken hydraulically 

hctured during installation of the k e z e  pipes utiiizing only water, drilling mud used to 

advance the cased boreholes above the target zone could have accumulated in the open 

hctures. To aid in identifj4ng the nature of the vein material, elemental analyses were 

carried out, in conjunction with Scanning Electron Microscope (SEM) imaging, on frozen 

core simples obtained from both the KIDD 2 and Massey Tunnel sites. Analyses were 



carried out on pieces of fiozen core samples with a section cut through the core that 

intersecteci bth the vein material and the h z e n  sand. Elementai analyses were ais0 

carried out on dry samples of the vein material extracted h m  the Erozen core. as well as 

on the sand firaction, the fines fiaction separated fiom the native sand and on samples of 

the driliing mud utilued at each of the test sites. 

Photos 5-7 and 5-8 show SEM images of the vein features encountered in the fiozen core 

samples fiom the KIDD 2 and Massey Tunnel sites, respectively. Photo 5-7 shows that 

the vein material encomtered in one of the fiozen cores at the KIDD 2 site was not in 

direct contact with the sand grains bounding the vein on either àde. This suggests that 

the fines within the vein had undergone consolidation during fieezing and therefore. that 

this fean~e must have existed at the time that the fieezing fiont progressed across this 

location. Photo 5-8. showing one of the vein features encountered at the Massey Tunnel 

site. indicates that, in some cases. the boundary between the vein materiai and the fiozen 

sand was less distinct than that shown in Photo 5-7. 

SEM Photos 5-9 and 5-10 show that the vein materiai. extracted fiom core samples at 

each test site. comprised similar platy clay minerais. Cornparison of the elemental 

analyses show in Figures 5-26 and 5-27a to 5-27b, at the KIDD 2 site, and shown in 

Figures 5-29 and 5-30a to 5-30b, at the Massey Tunnel site, indicates that the elemental 

composition of the vein matenal and that of the native fines fiaction extracted fiom the 

sand at each test sites were very similar. The analyses also indicated that the composition 

of KIM mud shown in Figure 5-3 1, used at the KlDD 2 site, and that of bentonite mud 

shown in Figure 5-32, used at the Massey Tunnel site, were significantiy different f?om 

the constituent elements found in the native fines. 

Given that the veins were comprised of native fines, rather than drillhg mud, it remained 

to be determineci whether or not grouud fieezhg could have moved the native fines, 

originally interspmed within the sand matnx, to fonn discrete, randomly onented veins. 

The SEM was w d  to study the migration of clay mineral particles within a sand sample 



that had ken subject to a freeze-tûaw cycle. A reconstiaited sand smple. containing 

10 % fines, was formed using the slurry deposition method (Kuerbis and Vaid. 1988). 

This method of sample preparation causes less preferentid particle alignment. 

perpendicular to the long axis of a aiaxial p i m e n ,  than the water pluviation method. 

In addition, slurry deposition also ~ie~uits in a teasonably saturated specimen, thereby 

avoiding m e r  preferential alignment and clay particle migration that would be caused 

by back saturation of the soil. 

Under drained conditions, a reconstïtuted sample was unidirectionally fiozen from the 

bottom, upwards. thawed fiom the top, downwards and then refiozen fiom the bottom 

upwards. Freezing was accomplished by circulating liquid nitrogen through the base 

plate of the triaxial cell. After the second fieezing cycle, s m d  specimens were trimmed 

fiom the reconstituted sample with an exposed plane paralle1 or perpendicular to the 

fieezing front The specimens were then viewed under the SEM while fiozen. 

Photo 5-11 shows that the specimen trimmed with the exposed face parallel to the 

fieezing fiont. exhibited oniy the edges of kaolinite particles. This photo indicates that 

the clay minerals were aligned with the thin edges perpendicular to the fkeezing front. but 

at various orientations across the plane. Photo 5-12 taken of a sample which had not 

undergone complete sublimation of the ice to allow for unobstmcted viewing of the 

fiozen soil structure, shows that the clay minerals were found with an alignment that 

coincided 6 t h  ice grain boundaries. As shown in Photo 5-13, taken of a specimen 

trimrned with the exposed face perpendicuiar to the fkeziag front, most of the clay 

particles are aligned with the thin edge perpendicular to the k z i n g  fiont (paralle1 to the 

face of the paper). However, as shown in the lower lefi corner of the photo, one clay 

particle was found with an alignment parallel to the fkezuig front, perhaps coinciding 

with an ice grain boundary. 



Studies conducted by Corte (1962) on the migration of soi1 particles during f i e e ~ g  

indiateci the following conclusions: 

fina particles exhibit -ter migration than coarse ones; 

fine particles migrate over a wide range of k z i n g  rates; 

coarse particles migrate only under slow fireezing rates; 

the greatest migration is exhibited by particles with the smaliest weight per unit 

surface area; 

for a particle to migrate, a layer of water must be continuously present between the 

particle and the ice fiont; 

some particles do not change orientation during migration and some rotate. 

Based on the information provided by Corte (1962), preferentiai migration of particles 

occurs in advance of a moving fkezing plane and therefore, particles of various shapes 

and sizes would not likely be transported en masse to form discrete veins such as those 

encountered in some of the fiozen core samples at the Phase II test sites. This suggests 

that the orientation of clay minerals evident in the SEM photographs of the reconstinited 

eozen samples may have been largely established during sample preparation and not an 

artifact of the fieeze-thaw process. 

The SEM test results presented here also suggest that movement or reorientation of clay 

minerals, due to hezing, takes place over relatively short distances, with alignment 

occiuring both perpendicular and parailel to the k z i n g  froont, and some minor aiigament 

coinciding with the ice grain boundaries. Thetefore, given that in-situ ground freezing 

progresses unidùectionaiiy, in a manner similar to the unidirectional fieezing that the 

recoostituted specimens were abject to, it is unükely that ground fieezing could have 

caused mass movement of clay minerais, originally dispersed within the sand. to fonn 

discrete, randody oriented veias. 



An alternate source of the vein features found in the in-situ fiozen core specimens was 

investigated. According to Naesgaiad et ai. (1 992), Clague et al. (1992) and Lutemauer 

et al. (1994), there is evidence of Iiquefaction features in the Fraser River delta that may 

have originated fiom prehistoric earthquakes. It may be that veins encountered in some 

of the fiozen core recovered h m  the test sites in the Fraser River delta were featwes 

associated with prehistoric liquefaction events. 

Clague et al. (1992) documented cases o f  intrusive sand dykes found at five test sites in 

the Fraser River delta and assert that these features were associated with liquefaction of 

relatively loose sands underlying the d a c e  crust, that occurred duruig one or more 

earthquakes. The sites investigated by Clagw et al. with evidence of sand dykes were 

located close to the Phase II test sites, as show in Figure 5-33. 

A typical cross-section through one of the sites, shown in Figure 5-33, is similar to the 

stratigraphy dehed at the KIDD 2 test site as part of the CANLEX project. as show in 

Figure 5-34. According to Clague et ai. (1992), the sand dykes that intruded into the 

clayey silt of Unit 1, consisted of mainly sand that was similar in texture to Unit 1 (see 

Figure 5-33). However, in areas where the dykes feathered out, they consisted of silt and 

mud rather than and. The contacts between the injected materials and Unit 1 were also 

fond to be sharp everywhere. 

Aithough some of the features described by Clague et al. (1992) appear to be similar to 

the fine grain veins encountered in the fiozen core at the Phase II test sites, the depths at 

which these features were found ciiffers. ïhe  sand dykes documented by Clague et ai. 

(1992) intnided from loose sand deposits located between 5 and 15 m, into the surface 

crust layer between 2 and 5 m. This agrees with labotatory t e s ~ g  that has shown that 

sand dykes are most commonly produced by liquefaction of sandy deposits that are 

capped with a relatively impermeable layer, that hinders pore pressure dissipation. 

However, Figures 5-2 1 to 5-24 show that the fine p i n  vein features found in the fiozen 

core samples were encountered between 8 and 17 m below the ground surface in 



relatively loose sands. Therefore, unies the silty clay layer. shown between 20 and 23 m 

at the KIDD 2 site in Figure 5-34, muid have been the source material for these veins. it 

cannot be concluded that the features encountered in the fiozen core were artifacts of a 

prehistoric liquefaction event Unfortunately, a sample of the silty clay layer was not 

recovered during the site work since this material was located severai metea below the 

target zone. 

To aid in determinhg if the vein featues existed at the Phase II test sites prior to cax-rying 

out in-situ ground fkzing, an additional Vibrocore sample was recovered fkom a 

borehole advanced adjacent to the zone where ground fieezïng had been undertaken. 

Unfortunately, similar vein features were not detected in the Vibrocore sample. 

However, given the Iimited thickness of these features. even if present. vibration 

associated with this method of sampling may have disturbed the ground suficiently to 

render the features undetectable. 

Although the source of the vein features encountered in the fiozen core at the Phase II test 

sites remains to be unequîvocally confimed, some conclusions can be drawn. It is 

possible that hydrauiic frachiring during installation of the freeze pipe occurred at the 

Massey Tunnel site and could possibly have occurred at the KIDD 2 site. Regardless of 

whether or not hydrauiic kturuig was directly or indirectly responsible for the vein 

features, hydrauiic fiacturiag causes disturbance of the subsoils. Therefore. uisrallation 

of fieeze pipes uiilizing a self-jetting technique should be avoided unless it cm be 

demonstrated that the overburden stresses are hi& enough to preclude hydraulic 

fracturing. Based on the SEM study, it can also be concluded that ground fieezhg was 

likely not responsible for m a s  movement of the native fines, resulting in the formation of 

discrete fme grain veins within the sand matrix. 



5.13 Void Ratio Measuremenîs 

The f iozn core samples were trimmed in the cold room at the University of Alberta for 

evaluation of the in-situ void ratio and to prepare specimens for laboratory testing. 

Estimates of the void ratios were made based on h z e n  cubes trimnied fiom one end of 

each fkozen core, with dimensions of about 3 cm by 3 cm by 2 cm. To avoid assuming in 

advance that the fiozen core specimens were fùiiy sanitated, the fiozen total density and 

moisture content of the cubes were used to estirnate the void ratios of the remaining core 

fiom which the ch& were trimmed- using the foilowing equations: 

where: p, is the total fiozen density @/cm3); Mf is the fiozen mass of the chunk (g); V, is 

the fiozen voiume of the chu& detemiined by measurement of the physicd dimensions 

(cm3); pd is the dry density @/cm3); ai, is the ice content; p, is the density of water 

(@cm3), and G, is the specific gravity of sand. 

This method of estimating the in-situ void ratio of what would later become triaxial and 

direct simple shear specimens, was an approximation, due to the fact that the calculated 

densities dependec! on the measured physical volume of the frozen trimmed cubes. which 

was subject to some error, and the ice content of the cubes rather than that of the triaxial 

or direct simple shear specimens thernselves. Initially, the fiozen volumes of the cubes 

were aiso measured by submersion in kerosene at a temperature of less than O OC. 

Cornparison of these measurements with the physically measured volume showed good 

agreement, however, residual kerosene on the dried specimens gave incorrect values of 

the dry mass of the cubes. Therefore, physical volume measurements were used as a 

basis for hiture void ratio calculations. This information served as a guideline to 

determine which of the fiozen core specimens trimmed for laboratory testuig had the 



highest void ratios. At the completion of labotatory testing, the total dry weight of the 

failed specimens and the volume change measurements taken during thawing and 

shearing couid be used to back calculate the actuai iniaal void ratios of the specimens. 

5.14 Void Ratios Determined h m  Geophysical Logging 

As an independent evaluation of the void ratio meanired h m  the in-situ fkozen core 

samples, trimmed for triaxial testing, these void ratios were compared with the void ratios 

enimated based on geophysical logging conducted in boreholes advanced within a 5 m 

radius of the in-situ fiozen core samples. Figure 5-35 shows that the void ratios 

estimated from these two independent techniques agree to within a void ratio of 

approximately 0.03. The geophysical logging techniques utilized during the CANLEX 

project are described by Küpper et al. (1995). 

5.15 Conclusions 

Prior to undertaking insitu ground fieezing, it is important to conduct detailed feasibility 

studies to confirm that fieezing with liquid nitrogen will not result in disturbance of the 

subsoils in the sampling zone. In appropriate subsoil conditions, in-situ ground freezing 

can be used successfüily to obtain highly undisturbed samples of loose sand. 

Examination of the in-situ fiozen core obtained h m  the Phase II test sites, and fiom the 

Phase I test site (see Chapter 4), indicated that fiost heave disturbance did not occur, as 

was predicted using D a d a  et al.'s (1992) criteria Therefore, for the types of sands 

investigated by CANLEX, mineralogical evaluation of the fines content within a subsoil 

deposit can be utilized in conjunction with the criteria developed by Davila et al. (1992)' 

to evaluate the potential for disturbance due to fiost heave. 



The theoretical equations presented by Sanger and Sayles (1978), can be used to predict 

the growth of the fiozen tadius and the volume of iiquid nitrogen required to keze  a 

given volume of sand Theoretical predictions undertaken for the Phase 11 test sites 

agreed weli with the actuai ground k z h g  process. 

A CRREL core barre1 is an effective means of obtaining undisturbed samples from in-situ 

fiozen sand. A total of 40 rn of undisturbed h z e n  sand core was recovered fkom the 

Phase II test sites utiliPng a dry c o ~ g  technique with a 150 mm, outer diameter CRREL 

core barrel. 

SeEjetting techniques for W a t i o n  of the freeze pipe should be avoided unless it can 

be demonstrated that hydrauiic ktur iog of the ground wiU not occur. At sites where 

undisturbed samples are required from relatively shallow depths, it is preferable to install 

the fkeze pipe in a prednlled, srnail diameter borehole, as was carried out successfully at 

the Phase 1 test site, 

The study conducted with a scanning electron microscope on reconstituted sand 

specimens subject to a fkeeee-thaw-kze cycle, indicated that clay rninerals may align 

either with the thin edge perpendicular of parallel to the Geezing fiont. The @y also 

suggested that clay minerals were not moved en merire to form discrete, fine grain veins 

within the sand matrix. 

The void ratios estimated for the in-situ h a  core, based on the density of trimmed 

triaxial specimens, agreed well with the void ratios determined fiom geophysical logging. 

This indicates that in-situ ground k z i n g  worked well as a means of obtaining 

undisturbed core samples of datively loose sand at the Phase II test sites. 
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Table 5- 1 : Mineraiogy of the Fine Fraction at the KIDD 2 Test Site (based on area of 

the major x-ray reflections in percentage). 

I Sam ple 

1 Number 

Sample #9 

Sample # 1 1 

Sample #12 

Sample #7 

Sample #9 

I Sample #12 

( Sample #14 

Sm(25), Ch( 1 S), Mi(25), Kt(1 O), Qa(25) 

Sm: smectite 
Ch: chlorite 
Mi: mica 
Kt: kaolinite 
Qtz: quartz 
Fd: feldspar 
Ch(+Sm): chlorite-smectite intergrade 



Table 5-2: Mineralogy of the Fine Fraction at the Massey Tunnel Test Site (based on 

are-a of the major x-ray reflectiom in percentage). 

l Sampk 

Number 

Mineralogy 

<2 pm 

Sample #5 

Sample #6 Sm( 1 S), Ch(1 O), Mi(30), Kt(l S), Qtz(îO), Fd(l0) 

Sample #5 Qtz(7O), Fd( 1 S), Ch(+Sm)(S), Mi(5), Kt(5) 

Sample #6 

Table 5-3 : input Parameters used for Prediction of the Freezing Process at the 

Phase II Test Sites 

Test 1 Moismre 1 Dry 1 Gnund 1 Heat Capacity Conductivity 

Site Content Density Temp. cm 

YO @cm3 O C  M J / ~ K  

KIDD 2 25 1 -50 8.5 3 .25 

Massey 30 1 -50 8.5 3.25 
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Figure 5- 1 : P b  II Site Location P h  



Figure 5-2: KIDD 2 Site Lacation P b  



Fqurr 5-3: Mucey Tumiel Site Location P h  
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Figure 5-5: S a d  Onm Size Disbi'butiom at tbe P b  LI Test Sites. 
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Figwe 5-6: SwfhArea Criterial Plot for Evahiation of Frost H e m  Susceptiiility 

(Ifta Dada et ai., 1992). 



Figure 5-8: Ptadicted Liquid N m  Coartmpion rt tbc Pham II T m  Sites. 
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Figure 5-9: Detailed Characteridon Zone at the KIDD 2 Site. 
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Figure 5-1 0: Dctaitcd CberactcrizaEion Zoac a the Moosey Tunnel Site. 



Fi- 5-1 1: Alignment of Samppline Bonholes at the Massey Tunnel Site. 



Figure 5-13: RTD Temperanue Measwcments R#orded at the Massqr Tunnel Site at a 

0-6 rn Radius. 

Figure 5-14: RTD T- M- l k o f d d  Q the Muiy T d  Site at a 

1.0 m W s .  



Figure 5-15: Cornparison of Ami l  and Prcdicted Liquid N ï m  Coiuumption at the 



F i v  5- 17: RTD Tanpaiairr M- Racofdd rt the KIDD 2 Site at a 0.6 m 

Radius. 

Radius. 



F o i  5-19: Cornparison of Aaual and Rrrdicted Liquid Nitrogen Collsumption at the 

KDD 2 Site (*a groundwater tcmpaitine of 9.6 OC). 

F i  5-20: Compuiron of Aetuil d Pmdktd P d i a d  Freezing Time u the I(IDD 

2 Site (hhial graundwatcf temparbirr of 9.6 O C ) .  



Figure 5-2 1 : In-Situ Frozen Corc Sliiiple obtained fkom Borcholes K94F3 and K94F2 at 

the KLDD 2 Site Exhibiting Fine Grain Vein Featurts. 

ampies with Van Featums 

Figure 5-22: Ia-Sini F t b m  C m  Sunpk o h i d  dram B o d ~ l e  M94F5 at the Mwey 

Tuand Site Uu'bting Fime Onin Vcin Fatum. 



Figure 5-23: In-Situ 

TuMd 

Frozen Core Sample &ahcd fiom Bomhole M94F2 et the Massey 

Site Exb'biting Fi Grain Vein Fcaauts. 

Figure 5-24: In-Situ Froza Con Simple obtiWd h m  Borchole M94F6 at the Massey 

Tuant1 Site Exhiiting F i i  Gnin Vein Featwcs. 



Figure 5-25: Elmental A d y s h  of Clan Sand obtained fiom Frozen Core Samples at 

the KIflD 2 Sitt. 

Figure 5-26: Frozcll Core Samples at 



Figure 5-27a: Elunentai Anrlysis of Vein Material Extractcd h m  Frozen Core Sarnples 

u the KlDD 2 Site. 

a.. wscm n.m 
Figure 5-27b: Elaœatd AailyPI of V& Mataid W h m  Fmzen Core Simples 

at tbe KïDD 2 Site. 



Figun 5-28: Elemental Analysis of Clean Sand obtaincd fiom Frozcn Core Samples at 

the Muay Tunnel Site. 
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Figure 5-29: UcmearJ AiulylU of Native F i  lkûactd b m  Froan Core Sunples at 

the Ma!ssey Tumd Site. 



Figure 5-30a: Elemcntaf A d y s i s  of Veia Matcrial Extnatd fiom Frozen Core Samples 

Figure 5-30b: EkmemJ hdyab ofva MitaiJ Exmaai h m  Frozm Core Slmples 

at the Mwey Tunnel Site. 



Figure 5-3 1: Elanenta1 Andysis of KlM D d h g  Mud used at the KIDD 2 Site. 



Filpire 5-33: Sitas in tûe F n r a  Riwr WU wbae Sand Dyke~ were 

Ciague et ai., 1992). 

Figure 5-34: Gedogial of tk KIDD 2 Site Busd on Pi-= RcsstiMty 

Logs (prqared by the Univezisity of BrWh Cohunôia h r  CANLEX). 
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Figure 5-35: Cornparison of Void Ratios Daermined fiom In-Situ Frozen Core and 

Geophysicai Logging at the Massey Tunnel Test Site. 



Photo 5- 1: 150 mm Diameter CRREL Core Barrel Used to Recover Samples of 

In-Situ fiozen Sand fiom the Phase II Test Sites. 

Photo 5-2: Hydraulic Extruder used to Remove InSitu Frozen Core nom the CRREL 

Core Barrel. 



Photo 5-3: In-Situ fiozen Core Sample Obtained fkom the Massey Tunnel Site - shown 

after Extrusion into an uwlated Box Containing Dry Ice 

Photo 5-4: In-Situ Frozen Core Stored in a Freezer for Transportation fiom the Site to 

the University of Alberta. 



Photo 5-5: Fie Grain Vein Featwe Encoutend in In-Situ fkozen Core Sample 

M94F6-C7A Obtained fiom the Massey Tunnel Site. 

Photo 5-6: Fine Grain Vein Feature Encountered in IPSitu fiozen Con Sample 

M94FSOC2C Obtained fiom the Massey Tunnel Site. 



Photo 5-7: SEM image of Fine Grain Vein Feature Encountered in In-Situ fiozen 

Core Sample nom the KIDD 2 Site. 

Photo 5-8: SEM Image of Fine Grain Vein Feature ~ncountered in In-Situ fiozen 

Core Sample âom the Massey Tunnel Site. 



Photo : 5-9: SEM Image of Platey Clay Minerals Comprising Fine Grain Vei 

at the KlDD 2 Site. 

n Feature 

Photo 5 - 10: SEM Image of Platey Clay Minerais Comprising Fine Grain Vein F 

at the Massey Tunnel Site. 



Photo 5-1 1: SEM Image of Reconstituted Sand Sample Subject to Freezing Cycles 

showing Alignment of the T b  Clay Mineral Edge Perpendicular to the 

Freeze Front- 

Photo 5-12: SEM Image of Reconstituted Sand Sample Subject to Freezing Cycles 

showing a Clay Mineral Particle Aligned with an Ice Grain Boundary. 



Photo 5- 13 : SEM Image of Recoostituted Sand Sample Subject to Freezing Cycles 

showing Clay Mineral Particles Aligned both Perpendicular and Pardiel 

to the Freezing Front. 



Chapter 6.0 In-situ Ground Freezing and Sampüog at the Phase III Event Site 

6.1 Introduction 

Phase III of the Canadian Liquefaction Experiment (CANLEX) involved attempting to 

statically trigger a liquefaction flow slide by rapidly loading a loose. sarurated sand 

deposit The rapid loading was carried out by pumping tailings into a reservoir bounded 

by a containment dyke constnicted on a 10 m thick loose saad foundation deposit. The 

foundation sand was placed hydradically into standing water in an abandoned borrow pit 

(J-pit), at S yncmde Canada Ltd. (SCL), near Fort McMurray. Alberta. This resulted in 

approximately 7 m of loose beach below water (BBW) sana underlying 3 m of slightly 

more dense beach above water (BAW) sand. The containment dyke was constructed as a 

clay-sand composite ring dyke overlying the hydrauiically placed foundation sand. The 

test section of the embankment, where instrumentation would be installed to measure the 

pore pressure and deformationai response of the foundation sand? was constnicted using 

clay shale fil1 to a height of 8 m, with sideslopes varying Eom 2.5: 1 to 2.0: 1. A 9 m high 

hydraulically placed sand benn, with sideslopes of 2.5: 1, was then tied into the completed 

clay embankment to form the back portion of the ring containment dyke. A Plan view of 

the test site in J-pit is shown in Figure 6-1. Further details regarding the scope of work 

for Phase [II are preseated by Byrne et al. (1995). 

Pnor to rapid loading, the BBW sand was fully characterized by various in-situ testing 

and sarnpling techniques, carried out in a manner similar to that undertaken duing 

Phases 1 and II of the CANLEX project. Detailed characterization was undertaken within 

an 8 m radius circle located near the south end of the clay embankment footprint. To 

obtain undisturbed samples and to estimate the void ratio of the loose sand deposit 

(BBW), in-situ ground fieezhg and fiozen core sampling was undenaken in the centre of 



the detailed characterization zone. Liquid nitrogen was utilized to radidly fieeze a 

column of loose sand between depths of 3 and 7 m below the ground surface. The fiozen 

sand was then sampIed using core barrels developed at the University of Alberta. with a 

design sindar to the Cold Regions Research Engineering Laboratory (CRREL) barre1 

cornrnonly used for sampling fiozen ground. Two core bamls were used, one with an 

inner diameter of 100 mm and one with an inner diameter of 200 mm. 

Chapter 6 describes the in-situ ground fkezing and sampling of the fiozen sand at the 

Phase III test site. Further details regarding the instrumentation, construction and site 

characterization undertaken as part of the Phase III fidi scale liquefaction test are given 

by Hohann et ai. (1 996a and l996b). 

6.2 Location of Undisturbed Samplhg 

Once the loose sand had k e n  placed in J-pit, the deposit was characterized by ConeTec 

Investigations Ltd. (ConeTec) to c o n f i  that there was a potential to tngger flow 

liquefaction of the loose sand foundation and to identify the best locations for the 

containment dyke, instrumentation iines and zone for detailed characterization. Under 

the supervision of the University of Alberta, ConeTec conducted 22 Cone Penetration 

Tests (CPTs) and 4 Seismic Cone Penetration Tests (SCPT) in an 80 m by 80 m grid 

across the site. 

At the Location of the CPT grid, the upper 3 m of the sand foundation was more dense. 

indicating BAW, while the sand below 3 rn was looser, comprising BBW. The CPT 

screening indicated that the foundation sand was loosea at the southeast corner of the 

approximate clay embankment footprint. Based on the CPT screening, the zone for 

detailed chanicterization was located imrnediately downstream of the southeast corner of 

the clay embankment. where the foundation sand was loosest. The target depth for 

detailed characterization, where in-situ gmund fieezing and undisturbed sampling would 



be carried out, was identified between 3 and 7 tn, where the lowest CPT end bearuig 

resistances were encountered. Figure 6-1 shows the location of the 8 m radius circle 

where detailed characterization was carrieci out and Figure 6-2 shows the CPT profiles 

obtaîned within the 8 m d u s  circle. The average normalized cone tip resistance. q,. in 

the target zone was 2.4 MPa 

63 Ground Freezing Feasibility Shtdies 

Pior to undertaking ground fieezing and sampling at the Phase III event site. it was 

necessary to fim confïrm that the sand deposit couid be fiozen without causing 

disturbance due to frost heaving. Feasibility -dies were caxried out considering both the 

nature of the sand deposit and the site conditions. with respect to the potential for 

utilizing in-situ ground fieezing to obtain undisturbed samples of loose sand. 

63.1 Frost Heave Susceptibility 

Phase 1 of the CANLEX project involved undisturbed sampling of sand at the Mildred 

Lake Sertiing Basin, Syncrude Canada Ltd. The same type of sand that was used to 

consmict the Mildred Lake Settiing Basin was deposited in I-pit for Phase III. Therefore 

it was assurned that the mineralogy of the fines in J-pit would be the same as that 

determined during Phase 1, as shown in Table 6-1. However. since most of the Phase III 

foundation sand was hown to comprise BBW, the percentage of fines contained within 

the sand deposited in J-pit was expected to be greater than the fines content at the Phase I 

test site. 

Prior to site characterimion, Syncrude indicated that the fines content of the çand placed 

in J-pit could be as high as 22 percent. Grain size tests carried out on split spoon samples 

obtained fiom the Phase III test site during detailed characterization, indicated that the 



fines varied between approximately 5 and 20 percent in the target zone. The distribution 

of the fines content with depth, detemiined nom 17 samples in 3 boreholes advanced 

within the 8 m radius chle  at the site, is shown in Figure 6-3. The average fines content 

of the SPT samples in the target zone was ody 10 %. The grain size curves established 

for each of the SPT samples are provided in Appendix D. 

Based on the grain size information, and the mineralogirai evaiuation carried out on the 

fines fiaction during Phase 1, DaviIa et ais' (1992) criteria was used to evaluate the fioa 

heave potential of Syncrude sand, containhg 22 percent fines. As shown in Figure 6-4. 

accordhg to Daviia et ai 's criteria the nsk of fioa have was negiigible. even if the fuies 

content was assumed to be higher than the average value determined from the grain size 

analyses. 

As part of the feasibility study conducted prior to undertaking in-situ freezhg. fiost heave 

tests were aiso carried out on reconstituted samples of Syncnxde sand with a fines content 

of 22 percent The rate of cooling used for the tests was 0.4 OC/cm. This cooling rate is 

approximately the same as that which typically occurs at the radial distance fiom the 

fieeze pipe of about 0.5 to 0.6 m, where sampling would be undertaken. Although the 

specimens took in water during fieezing over a period of about 90 to 165 hours. as shoun 

in Figure 6-5, the measured axial heave of two samples with a fines content of 22 percent 

was only 0.1 and 0.2 mm. under confüung stresses of 24 kPa and 55 kPa. respectively. 

The average effective overburden stress in the target zone was about 58 kPa, ranging 

nom approximately 38 kPa at the top of the target zone, to 77 kPa at the bottom of the 

target zone. If al1 of the pore water had fiozen in place, causing a 9 % pore water volume 

expansion, the measured have  wodd have ken  about 6 mm. Therefore, heaves of O. 1 to 

0.2 mm were likely due to the effect of temperature on the equipment in the cooler. It 

should be noted that the large volume of pore water taken in by Sample 2, under an 

overburden stress of 24 kPa, was associated with a ieak in the burette and was not the 

actual volume of pore water taken in by the sample. 



Given the negligible heave exhibited by the specimens during f ion heave testhg and 

considering that the average fines content of the SPT samples in the target zone was only 

10 %, it was decided that in-situ gromd k P a g  remained the best method for obtaining 

undisn~bed samples fkom the Phase III test site. 

6.3.2 Site Conditions 

To estimate the permeability of the sand deposit in which in-situ ground fieezing would 

be undertaken. permeability tests were carried out on reconstituted sand samples with 

fines contents of 22 percent. The permeabilities measured from these tests were 

7.6 x 1 O-' c d s .  under an overburden stress of 30 kPa, and 6.2 x 1 O-' cm/s. under an 

overburden stress of 100 kPa 

Based on the permeability test redts .  the maximum rate at which water could be 

expelled fkom the f i e e ~ g  front was calculated to be approximately 2.7 c m h .  The 

fieezing gradient, at a radiai distance fiom the fieeze pipe where sampling would be 

undertaken, was estimated to be approximately 0.4 cm/h.. Therefore, the relatively hi@ 

permeability of the sand wodd not inhibit pore water expulsion. 

During the CPT screening, ground temperatures measurements were taken. Figure 6-6 

shows the groundwater temperature profiles measured in Boreholes CPT 18 to CPT 25 

fkom May 19 to 22, 1995. The profile indicates that the ground temperature increased 

fiom 20 O C  near the ground surface to 40 OC at a depth of approximatel y 4 to 5 m and 

then decreased to 20 OC at a depth of about 12 m. This information was used for 

prediction of the heat extraction requirements to carry out ground fieezing. 



6.4 Prcdiction of Ground Frcaing Pmcess 

6.4.1 Growth of Frozen Radius 

A 1 m radius column of sand was seen as the smaiiest practical fiozen radius that would 

aiiow for M c i e n t  volume of fiozen sand to cary out sampling. Based on thermal heat 

flow equations developed by Sanger and Sayles (1979), a prediction was made on the 

amount of energy that would have to be extnicted h m  the ground and the t h e  required 

to fieeze a 1 m radius column of sand, assuming that the fkeze pipe reservoir would be 

full of liquid nitrogen in the target zone at al1 times during gmund fkezing. Preliminary 

information, regarding the rnoisture content and dry density of the BBW sand and the 

groundwater temperatures obtained during detailed characterization. were utilized as 

input parameters for the predictions; Table 6-2 lîsts these input parameters and the spread 

sheet used for thermal calculations is shown in Appendk D. 

Figure 6-7 shows the predicted growth of the fkozen radius versus time for the Phase III 

test site. Lt was estimated that approximately 22 days would be required to fkeeze a 1 m 

radius, given an average initial ground temperature of 35 O C .  

6.4.2 Consumption of Liquid Nitmgen 

The equations developed by Sanger and Sayles (1979) were also used to predict the 

volume of iiquid nitrogen that would be required to k e z e  a 1 m radius column of sand at 

the test site. assuming that liquid nitrogen would be contained within the fieeze pipe 

reservoir in the target zone at al1 Urnes during freezing. The predicted volume of liquid 

nitmgen required for completing groutid fieezing was approximately 18,100 m3 

(equivalent gaseous volume) per meter length of the fiozen column. Therefore, as shown 

in Figure 6-8, for a 4 m long target zone located between 3 and 7 m below the ground 

surface, the total volume of liquid nitrogen was estimated to be approximately 72,500 m3 

(equivalent gaseous volume). 



6 5  Phase III Grouad Freezing and Sampiing System 

65.1 ïnstaüation of Fteeze Pipe 

Pnor to ùistalling the ground fieezing system, Standard Penetration Tests (SPTs) and 

CPTs conducted at a 8 m radius fiom the center of the circle, where the k e z e  pipe would 

be instailed, confirmed that the sand was very loose. The nomalized SPT and CPT data 

indicated that the average was about 3 and the average q,, was about 2.4 MPa. 

Given the loose subsoil conditions, it was initially intended that the fieeze pipe would be 

jetted into place, without exceeding the overburden stress and causing hydraulic 

hcturing of the ground. However. due to dificulties with the drillhg equipment and 

jetting syçtem it was not possible to innall the freeze pipe in this manner. As an 

alternative. it was envisioned that the fieeze pipe, equipped with a cone tip at the bottom 

end codd be slowly pushed into place. using the driiling ng, without causing excessive 

radial disturbance- 

A 150 mm diarneter PVC casing was first installed through the more dense. upper 2.5 m 

of sand. A 50 mm diameter, steel fieeze pipe was then slowly rotated down through the 

center of the casing and pushed to a depth of 6.9 m. The resistance to pushing the fieeze 

pipe into place was minimal. Once the fieeze pipe was in place. the 25 mm diameter 

copper inflow and outflow pipes were installed inside the steel freeze pipe, with a rubber 

seal at a depth of 2.6 m. The reservoir for Liquid nitrogen therefore extended through the 

target fieezing zone, fiom 2.6 m to 6.9 m. A back pressure valve was installed on the 

copper outflow pipe to allow for better control of the liquid nimgen level in the fieeze 

pipe reservoir. Installation of the fkeze pipe was complete on May 29, 1995. Figure 6-9 

shows a schematic of the fkeeze pipe installation. 



6.5.2 Borehole Layout 

On May 30, 1995, after the fkeze pipe was in place, the casings for five sample boreholes 

were advanced at a radial distance of 0.56 m fiom the fkeze pipe, to a depth of 

approximately 2.5 m. A hoilow stem auger, with an outer diameter of 280 mm, was fist 

advanced through the more dense sand to a depth of about 2.0 m and then the PVC 

casing, with an outer diameter of 330 mm, was pushed to approximately 2.5 m. Figure 

6-10 shows a plan view of the fieeze pipe and sample boreholes. 

Two small diameter (64 mm) PVC casings were also installed at center to center radii of 

0.56 m and 1 .O m nom the fieeze pipe for monitoring the temperature distribution within 

the target zone during freezing. The casings were installed by tirst drilling down to a 

depth of 3.5 m with A-rod dnll stem and then pushing a 50 mm diameter steel pipe, with 

a cone tip designed to remah at the bottom of the borehole, to a depth of 8 m. A 25 mm 

diameter PVC casing was then installed through the center of the steel pipe to 8 m and the 

steel casing was removed. As show in Figure 6-10, to avoid causing disturbance in the 

sampling zone, the boreholes for m o n i t o ~ g  temperatures were installed at a radial 

distance of 0.28 m, or more, away nom any of the boreholes were sarnples would be 

recovered. 

A string of Resistance Temperature Devices (RTDs), spaced at reguiar intervals, was then 

lowered down each of the 25 mm diameter PVC casings. Once fieezing commenced. 

ground temperatures were monitored using the RTD readings. Figure 6-10 shows the 

location of Boreholes RTD 2 and RTD 1 located at a 0.56 m and 1 .O m radius fiom the 

fieeze pipe, respectively. 



6.6 Ground F d g  at the Phase III Event Site 

6.6.1 initiation of Gmmd F&g 

Prior to commencing ground Feezing, the average groundwater temperature measured in 

Boreholes RTD 1 and RTD 2 on June 1, 1995, was 35 O C .  To cool the groundwater in the 

target zone, ice-chilied water was circdated through the copper liws in the freeze pipe. 

The cold water was circulated und the Liquid nitmgen tank arrived on sitet several days 

later; however, this process reduced the average groundwater temperature by oniy 1 O C .  to 

an average of 34 OC. 

Ground freeàng commenced on June 7, 1995. Liquid nitrogen was circulated thmugh 

the freeze pipe until June 27, 1995, when coring of the fiozen sand began. The total 

fkeezing tirne was approximately 480 houn. 

6.6.2 Consumption of Liquid Nitrogen 

Due to the high groundwater temperature, it was necessary to circulate liquid nitmgen 

through the fieeze pipe at a high flow rate to maintain liquid in the reservoir. The 

average liquid nitrogen consumption rate was approximately 159 m 3 k  (equivalent 

gaseous volume). The flow of liquid nitrogen was intempted on three occasions. due to 

site access problems associated with excessive min, for approximately 1 1 houn or more 

each t he .  The rate of liquid nitrogen consumption during ground freezing is s h o w  in 

Figure 6-1 1, for each of  5 tanks. The ordinate of Figure 6-1 1, shown as inches of liquid 

nitrogen, represents the volume of liquid nitrogen remaining in the tank, where the inches 

of liquid nitmgen are read fiom a dial gauge on the tank that has been calibrated to an 

equhdent gaseous volume of liquid aitrogen. The conversion rate for the liquid nitrogen 

tank w d  at the Phase Iil site was, on average, 329 m31mch (equivalent gaseous volume). 



6.63 Monitoring of Ground Temperatures Durhg Freezîng 

Ground temperatures were monitored during the neePng process in Boreholes RTD 1 

and RTD 2. at diai-  . :z of 1.0 m and 0.56 m, respectively. nom the freeze pipe. 

respectively. Figures 6-12 and 6-1 3 show the ground temperature profiles during 

freezing at the two borehole locations. The temperature data gathered during gromd 

fieezing is provided in Appendix D. 

The high heat extraction requïrements associated with the warm initiai ground 

temperature, made it ditFcult to completely fil1 the fkeze pipe reservoir Mth liquid 

nitmgen during the early stages of ground fieezîng. As s h o w  in Figure 6-13 for RTD 2. 

the hi& thermal gradient evident on June 13 and 14. between about 4.3 m and 7 m in the 

target mne. indicated that the level of liquid nitrogen in the fkeeze pipe was likely al an 

average depth of about 4.3 m for approximately the first week of ground fieezing. This 

resulted in slower growth of the fiozen zone between depths of 2.5 and 4.3 m where ody 

nitrogen gas was contained within the fieeze pipe. 

On June 27, 1995, near the completion of grouad fieezïng, the ground temperatures in 

RTD 2 varied from about -3 OC. at a depth of 2.4 m. to -25 OC at a depth of 6.4 m. 

Cornparison of Figures 6-12 and 6-13 also indicated that a significant temperature 

gradient of about 2 'clcm existed between the freeze pipe (-1 96 OC) and the h o z e n  soil 

at the 1 m radius (10 OC). 

6.7 Cornparison of Theoretical Predictions with Field Conditions 

6.7.1 Growth of Frozen Radius 

Based on the temperature measurements taken in Borehole RTD 2, at a distance of 

0.56 m fkom the h z e  pipe, the time at which the sand in the target zone became fiozen 

was detennined at each RTD depth. Figure 6-14 shows a cornparison between the fiozen 



radius at each RTD depth, with two theoretical predictions for the growth of the fiozen 

radius assuming the fieeze pipe contained Iiquid nitrogen and gaseous nitrogen. 

Figure 6-14 shows that the rate of k z i n g  between depths of 3.4 and 6.9 m agrees on 

average with the theoretical prediction for liquid nitrogen as the coolant in the fieeze 

pipe, while the fieezing rate at depths of 2.4 to 2.9 m agrees reasonably well with the 

theoretical predications for gaseous nitmgen as the coolant. This illustrates that the upper 

portion of the fkeze pipe reservoir in the target zone likely contained gaseous nitrogen 

rather than liquid nitrogen during much of the time that gmund fieezing was carried out. 

A revised theoreticai anaiysis was conducted assumin? that the fkeeze pipe reservoir 

contained approximately 113 gaseous nitrogen and 2 3  liquid nitrogen. on average. during 

the fieezing process. The revised theoretical predictioa given in Figure 6-15. shows 

better agreement with the average actual frozen radius. 

6.7.2 Consumptioi of Liquid Nitrogen 

In Figure 6-1 6, the actual consumption rate of liquid nitrogen during ground freezing is 

plotted against the predicted rate of consumption, asçumlig that the freeze pipe was 

completely full of iiquid nitrogen in the target zone. The actual usage of liquid nitrogen 

fell below the predicted usage in the early stages of ground fieezing. During this Ume. 

the warm initiai ground temperatures resulted in phase change of the Liquid nitrogen to 

gas in the fieeze pipe during the fim approximately 200 hours of ground fieezing. Mer  

200 hours of fieezing, it was possible to maintain liquid nitrogen within the fieeze pipe 

reservoir and the rate of consumption was increased to the predicted rate. as illustrated by 

the fact that the actuai and predicted curves are nearly parallel. The actual total volume 

of liquid nitrogen used was about 65,000 m3 (equivalent gaseous volume), compared to 

the predicted total volume of 72,500 m3 (equivalent gaseous volume). 



Figure 6-17 shows the revised theoreticai analysis of the rate of liquid niaogen 

co~lsumption established based on asnmïng that the fkeze pipe reservoir contained 113 

gaseous nitrogen and 2B iiquid nitrogen, on average, during the fieezing process. Good 

agreement is shown between the actuai data and revised theoretical prediction for the first 

200 hours of hezïng when the fkeze pipe reservoir likely contained both gaseous and 

liquid nitrogen. Mer 200 hours of fkezhg, the rate of liquid nitrogen coasumption 

increased to that predicted by assuming that the fkezing pipe reservoir contained only 

liquid nitrogen, corresponding to the tirne p e n d  during which it was possible to maintain 

the fieeze pipe reservoir fidi of iiquid nitmgen. 

6.8 Coriog of In-situ Frozen Sand 

M e r  approximately 480 hours (20 days) of freetuig, the temperature profile in Borehole 

RTD 2 indicated that the sand in the target zone was fiozen at a radius of 0.56 m. Since 

the budgeted volume of liquid nitrogen had been consumed, on June 28. 1995. coring of 

the fiozen sand commenced. Coring was complete by June 30. 1995. 

A 200 mm diameter CRREL barrel was used to core the fiozen sand at Boreholes FS4. 

FS5 and FS6, where the large diameter casing had been i a d l e d  (see Figure 6- 10). 

During coring of the frozen sand the CRREL barrel tended to diverge into the weaker 

(warmer) frozen sand. As a result of the steep temperature gradient within the fiozen 

zone. the core barrel eventuaiiy moved out of the fiozen sand during each m. Coring 

was then attempted with the LOO mm diameter CRREL barrel in Boreholes FS2 and FS3. 

where the large diameter casing had k e n  installed. However, the smaller diameter barrel 

also eventually diverged out of the fiozen zone. Frozen core sampling was dso 

attempted at three locations between the cased sample boreholes and the fieeze pipe at a 

radial distance of about 0.3 m fiom the fkeze pipe. As s h o w  in Figure 6-10, Boreholes 

FS52 and FS34 were advanced using the 100 mm inner diameter CRREL barrel and 

Borehole FS26 was advanced using the 200 mm inner diameter CRREL barrel. 



Due to the difficulties with CRREL barre1 alignmen~ the majority of the frozen core 

samples were obtained h m  depths of between 3 and 4 m. In total, 6.4 m of 200 mm 

diameter h z e n  core and 3.9 m of t O0 mm diameter fiozen core were recovered fiom the 

target zone. It shouid be noted that the 200 mm diameter fiozen core yields three to four 

times as many triaxial specimens as the 100 mm diameter fkozen core, since three to four 

adjacent specimens cm be trimmed fiom the same depth interval. 

During coring, the depth and sample condition of al1 the fiozen cores were catalogued on 

site. The fiozen core was extruded directly into plastic bags at the ground surface 

utilking a hydraulic ram and placed into freezers containing dry ice. Irnmediately afier 

corhg was complete, the fiozen sampies, contained within the fieezers. were dnven back 

to the University of Alberta (U of A) where they were re-logged in a w&in freezer and 

double-wrapped for storage pnor to laboratory testing. 

6.9 In-situ Frozen Core Quality 

To establish detailed core catalogues of the in-situ fiozen core samples obrained from the 

Phase III test site, the core was examined in the waik-in freezer. at a temperature of 

approximately -20 O C ,  as follows: 

the core simples were checked for signs of fiost heave or other disturbance: 

the ends of each segment of core were eimmed for moishue content and void 

ratio determination; 

several core samples were photographed; 

the depths of al1 f'ractures within each core run were recorded and an estimate was 

made of the number of specimens that could be trimrned for either triaxial or 

direct simple shear testing . 



Void ratio estimates were made fiom 3 cm by 3 cm by 2 cm fkozen cubes of sand 

trimmed fiom the ends of the in-situ fiozen core. A lia of the core samples recovered. 

with the estimated void ratios, is provided in Appendix D. 

No sign of fiost heave was noted in al1 but two of the in-situ fiozen core samples 

examined. Thin ice lenses, of apptoximately 1 mm in thickness. were encountered in 

core samples FS26C3-IA and FS4C1-3B. in an attempt to identifi the cause and 

possible extent of the ice lenses. the locations of these features were plotted with respect 

to the approximate progression o f  the O O C  isothenn, as shown in Figure 6-1 8. Specimen 

FS26C3- 1 A was located at a depth of 4-42 m and a radius of 0.30 m fiom the fkeeze pipe. 

while Specimen FS4C1-3B was located at a depth of 3.86 rn and a radius of 0.56 m fkom 

the fkeze pipe. The progression of the fiozen column of sand, shown in Figure 6-1 8. was 

estimated based on RTD data and the theoretically predicted growth of the fkozen radius. 

assurning gaseous nitrogen at the top of the fieeze pipe reservoir and liquid nitrogen at 

the bottom of the 6eeze pipe resewoir. The times at which each tank of liquid nitrogen 

was connuned and then refilled are also shown in the figure. 

Two potential causes of the ice lem features were examined. These included: the 

presence of sand pockets with a very high fines content that rnay have either caused water 

to be locaily attracted to the freezing fiont or may have inhibited pore water expulsion. 

and changes in the rate of fieezing, correspondhg to changes in the rate of liquid nitrogen 

supply to the fieeze pipe reservoir, that may have affected the direction of pore water 

flow. As indicated in Figure 6-18, the locations of the two ice lems detected do not 

appear to correlate with the periods of time during which liquid nitrogen was not supplied 

to the fieeze pipe due to deliveiy delays. However, the location of the O O C  isotherm at 

the time of the liquid nitrogen supply delays, shown in Figure 6-18, was not known 

accurately and was estimated based on iimited RTD data and theoretical predictions. 

Therefore, it is possible that delays in the liquid nitrogen supply contributed to slowing of 

the freezing rate beyond that which nomially occun as the fiozen radius becomes larger. 



Arvidson (1973) demonstrated through extensive laboratory testing of Devon Silt and 

Ottawa sand, that there exists an effective overburden stress. Po. for a given soil which 

defhes the boundary between pore water king amtec i  to or expelled away kom the 

f k ~ g  fiont durhg k h g .  Accordhg to Arvidson's work, at stresses p a t e r  than Po. 

pore water pressure is positive, d t i n g  in expulsion of pore water in advance of the 

fieeze fiont; at stresses less than Po, pore water pressure is negative and pore water is 

sucked towards the fkezing fiont As shown in Figure 6-19 established for Devon Silt 

(after Arvidson. 1973), the Po intercept, defined by the c w e  for changes in pore water 

volume of a fieezing soil versus effective stress (Na'), is also a function of the applied 

temperature gradient In the figure, the dashed Iine was obtained nom fieezhg the silt 

under a step temperature of -5 O C ,  with a corresponding overall temperature gradient of 

approximately 0.9 OC/ctn, and the solid line represents data fiom silt fiozen under a step 

temperature of -10 OC, with a corresponding overall temperature gradient of about 

1 -6 *c/cm. 

Figure 6-19 shows that, for a given overburden stress, when the appiied fkeezing step 

temperature was doubled. the pore water that was being sucked into the sample under a 

step temperature of -5 OC, was expelled in advance of the fkeezing f?ont under a step 

temperature of -10 OC. At the Phase ID test site. the overburden stress at a given depth 

was constant, however. as the fkezing fiont progresses through the sand, both the rate of 

fieezing and the fines content varied. Therefore. if the rate of fieezing in the field was 

reduced suficiently either due to a delay in refilling the liquid nitrogen tank or the 

tendency for the rate of fieezing to slow down as the fiozen radius grew larger, pore 

water may have been attracted to the fkeze fiont. This could have resulted in the growth 

of a thin ice lem. 

Figure 6-20 shows the approximate progression of the fiozen radius at a depth of 4.5 m 

below the ground suface, based on the progression of the O O C  isotherm estimated From 

the RTD data shown in Figure 6-1 8. Approximating the fiozen radius versus time c w e  



with lin= segments, the k z i n g  rates between the tune periods when temperatmes of 

O OC were measured at the RTD locations, w m  estimated as foliows: 

Time increment Approximate Freezing 

(hrs) Rate (cm/br) 

O to 135 0.37 

135 to 161 O. 14 

161 to 233 0.18 

233 to 351 0.12 

Both the measured growth of the fiozen radius and the theoretical relationship between 

fiozen radius and tune. shown in Figure 6-18. clearly indicate that the progression of the 

fieezing front slows as the fiozen radius increases. 

For cornparison. the progression of the zero degree isotherm in the laboratory tests 

conducted by Arvidson on Devon silt. approximated by a linear segment between 75 and 

150 minutes of fieezing tirne, was 3.0 cm/hr, for the tests conducted under a step 

temperature of - 10 OC, and 1-85 cm/hr, for tests conducted under a step temperature of 

-5 OC. In these tests. when the rate of progression of the zero degree isothem was 

decreased by about 60 %. the direction of pore water flow was reversed from expulsion to 

suction. As indicated by the approximate fieezing rates followed at the Phase III test site. 

the rate of neezing between 161 and 233 hrs was about 50 % slower that the initial rate of 

fieezing beween O and 135 hn of fieezing. It may be that this decreese in fieezing rate 

was enough to alter the direction of pore water flow in the vicinity of the fiozen core 

specimen FS4C I -3B.. 

Anidson's work also indicated that the Po intercept is a fbction of grain size distribution 

and soi1 pemeability, as well as the temperature gradient. Both the dope of the AV-a' 

c w e  and the Po intercept are significantly décted by the fines content where. for a 

given overburden stress, if the fines content increases sufficiently, the pore water 

behaviour changes fiom expulsion to attraction at the fieeze h n t .  



As shown in Figure 6-3, the h e s  content varied coasiderably with depth at the Phase III 

test site, with a range of 6 % to 20 % in the target zone. The fines contents determined 

for undisturbed Specimens FS4C1-3B and FS26C3-lA, in which ice lenses were 

encountered, were 7.4 % and 10.6 %, respectively. Although these fines contents were 

not excessiveiy hi& they represent average values for 1120 g samples and it is possible 

that local concentrations of fines existed near the locations of the ice lenses. The grain 

size data for Specimens FS4C1-3B and FS26C3-1A is piesented in Appendix D. 

To detemine whether or not an ice lem would grow under a slower freezing rate in 

Phase III sand, an additional fiost heave test was conducted under the fkezing rate of 

approximately 0.15 cm/hr that existed in the field near the radius where the ice lem was 

encountered in Specimen FS4CI-33. Considering that the fines content may have been 

higher near the ice lens encountered, fines obtained fiom a bulk sample of Phase III sand 

were added to the sand fiom fiozen core FS26C3-1, resulting in a fines content of 18 %. 

A froa heave test was then conducted on this sand, under a fieezing rate that eventually 

dropped to about 0.15 cm/hr over a period of 378 hrs. The overburden pressure used for 

the test was 55 kPa. 

Figure 6-2 1 shows a plot of the water intake and heave that occurred during the frost 

heave test. M e r  378 hrs, the thickness of the fiozen sand had reached 6.38 cm and. 

although the sample appeared to have taken in 18.6 cc of water. carefbi visual inspection 

of the fiozen section of the sample showed that no ice lens had formed. Later 

examination of the nost heave ce11 indicated that a tiny leak existed in the fkost heave cell 

sidewall, accouoting for at lem a portion of the water taken in by the sample. Given the 

diameter of the fiost heave cell, the heave that would have occurred in the absence of 

pore water expulsion, due to a 9 % pore water volume expansion duruig fieezing of 

6.38 cm of sand, would have k e n  at least 3 mm. Since the measured heave was only 

0.2 mm, it can be concluded that pore water expulsion actually occurred over a significant 

period of the fiost have test and therefore that the leak was likely responsible for much 

of the apparent water intake. 



Since an ice lem did not farm during the long-tem h s t  heave test under the slower 

freezing rate, it is not Wcely that the slower fhezing rate which occurred due to the high 

initial groundwater temperature was rrsponsible for the isolated ice lem feature. 

Moreover, if the overail rate of k P n g  in the field became slow enough to encourage ice 

lem gxowth, as the fiozen radius reached some R(t), ice lem feattues would have been 

encountered in most of the fiozen core samples that intersected the cylindrical fieezïng 

nont at that radius. Since the progress of the O OC isothem in the field was estimated 

based on limited RTD data, detailed idonnation regarding the effect of haiting the supply 

of liquid nitrogen for 1 1 hours or more during k z i n g  on the growth of the fiozen radius 

was not available. Therefore. it is possible that the fkeezing rate slowed down over that 

period of thne to a value much smdler than 0.15 cmmi: which may have resulted in 

temporary attraction of pore water to the fieezing fiont, thereby causing a mal1 ice lens 

to form. The possibility that pore water expulsion was inhibited. due to bitunen in the 

tailings sand or local pockets of sand with very high tines contents that created a 

damming effect also cannot be ruled out as a factor contributing to the formation of the 

ice lenses encountered in Specimens FS26C3- 1 and FS4C 1-3. 

The fiozen core samples in which ice lenses were encountered were also viewed under 

the sciIlltljng electron microscope (SEM) to look for evidence of thinner ice lem features 

that were not visible to the naked eye. Photograph 6-1 shows an SEM image of fiozen 

Specimen FS26C3-1 and Photograph6-2 shows an SEM image of fiozen Specimen 

FS4Cl-3. Although visual inspection of these fiozen core specimens indicated a thin ice 

lem present in each core, the SEM images did not show any additional s t r u c ~ d  

separation of sand grains that would indicate disturbance due to fioa heave. 

It should be emphasized that in Chapter 5, it was demonstrated that the alignment of clay 

rninerals, shown in SEM images of h z e n  Syncnide tailing sand, was not an aaifact of 

the k z i n g  process. Moreover, according to the Alberta Depamnent of Energy. Oil 

Sands and Research Division (1995), the Mature Fine Tailing (MFT) at Syncnide is 

characterized by a flocculated clay structure that is deterrnined by the water chemistry of 



the tailings during deposition. SEM images of untreated M I T  (Alberta Depariment of 

Energy, Oil Sands and Reseamh Division, 1999, indicate a similar clay minerai structure 

to that encountered in the fiozen core sarnples obtained fiom the Phase III test site at 

Syncrude. Photo 6 3  shows an example SEM image obtained of the MFT structure. 

Taking into consideration that the fines content in the MFT is considerably higher than 

the fines within tbe fiozen core samples, cornparison of Photos 6-1 and 6-3 indicates 

similar parallel alignment of clay minerais. 

6.10 Cornparison of In-situ Frozen Core and Geophysical Loggîng Void Ratios 

The void ratio estimates obtained nom the in-situ fiozen core specimens. trimmed for 

triaxial testing, were compared with void ratio estirnates based on geophysical logging 

conducted in two boreholes, advanced within a 5 m radius of the fieeze pipe. Figure 6-22 

shows that on average, the void ratios determined independentiy fiom the in-situ fiozen 

core and the geophysical logging show good agreement. However. the geophysical 

logging shows considerably more variation with depth, moa likely due to the higher 

fiequency at which void ratio measurements were taken. During geophysical logging. 

bulk density measurements. nom which the void ratios were determined, were taken 

every 20 mm, whereas the interval of void ratio detennination fiom the fiozen core was 

significantly greater. Based on the agreement between the fiozen core void ratio 

measurements and the void ratios detemiined by geophysical logging at the same depths. 

it was concluded that the majority of the in-situ fiozen core was of high quality and could 

be considered as undisturbed. 

6 1 Conclusions 

The feasibility studies conducted pnor to undertaking ground fieezing at the Phase III test 

site, indicated that in-situ ground freezing could be used to recover undishirbed sarnples. 



Both the evaiuation of fioa have potential based on mineralogical analpis of the fines 

contained within the same sand obtained during Phase I and the laboratory fkoa heave 

tests conducted on the Syncmde sand with a high fines content. showed that disturbance 

of the soi1 due to fiost heave or to the excess 9 % pore water volume fieezuig in place 

wouid be negligible. 

A fieezing system was designed to ûeeze a 4 m long target zone between depths of 3 m 

and 7 m below the ground surface. The actuai growth of the fiozen radius was reasonably 

well preàicted using the theoretical equations for heat extraction provided by Sanger and 

Sayles (1979) and assuming that iiquid nitrogen was contahed within the fieeze pipe 

reservoir in the target zone at al1 times during fieezhg. Better agreement between field 

data and the theoretical predictions was achieved by assuming that the fieeze pipe 

reservoir conrauied approxirnately 1/3 gaseous nitrogen and 2 3  liquid dtrogen. during 

the fim 200 hours of fieezing, and then that the fieeze pipe was full of liquid nitrogen 

thereafter. 

Dry coring of the in-situ fkozen sand with both a 100 mm and 200 mm b e r  diameter 

CRREL core barre1 was an effective means of obtaining the undisturbed samples. In 

total, 6.9 m of 200 mm diameter fiozen core and 3.9 m of 100 mm diameter fiozen core 

were recovered fiom the Phase III test site. Since 3 to 4 triaxiai specimens can be 

aimrned at a given depth from the 200 mm diameter cote, the total fiozen core recovered 

was approximately equivaleat to 25 m of 100 mm diameter core. 

Only two of the in-situ fiozen core samples showed evidence of disturbance due to the 

formation of thin ice lenses. Based on the result of a fiost heave test carried out under a 

freezing rate 0.15 cm/hr, these features do not appear to have ken  caused by the slower 

growth of the fiozen radius caused by the warm grondwaater tempeme. However, the 

effect of halting the supply of liquid nitrogen, for 11 hours or more during keezing, on 

the growth of the fiozen radius was unknown, therefote' it is possible that the freezing 

rate slowed down over that period of tune to a value much smaller than O. 15 c m h r .  ïhis 



may have resulted in temporary attraction of pore water to the fkezing nont thereby 

causing a s m d  ice leus to form. The possibility that pore water expulsion was inhibiteh 

due to bitumen in the tailings sand or local pockets of sand with very high fines contents 

that created a damming effect, also canwt be d e d  out as a factor contributhg to the 

formation of the ice lenses encountered in Spaimens FS26C3-1 and FS4C1-3. 

The void ratios measured h m  the in-situ fiozen core. aimmed for triaxial testing. 

showed very g w d  agreement with the void ratios measured independently by geophysical 

logging, conducted in boreholes Iocated at a radial distance of 5 m from the fieeze pipe. 

Therefore, the work undertaken at the Phase III test site showed that in-situ ground 

freezing codd be used to recovered undisturbed sampies of sand containing up to 22 % 

fuies. with the approximate minera1 composition show in Table 6-1. in the presence of a 

very high initial average ground temperate of 35 OC. 
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Table 6-1: Minedogy of Fines Fraction D e t e d d  for Phase 1 Test Site. 

Sample # 

28.7 m 
31.7 m 
34.8 rn 

c Note: estimate of amount based on area of the major x-ray reflection (in percent) 
Kt = kaoluiite. Mi = mica, Fd = Feidspar. Qtz = quartz 

Table 6-2: Input Parameters Cor Prediction of Frecziog Process 

Surface Ani 
Silt Fraction 

2-74 p m  (m21g) 
1 I 
17 
14 

Silt Mineralogy* 
(2-74 pm) 

Kt(5), Mi(tr). Fd(5). Qtz(90) 
WS),  Mi@), FW), Qtz(90) 

Kt(S), Mi@). Fd(1 O). Qtz(85) 

Sample # 

28.7 m 
3 1.7 m 
34.8 m 

Clay Minemlogy * 
(e ~rm) 

Kt(60), Mi(2@, CM 14) 
Kt(64). Mi(26), Qtz(l0) 
Kt(63), Mi(25), QY 12) 

Surfàce Ana 
Clay Fraction 
< 2 pm (m2ig) 

108 
159 
138 

t 

Parameter 
Initial Ground Temperature 
Temperature of Liquid Nitrogen 
Temperature of Gas Nitrogen 
Unfiozen Thermal Conductivity 
Frozen ïhemal Conductivity 
Unfiozen Heat Capacity 
Frozen Heat Ca~acitv 

Value 
35 "C 

-196 OC 

-60 OC 
1.45 W/m% 
2.8 w/m°K 

3.25 M J I ~ ~  % 
2.16 M J / ~ '  OK 

Clay Content 
as a VO of fines 

(%O pm) 
10 
8 
9 

Silt Content 
as a % of fmes 
(%< 74 pm) 

14.4 
12.2 
11 -4 I 



Figure 6-1 : Phase Di Test SiteSite 
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Figure 6-5: Frost Heave Test Results for Phase ï I I  Sand with 22 % Fines 
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Figure 6-6: Ground Temperature Prior to Conducthg In-Situ Ground FreePng 
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Figure 6-7: Prediction of Growth of Frozen Zone 

Figure 6-8: Prediction of Volume of Liquid Nitrogen 



Steel Freeze Pipe n 

Figure 6-9: Schematic of Freeze Pipe Installation 



Figure 6- 1 0: Layout of Freeze Pipe and Sample Boreholes. 
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Figure 6-1 1 : Actuel Liquid Nitrogen Consumption at Phase Di Test Site 



Figure 6- 12: RTD 1 Temperawe Measurements at 1 .O m during Ground Freezing 

Figure 6-1 3 : RTD 2 Temperature Measurements at 0.56 m during Ground Freeziug 



Figure 6- 14: Cornparisan of Actuai Growtb of the Frozen Radius with Predictions for 
Gaseous Nitrogen and Liquid N ï o g e n  in Freeze Pipe Reservoir 

Figure 6-1 5:  Cornparison of Actuai Growth of the Frozen Radius with Prediction for 
1/3 Gaseous Nitrogen and 2/3 Liquid Nitrogen in Freeze Pipe Reservoir 



Figure 6- 16: Comparison of Actuai Liquid Nmogen Coasumption with Predictioos for 
Liquid Nitrogen in Freeze Pipe Resemoir 

Figure 6- 17: Comparison of Amai Liquid Nitrogen Coaaunption with Prediction for 
ln Gaseous Nitrogen and 2/3 Liquid lVitrogen in Freeze Pipe Reservoir 
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Figure 6- 18: Estimated Progression of the Freezhg Front at the Phase ï I I  Test cire 
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Figure 6- 19: Porrwater Amrction and Expulsion hiriag Freezing as a Funaion of 
Effective Stress and Applied Step Temperature 
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Figure 6-20: Cornparison of Estimated Amal Progression of the Freezing Front at the 
Phase III Test Site with the Theoretical Prediction 



Figure 6-2 1 : Frost Heave Test Redts for Sand fiom Specimen FS26C3-1 with Fines 
Added. 

Figure 6-22: 
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Cornparison of in-Situ Void Ratios Detemiined f?om Frozen Core and 
Geophysical Logging at the Phase ï I I  Test Site 



Photograph 6- 1 : SEM Image of In-Situ Frozen Specimen FS26C3-1 

P hotograph 6-2: SEM Image of In-Situ Frozen S pecimen FS4C 1 -3 



Photograph 6-3: SEM hage of Clay Particle Aiignment Fouad in MFT (after 
Alberta Department of Energy, Oii Sands and Research Division, 1995) 



Chapter 7.0 Thawing Protocol for Undisturbed InSitu Frozen Specimens 

7.1 Introduction 

Undisturbed samples of loose, saturated sand bave been obtained successfully by 

Yoshimi et al. (1978), Konrad (1990), Sego et al. (1994), and Hohann et aL(1995) 

utilizïng in-situ ground fieezing. Evaluation of the tiquefaction potential of the sand 

deposit from which undisturbed samples have been recovered may be undenaken by 

allowing the specimens to thaw under controiled conditions in the laboratory and then 

conducting shear tests for evaiuation of the in-situ response of the sand to various loading 

conditions. At sites where Fixed Piston or tube samples of sand are recovered. they are 

usually fiozen on site in a controlled manner to avoid disturbance associated with 

transportation of the samples fiom the field to the laboratory. Tube samples bat have 

been fiozen on site, although often more dishirbed than in-situ fiozen specimew. must 

also be thawed carefully in the laboratory to prevent furthet disturbance. 

Yoshimi et al. (1978), Singh et ai. (1982), Seed et. al. (1982), and Konrad and St-Laurent 

(1995) have show that the undrained static andlor cyclic shear strength of sand was not 

atfected by a fieeze-thaw cycle, provided that disturbance did not occur due to impeded 

drainage during fieezing. However, possible disturbance due to thawing was not 

addressed by these researchen. 

To correctly evaluate the liquefaction potential based on undimubed smples of a sand 

deposit obtained by in-situ ground fieezing, it is extremely important to preserve the 

undisturbed nature of the specimens whiie thawing and handling them in the laboratory 

pnor to testing. Ideally, the in-situ conditions that existed in the ground prior to freering 

and sampling of a sand deposit shouid be restored if samples are to be considered truiy 



undimnbed. This includes preservation of the void ratio, fabric, structure. stress history 

and degree of saturation, during thawing and handling of specimens. Both the in-situ 

drainage conditions and degree of saturation should be considered as boundary 

conditions since these affect the development of pore pressue a d o r  volume change. 

Therefore, to evduate the Liquefaction potential at the cumnt state. laboratory tests 

should be designed to evaluate the behaviour of the sand under expected loading 

conditions while maintainkg boundary conditions that are similar to those that existed in- 

situ. 

At the iime that this thawing protocol study was king undertaken, four relatively loose 

sand deposits had k e n  investigated for the Canadian Liquefaction Experiment 

(CANLEX). Two man-made sites were located in hydrauiically placed loose sand 

deposits, at Syncrude Canada Ltd. (SCL), and two naturai sites were located in the lower 

mainland of the Fraser River delta. The chatacteristics and depositionai history of these 

deposits diEered significantly as described by Hofinann. et al. (1994a 1995) and 

presented in Chapters 4,5 and 6 of this document- 

Once laboratory testing of these specimens commence& it becarne evident that many of 

the specimens were not saturated in-situ and that the procedures required to avoid 

disturbance during thawing and handling of these specirnens was sensitive to the nature 

of the sand and the in-situ stresses. Therefore, a thaw protocol study was undertaken to 

examine the most appropriate method of thawulg undisturbed fiozen sand samples. that 

would minimlle disturbance of the in-situ void ratio and fabric of the specimens. This 

chapter describes the thaw protocol study undertaken. 

The thaw protocol evaluation included a theoretical evaluation of the stress States in 

specimens thawed unidirectionaily under the in-situ stress conditions and those thawed 

unidireaionally under a small effective stress, of about 20 to 30 kPa and then 

consolidated to the in-situ effective stress once thawing was complete. Conditions 

imposed during thawing by researchers in the past have included either: subjecting fiozen 



specimens to a mail effective stress and allowing them to thaw multidirectionally. with 

access to water at both ends as the temperature wanns to that of the room or, immediately 

subjecting fiozen specimens to the stress conditions that existed in-situ and then thawing 

them uniktionally,  with access to water at the end where thawing commences. under 

the same temperature gradient under which they were h a n .  Therefore the laboratory 

thaw protocol study included an evaluation of which of these two thawùig techniques 

resuited in the least disturbance. The results obtained from the laboratory study. 

conducted on both reconstituted and undisturbed specimens, to evaluate the void ratio 

changes associated with these t-vo thawing techniques are presented. The response of 

several undisnirbed specimens, obtained from the CANLEX Phase I test site. to 

undrained triaxial compression and triaxial extension tests are also presented. 

It is important that the mechanisms invoked duruig fieezing of a soil be understood since 

they must be reversed under similai- boundary conditions during thawing. The conditions 

required for carrying out in-situ fieering without causing disturbance are described in 

detail by Hofinam et al. (1 994a). The fieezing process was also descnbed in detail in 

Chapter 2, however, some aspects will be reviewed here. 

When soils fieeze, disturbance of the in-situ void ratio or fabric may resuit from either 

pore water fieezing in place and undergoing a 9 % volume expansion when freezing is 

undertaken too rapidly, or due to the formation of ice lenses in fiost heave susceptible 

soils. As the fieezing fkont progresses through soil, the conditions which develop near 

the fieezing fiont depend upon a number of factors. Water may either be expelled away 

fiom or attracted to the fieezing fiont, depending upon the soil type, stress level, and rate 

of fieezing (McRoberts and Morgenstern, 1975; see Chapter 2). In fine grain soils. such 

as clay or silt, water tends to be attracted to the fkezing front while in coarse grain soils. 

nich as sand or gravel, water tends to be expelled in advance of the fieezing front. 



In sands the mineralogy and chemistry are such that attractive forces between soi1 

particles and water molecules are extremely weak. Less energy is required to expel the 

excess 9 % pore water volume thsn to move apart soi1 grains to accommodate an increase 

in volume. Therefore, as the fkezing &nt progresses through sandy soil, 9 % of the fiee 

pore water volume is expelled away h m  the fkzing front. Provided that drainage 

around the zone in which in-situ ground k z i n g  is king undertaken is unimpeded by 

physical constraints, and that the soi1 is fiozen at a rate which is slow enough compared 

to the permeabiiity of the soil to allow for expulsion of pore water. there is little or no 

disturbance of the in-situ void ratio or fabnc. 

The most effective method of undertaking in-situ ground freezing. without causing 

disturbance of the void ratio or fabnc, involves unidirectional fkeezing frorn a centrai 

fkeeze pipe through which iïquid nitrogen is circuiated. A 1 m radius column of sand is 

fiozen and continuous core samples are recovered around the fieeze pipe at a radius of 

about 0.6 m where the freezing gradient is approxirnately 0.40 OC/hr. This method. which 

allows for unimpeded drainage of pore water in advance of the fkeeze front. was used at 

each of the CANLU( test sites as described in detail by H o h m  et ai. (1994a: see 

Chapters 4, 5 and 6). The quality of the in-situ fiozen samples and the methods used to 

trim specimens for laboratory testing are also presented by Hohann et aL(1994a 1994b 

and 1995)- 

7 3  Disturbance during Thawing 

7.3.1 Thawing Methodology 

To avoid disturbance during the thawing process, the sand must be allowed to recover the 

excess 9 % pore water volume that was expelled during fieezing and the in-situ stress 

condition shouid be fully restored such that the in-situ void ratio and soi1 fabric remain 

unchanged. Laboratory testing conducted by Konrad and St-Laurent (1995) on fiozen 

undisturbed samples indicated that, provided that the water intake during thawing is 



identical to the water expelled durkg fhezing, the small strain characteristics. and 

therefore the soi1 structure, established by mdrained load cycles and shear wave velocity 

measurements are presewed. 

Shgh et al. (1982) showed that specimens thawed under the stresses and pore water 

pressure that existed pnor to fkezing, exhibited negligible disturbance during thawing. 

where disturbance was assessed in terms of the effect on the cyclic liquefaction 

resistance. They showed that the effect of previous saain history on Montes. #O sand. 

subject to unidirectionally fkezing followed by unidirectional thawing under the effective 

consolidation stress, was preserved Base line specimens were prepared and subject to a 

known seismic history and then cyclicaily loaded to 100 % pore pressure ratio condition. 

Similar specimens, consolidated under an effective confining stress of 50 kPê with a cell 

pressure of 200 kPa and a back pressure of 150 kPa, and subject to the same seismic 

history, were then fkozen ikom the base of the sample, aiiowing drainage at the top of the 

specimen. The test resdts showed that the cyclic strength characteristics were not 

afSected by freezing and subsequent unidirectional thawing under the same effective 

consolidation stresses. 

On the other hand, Vaid (1996) contends that thawing specimens mdtidirectionally. 

under a small effective stress of about 20 kPa and then consolidating the thawed 

specimens to the in-situ effective stress condition. avoids shear stress concentrations at 

the thawing front and thereby results in the least sample disturbance. The laboratory 

study conducted as part of this thesis included an investigation of these two thawing 

techniques to evaluate which method results in the least amount of disturbance. 

7.3.2 Degree of Saturation 

The pore pressures which develop during undrained loadhg in the field are affected by 

the in-situ degree of saturation. Soils that are contractant at large strains and are not 



saturateci, can exhibit lower pore pressures in response to undrained loading than 

saturated soils. Therefore, uniess coaservatism is warrante4 determination of the 

iïquefxtion potential of an existing unsaturateci saad deposit, in its current state, requires 

that specimens be tested in the laboratory at the in-situ degree of saturation. Of course. 

anaiysis of long term conditions may rquire testing of undisturbed specimens that are 

M y  saturated in the laboratory, if it is expected that the deposit will eventuaily become 

saturated in-situ. 

If undisnirbed h z e n  specimens are thawed in the laboratory under effective stresses that 

are significantly smder than those which existed in-situ, gas may be Liberated from the 

pore water. thereby reducing the degree of saturation of the specimens from that which 

existed in the field. ifthe degree of saturation pnor to k z i n g  and sampling is unknown. 

the initial conditions cannot be restored by back saturating the specimens. With a degree 

of saturation in the laboratory of less than that which exists in-situ, specimens wodd 

likely behave in a more compressible manner and the pemeability would be reduced due 

to the presence of air in the void spaces (Lowe et al.. 1964). Converseiy, a higher degree 

of saturation in the laboratory rnay result in the development of higher pore pressures 

than would exia in-situ under similar loading conditions. Therefore. it is desirable to 

preserve the initial degree of saturation by thawing the specimens under the in-situ 

effective stresses. 

As noted previously, the undisturbed samples obtained fiom several of the CANLEX test 

sites indicated that the subaqueous sand deposits were not fûiiy saturated in-situ. 

Figures 7-1 to 7-3 show the degrees of saturation estimated for triaxial specimens 

trimmed for laboratory testing fiom the Phase 1, Phase II and Phase III test sites. 

respectively. The degree of saturation was estimated based on cakulation of the dry 

density, water content and void ratio of fiozen cubes trimmed nom either end of triaxial 

specimens, using the following relations: 

~ d = ~ r  f ( 1 +@i&(Mflr)l( 1 +ad 



where, p, is the dry density @/cc), pf is the fiozen total deasity @/cc), o, is the ice 

content, Mc is the k n  mass of the cube (g), V, is die fiozen volume of the cube (cc). e 

is the void ratio, Gs is the specinc gravity of the soi1 gmins (2..62), p, is the deasity of 

water (gkc),  Sr is the degree of saturation and Gia is the specific gravity of ice (0.917). 

The fiozen cubes fiom which void ratio estimates were made had dimensions of 

approximately 3 cm by 3 cm by 2 cm. The physicai dimensions were measured with 

electronic calipers, precise to the aearest 0.1 mm. 

It is recognized that this method of estimating the degree of saturation involves some 

ertors associated with the small volume of materiai fiom which the void ratio was 

determined and the inaccuracy of physical volume measurements of the fiozen cubes. 

However. the fact that the estimated degrees of saturation are scattered well below 100 */O. 

suggests that even if al1 measurement errors were eliminated the degree of saturation of 

many of the specimens would fil1 below 100 %. Further discussion regarding erron 

associated with void ratio estimates are presented later in the chapter. 

As an independent measurement of degree of saturation, a snidy was undertaken by 

CANMET (1996) to examine several in-situ fiozen cores from the Phase I test site. 

obtained fiom depths of 10 to 15 m below the groundwater table in the Mildred Lake 

Settiing Basin (tailings dyke) at Syncrude. During the study, laser scanning confocai and 

cryogenic electron microscopy clearly identified isolated gas pockets within the void 

spaces of five fiozen core specimens. The h z e n  specimens were then thawed in a 

closed chamber filled with water. Gas released during thawing was captured in a water 

column cdibrated for volume measurement. This procedure indicated that the percentage 

of void space occupied by gas varied fiom 1 to 7 %. The gas was then collected in a 

septum at the top of the bume and characterized by gas chromatography. Evaluation of 

the gas composition indicated that the gas contained signincantly elevated concentrations 



of carbon dioxide and metbane, Iikeiy associated with aneorobic biological activity 

within the Phase 1 saod deposit at significant depth- 

Since the specimens were thawed under a lower confinhg stress than existed in-situ 

dining the CANMET study, the volume of gas liberated during thawing would have 

comprised not oniy gas bubbles trapped in the fiozen core but also gas that came out of 

solution nom the pore water. Therefore, quantitative determination of the Li-situ degree 

of saturation was not possible using this technique. However, the isoiated gas pockets 

encountered with the laser scannuig confocal and cryogenic electron microscopy 

positively conhmied that the sand deposit and the Phase I test site was not saturated. 

7.4 In-Situ Stress Conditions during Fredng and Samphg 

To determine the moa appropriate mess conditions under which the in-situ frozen 

specimens should be thawed. the stress changes that occur during in-situ ground fieezing 

and sampling were first evaiuated to determine the state of stress in the fiozen samples. 

Figure 7% shows an element of saturated sand under an arbitrary in-situ stress and pore 

water pressure. Assuming that the sand can be fioren without causing dimirbance. 

Figure 7-4b shows that the in-situ stresses are Locked in by the fieezing process. The 

relationship between the initial pore water pressure and the pore ice pressure can be 

calculated using an equation derived fiom capiiiary theory and the thermodynamics of the 

ice-water system (Williams, 1967), which is given by: 

where Pi is the pressure in the ice (kPa); P, is the pressure in the water; T is the absolute 

temperature (%); T, is the nomal fkezing point, which is equal to 273.15-0.0074Pi 

m a ) ;  L is the latent heat of fusion, and V, is the molar volume of water. Using the 

appropriate terms, where L/ V, is equal to 3.2 and P, is equal to the initial in-situ pore 



water pressure, Equation [7-21 indicates that the pore ice pressure is approximately equal 

to the pore water pressure that existeci prior to ficeezing. 

Simulating sampling, Figure 7-42 shows that the stress changes that occur in the 6rozen 

sand element as it is removed from the ground Assuming for a moment that ice behaves 

like a highly viscous pore fluid, upon sampling, a tensile stress would develop in the pore 

ice that is similar to the wgative pore water pressure (Broms, 1980) that develops in 

response to sampling of sanvated clay. In tbis case. the stress change that occurs in the 

pore ice in response to sampling could be approximated using the following equation: 

However, the behaviour of ice m e r s  from that of pore water in that it is able to support a 

certain portion of shear stress, at least temporarily (Ladanyi. 1981). Therefore. when a 

fiozen soil sample is removed fiom an in-situ anisotropic stress state, the ice is initiaily 

able to maintain at lest  a portion of the anisotropic mess. 

If the fiozen soil sample is allowed to undergo primary creep, with a decreasing rate of 

6. under unconfined, undrained conditions, such as would exist in a fiozen sample 

protected from sublimation but subject to a temperature that is not significantly below 

O OC, the anisotropic stress within the ice would gradually approach an isotropic 

condition. In this case, Equation 17-31 couid be used to approximate the isotropic pore 

ice pressure within a fiozen sample that has been stored for some time under relatively 

small subzen, temperatures. Assuming that the response is elastic. A, is equal to 113: 

hence, given a k, of 0.5, as shown in Figure 7-4c, an isotropic tensile stress of -33 kPa 

evennially develops in the pore ice within the fiozen element of soil due to creep. 

If creep is avoided either by storing the specimen at very cold temperanires. or by 

conholied thawing of the fiozes speciwn immediately afkr removal fiom the ground, 

upon re-application of the in-situ confining stresses in the triaxial ce11 prior to thawing, 

the anisotropic in-situ stress condition should be fully restored to the soil skeleton, 



thereby reliewlg the ice of any anisotropic stress. if, however, a small proportion of the 

anisotropic stress mnains in the ice, shear strains would develop during thawing due to 

the diffcrence in stress between the isotropic pore water pressure and the anisotropic pore 

ice pressure. 

Either in the former case, where the anisotropic stress condition is restored to the soi1 

skeleton, or in the case where creep has renilted in an isotropie stress of -33 kPa in the 

pore ice, Figrne 7-4d indicates that the in-situ stress of the pore ice prior to sampling is 

restored to 50 kPa Given an initiai tension of -33 kPa prior to application of the triaxial 

stresses, the pressure in the pore ice was derived by assuming that the equation developed 

by Skempton (1954) regarding undrained pore pressure response to triaxial loading can 

be used to estimate the change in stress in the pore ice. where: 

Singh et al. (1982) conducted labotatory tests to examine the possible effects of creep 

during unconfined storage of in-situ fiozen samples that had been subject to an isotropic 

stress condition. Afier Montery #O sand specimens were fiozen under an isotropic 

effective confining stress of 50 kPa, the confinùig stress was removed and the specimens 

were kept fiozen in this condition for 24 hours, in a triaxial cell packed with dry ice. to 

simulate unconfined storage of fiozen specimens. The specimens were then again subject 

to the connning stress that existed during fkezing and they were thawed unidirectiooally. 

but opposite to the direction of fkeezing, allowing access to water at the top of the 

specimen. During thawing, the same effective stress conditions were imposed by 

applying a back pressure to the drainage lines equal to that which existed during freezing. 

The thawed specimens were then cyclicaiiy loaded to a pore pressure ratio condition of 

100 %- The test results showed that w difference existed between the cyclic liquefaction 

resistance of fiozen samples stored for 24 hours and fiozen samples tested irnmediately 

after fieezing, without removal of the confining stress. From these experiments Singh et 

al. (1982) concluded that the effect of previous strain history had been preserved and the 

structure of the sand was not altered by a period of uncoafined, fiozen storage. 



However, the effects of Longer periods of storage under temperatures that are not 

significantly below O'C and of initiaily anisotropic in-situ stresses shouid be 

investigated, especiaiiy in terms of the eEect on static Liquefaction potential. which is 

more sensitive to disturbance than cyclic liquefaction. if significant stress concentrations 

develop as a resuit of thawing under stresses that are agnificantly different fiom the 

stresses remaining within the fiozen specimen, this couid cause disturbance of the sand 

fabric and may change the void ratio. The laboratory stuây demibed here has allowed 

for indirect evaiuatioa of whether or not stress concentrations associated with different 

thawhg techniques are sdiicient to resuit in disturbance during thawing. 

7.5 Stress Conditions during Thawing 

7.5.1 Stresses Induceà in the Triaxial Ce11 

The stresses induced duriog thawing of fiozen specimens in a triaxial ce11 can be modeled 

for different applied stresses. in a rnanner similar to that used to determine the stresses 

during fkeezing and sampling. To avoid difficuities associated with determinhg the 

stress condition of the pore ice immediately prior to thawing. it is simplest to consider a 

case where the in-situ stress conditions are assumed to be isotropic. Figures 7-5a to 7-5c 

show the stress changes within an element of soi1 subject to ground fieezing and 

sampling under an isotropic stress condition. In this case. it can be assumed that the 

tende stress that develops in the ice upon sampling is equal in magnitude to the isotropic 

in-situ effective stress of 50 kPa. 

In Figure 7-54 the in-situ stresses are applied immediately after setting up the fiozen 

specimen in the triaxiai cell. Prior to commencing thawing. as an approximation. it can 

be assumed that the pore ice behaves in an ufldrained manner, in response to the re- 

applied in-situ total stress that is similar to the pore water pressure response in unfrozen 

soil. Hence. Equation [7-41 c m  be used to estimate the change in stress in the pore ice. 

Assumuig full saturation and an elastic response. the change in pore ice pressure in 



response to the applied vertical stress and ceil pressure is 100 kPa, yielding a fmal ice 

pressure of 50 kPa Hence, the stress condition that existed in the fiozen ground prior to 

samphg has been restored. 

As show in Figure 7-Se, during uaidirectiod thawing unda the in-situ effective stress. 

provideci that a back pressure equal to the pore pressure that existed in-situ is applied to 

the end of the specimen where thawing commences, the effective messes in the fmzen 

and ufbzen sand are identical. 

Altematively, the fiozen specimen could be thawed under a small isotmpic effective 

stress and then consolidated to the in-situ stress once thawing is complete. Figure 7-5f 

shows the stresses induced in a fiozen sample, subject to an all-round stress of 20 kPa in 

the triaxial cell. Using Equation [7-41, the change in pore ice pressure in response to the 

applied stress is 20 Wa, yielding a net tension of -30 kPa in the ice. in this case. although 

the &situ effective stress that existed in the fiozen ground has been re-established in the 

specimen prior to cornmencing thawing, the pore ice retaùis a stress of -30 kPa. 

Figure 7-5g shows the messes that exist in the fiozen and ufkozen sand as thawing 

progresses under a small effective stress. It is evident that the effective stresses in the 

fiozen and unfiozen sand, or the stresses in the pore ice and pore water, are not the sarne. 

thereby leading to stress concentrations at the thaw boundaries. 

Differences between the two thawing methodologies c m  aiso be represented in ternis of 

the stress path foiiowed by an element of soil subject to an anisotropic in-situ stress 

condition, followed by gound f'reezing, sampling and then thawing either under the 

in-situ effective stresses or under a mail effective stress. Figures 74a  shows the stress 

path followed by an element of soil subject to unidirectional thawing under the in-situ 

effective stress and Figure 76b shows the stress path foilowed by an element of soi! 

thawed unidirectionally under a srnail e f f d v e  stress. 



in Figures 7-6a and 74%. Points (a) and (a') dong the stress paths represent an 

anisotmpic in-situ state of stress, d a r  to that illustrateci in Figrire 7-43, and Points (b) 

and (b') represent the soi1 elements &et g r o ~ d  fieezing. Wben the h n  soi1 elements 

are removed h m  the ground, the state of stress will initiaiiy remain locked in since the 

anisotropic state of stress is transferred to the pore ice and the state of stress will remain 

at Point (b) or (b7). However, if m e p  is aliowed to take place, the state of stress will 

eventually fall to Points (c) and (c'), since creep duces the pore ice pressure to a value 

equal in magnitude to the isotropic pore water pressme that would exia in an undisturbed 

sample of clay subject to the same stress dief. As illustrated in Figures 76a and 7-6b. 

the change in stress h m  Point (b) or (b') to the isotropic stress at Point (c) or (c'). should 

result in very little disturbance since the yield surfbce of the fkoren soil is significantly 

larger than that for the unfiozen soil. 

The stress paths followed up to this stage by each of the soi1 elements are the same. 

However. depending upon whether the in-situ stress or a small confining stress is applied 

to the fiozen specimen in the triaxial cell, the stress paths induced in the fiozen sand 

beyond this point differ. If creep has taken place, when the in-situ stress state is restored 

in the triaxial cell, the stress path of the element in Figure 7-6a moves fkom Point (c) up 

to Point (d) dong the k, line, whiIe the stress path of the specimen in Figure 76b. subject 

to a small effective stress, remains on the effective mean principle stress axis at Point 

( d )  If creep has not k e n  dowed to occur during storage, application of the in-situ total 

stress to the fiozen specirnen in the niaxial cell will maintain the state of stress at Point 

(d), while application of a small total stress to the fiozen specimen will likely result in 

reducing the mean effective principai stress in the fiozen specimen. 

Finally, the stress path of the specimen subject to tbawing under the in-situ effective 

stress remah on the k, iine at Point (e), while the stress path of the element thawed 

under a mail effective stress moves down the effective mean principle stress axis fkom 

Point (d7) to Point (e'). M e r  thawing is complete, the specimen thawed under a mal1 

effective stress must be consoliàated to the in-situ effective stress. as represented by the 



stress path moMng towards the k, h e  to Point (f ). This illustration shows that the state 

of stress in the thawed soil, of the element that was thawed under a small effective stress 

and then coasoiidated, was cbanged significantiy h m  the in-situ stress condition. 

thereby increasing the risk of disturbance to the in-situ soi1 fabnc andlor void ratio. 

Furthemore, if Point (e') Iies close to the h o z e n  soi1 yield surface, disturbance may be 

very significant. 

7.53 Finite Element Aaalysis of Tbawiog in the Triaxiai CeU 

Frozen sand may be described as a tuophase granuiar material compnsing sand grallis in 

a visco-plastic ice matrix. As discussed in Section 7.4, the stresses within the pore ice are 

a hct ion of tirne due to its visco-plastic nature. As pointed out by Ladanyi (198 1). 

shear stresses imposed on a fiozen sand sample in a niaxial cell are initially shared 

between the soil skeleton and the ice bonds. Witb time, relaxation of the ice bonds occurs 

resulting in the graduai tramfer of shear stress fiom the ice to the soil skeleton. Mer 

sufficient creep takes place, under undmined conditions. the stress within the ice becornes 

isotropic and is similar to that which would exim in the pore fluid of an unfiozen 

specïmen subject to the same stresses. 

Thawing of fiozen sand to evaluate mess concentrations at the thaw fiont could be 

modeled at one instant in tirne when unidirectionai thawing has advanced through a 

portion of the specimen. This requires that an assumption be made regarding the state of 

mess in the pore ice at the tirne under consideration. 

After sufncient creep has taken place to alleviate any shear stress within the pore ice. if 

the pore ice is assumed to act iike a highly viscous pore fluià, then an effective stress 

andysis could be carried out. In this case, the moduius used for the fiozen and unfiozen 

soi1 should be the same and equal to the effective moduius of the soi1 skeleton, since the 

shear modulus of the pore ice. modeled as a fluid, could be assumed to be close to zero. 



Therefore, referring to Figure 74e, if the in-situ effective stresses were restored Ui the 

fiozen sand, and thawing is carried out under the in-situ effective stress and pore water 

pressure conditions, no shear strains at the thaw thnt should exist. since the stress and 

modulus in both materiais are the same. However, ifthawing is carried out under a small 

effective stress, as shown in Figure 74g, shear strains would be expected as a result of 

the different stress conditions in the fiozen and &zen sand. 

Conversely, if shear stresses ex& in the pore ice immediately prior to thawing. then the 

ice cannot be modeled as a highly viscous pore fiuid. In this case it would be necessary 

to assign a different modulus to the frozen sand skeleton and the ice matrix. Shear strains 

at the thaw interface could then be determined by applyhg the triaxial stress boundary 

conditions to a separate finite element mesh for the soil skeleton and pore ice rnatrix. but 

invoking strain compatibility between al1 nodes of separate finite element meshes. 

At the time of undeaaking this study, a mode1 was not readily available that would allow 

for superposition of the sand skeleton and the ice ma& behaviour through main 

compatibility. Therefore, an anisotropic stress condition could not be modeled 

accwately. However, to examine the magnitude of possible shear strains at the thaw fiont 

in a triaxial specimen subject to isotmpic stresses, simplified finite element analyses were 

carried out. 

The fist analysis involved assuming that, at the time of thawing, the pore ice could be 

approximated as a highly viscous pore fluid. In this case, the same effective stress 

modulus of 150.6 MPa was used for both the fiozen and unfrozen soil. Since the pore 

water and the pore ice pressures were assumed equal, as stated previously. no shear main 

could develop in the specimens thawed under the in-situ stress. However, to examine the 

shear stresses that may develop in specimens thawed under a small enective swss. an 

axisymmetric triaxial specimen thawed under an effective stress of 20 kPa was modeled 

using the nnite element program SIGMA/W, written by Geo-Slope international. The 



in-situ effective stress was assumed to be 50 kPa, hence, the effective stresses in the 

h z e n  and unfiozen soü were similar to those shown in Figure 7-5g. 

Figures 7-7a and 7-7b show the maximum shear strain and maximum shear stress 

developed in the specimen. As Uidicated in the figures, the maximum shear strain at the 

thaw h n t  was 1 Sxlo4 and the maxixnum shear ~ s s  was 14 kPa The shear snain and 

shear stress developed at the thaw h n t  in the specimen tbawed mder a srnail effective 

stress would be larger for larger values of in-situ stress, such as would exist in a fiozen 

sample recovered fiom signincant depth. As stated pteviously, the same specimen 

thawed under the in-situ effective stress would be subject to zero shear stress and shear 

strain at the thaw fiont. 

To compare the two thawkg techniques in ternis of the possible upper bound shear 

mains that codd develop at the thaw front, a second set of finite element analyses were 

conducted. The maximum shear strains that could develop at the thaw front were 

estimated by assumhg that the modulus of the thawed soil was much smaller than that of 

the frozen sand. In this case the e e s s  of the fiozen soil was assumed to be derived 

fkorn the soil skeleton and the ice ma& acting together. The fiozen sand was modeled 

as elastic with a modulus of 2,000 MPa and the h o z e n  sand was assuned to be elastic 

with a modulus of 1 50.6 MPa A Poisson's ratio of 0- 13 was used for both materiais- 

These parameters were estimated nom data available in the literature on triaxial testing of 

&ozen sand and laboratory triaxial tests conducted on thawed Phase I specimens. 

SIGMAN was used to mode1 both unidirectionai thawing under an isotropic in-situ 

effective stress and pore water pressure and unidirectionai thawing under a small 

effective stress of 20 kPa. For these analyses, since both the pore ice and pore water 

pressure were constant during thawing, the effective stresses induced in the fkozen and 

unfiozen sand were used under drained conditions. The effective axial stress and ce11 

pressure applied in each case were set equal to the effective stresses shown in 



Figures 7-5e and 7-5g. These stresses were modeled as boundary stresses acting dong 

the perimeter of the fiaite element meshes. 

Figure 7-8a shows that the maximum shear stiain induced at the thaw fiont in the 

specimen thawed midirectionally under the insitu stress and pore water pressure 

condition was approxhateIy 1 .4xlo4. The corresponding maximum shear stress was 

10 kPa, as shown in Figure 7-8b. To check the cornputer outpu& the maximum shear 

strain at the thaw interface was also calcdated based on the maximum shear stress shown 

in Figure 7-8b, using the expression: 

where r, is the maximum shear stress v a ) ;  v is poison's ratio and Eufi is the modulus 

of the unfiozen soi2 @Pa). The calculated maximum shear strain was found to be 

1.5x10~, which agrees with the maximum shear saain contours obtained from the 

S I G W  analysis. 

The S I G W  results indicated that the maximum shear strain induced at the thaw fiont 

in the specimen thawed unidirectionally under a smail effective stress was about 6 . 0 ~  1 o * ~  
and the correspondhg maximum shear stress was approximately 12 kPa, as shown in 

Figures 7-9a and Figure 7-9b. Therefore, the analyses indicated that the specïmen thawed 

under the &situ effective stresses expenenced a slightly higher shear snain at the 

fiozedunfiozen boundary. However, this was primdy due to the fact that the un6rozen. 

more compressible portion of the sample, thawed under the in-situ effective stress. was 

subject to a higher confining stress than the specimen thawed under a small effective 

stress. 

If the in-situ stress level is considered to be higher, as show in Figures 7-10a and 7-lob. 

because a much higher confiniag stress is placed on the d o z e n  soi1 thawed under the 

in-situ stress, the maximum shear strains at the thaw fiont in this specimen appear to be 

higher than those induced in the specimen thawed under a small effective stress. In 



Figure 740a the maximum shear strain at the thaw fiont in the specimen thawed under 

the in-situ stress is approximately ZXIO", while, as shown ùi Figure 7-lob, the maximum 

shear sirain at the thaw h n t  in the specimen thawed under a srnail effective stress is 

about 2x10~. However, these redts are a hct ion of the present modeling restrictions 

and the inaccuracies associated with asscnning a different fiazen and unfiozen modulus. 

As pointed out previously, the nnite element analyses conducted here do not accurately 

represent the behaviour of the specimen during thawing due to the inability to invoke 

strain compatibility between the pore ice matrur and the soi1 skeleton. However. the 

results do provide an upper bound and indicate that the maximum shear strains at the 

thawing front would be in the order of about 1 O-' to 104. for fiozen specimens recovered 

from relatively shallow depths and approximately lo4 to  IO-^, for specimens recovered 

fkom greater depths. To determine whether or not these mal1 shear strains would 

sienificantiy alter the in-situ void ratio of undistwkd fiozen sand specimens. it was 

necessary to carry out a laboratory thawing study. as wiii be discussed in the following 

sections of this chapter. 

7.6 Labonto y Thawing Protocol Study 

To examine which of the two thawing methodologies used by researchers to date resulted 

in the least sample disturbance, a laboratory study was undertaken on reconstituted and 

undisturbed samples of sand. To compare the two thawing techniques, the void ratio 

changes exhibited by specimens thawed multidirectionaily under a smdl effective stress 

and then consolidated to the in-situ effective stress level were compared with those 

exhibited by the specimens thawed unidirectiody under the in-situ effective stress. To 

examine the effect of stress level aione, the void ratio changes experienced by specimens 

thawed unidirectionally, either under the in-situ effective stress or under a small effective 

stress, were also compared. The prhary objective of this study was to develop a thawing 

protocol th& if followed, wodd reduce or eliminate disturbance during thawing of 



undisturbed sarnples of loose sand obtained by Ui-situ ground fieeziag. Provided that 

correct thawing protoc01 is followeû, specimens would thus remain at their in-situ state. 

UtiIizing the most e f f d v e  techniques for undisturbed samplhg and handiing of loose 

sand specimens, the effective stress, void ratio and degree of saturation would be as close 

to the field conditions as possible. 

For the fim part of the study, thawing procedures were evaluated for reconstituted sand 

specimens prepared from bulk samples obtained in the vicinity of the Phase I test site. 

The sand nom the Phase 1 test site was fine and relatively d o m .  with a DSo of 

approximately 0.20 mm. The fines varied across the site nom 8 to 15 %. hence to 

eliminate specirnen variability, the particle sires less than 75 pm (fmes) were removed by 

washing the sand over the #200 sieve. Grain size analysis of the washed sand indicated 

that the sand contained 2 % by weight of fines, as shown in the grain size curve in 

Appendix E. This relatively clean Syncrude sand (CSS) was then used for preparation of 

reconstituted specimens that were fiozen in the laboratory under sunilar stress conditions 

as those existing at the Phase 1 test site. 

Two methods of preparing reconstituted sarnples were used. The tint group of 

reconstituted samples were prepared using a water pluviation technique that was modified 

slightly to produce a more uniform variation of particle sizes witbin the specimen. as 

described in detail below. De-aired water was used to reconstitute sanirated specimens 

and carbonated water was used for wtura ted  specimens. These specimens were 

consolidated under an effective stress of 400 kPa and then fiozen unidirectionally by 

ckculating liquid nitrogen through the triaxial ce11 base plate. This method of sample 

preparation was similar to that described by Sasitbaran et al. (1989) and is described 



Approxhately 3000 g of CSS was covered with distilled water and boiled for 2 to 

3 hours on a hot plate. 

An acrylic tube, with a diameter of 9.5 cm, a heigbt of 30.5 cm and a removable 

base, was fïiled with de-aued water for saturated specimens or with carbonated 

water for unsahyated specimens to approximately the 1 /3 mark. 

The boiled sand was then spooned into the acrylic tube using a large metai spoon to 

avoid grain size segregation that occurs when sand settles through a column of 

water- 

Once M. the tube was sealed with a stopper inverted 5 to 10 times to dimibute the 

particle sizes evenly. 

A 15 cm diameter, de-aired porous stone was placed on the base plate of a triaxial 

cell. The acrylic tube was placed on the prous stone and the bottom lid of the 

tube was removed !tom berneen the sand and the porous stone. 

A 1.6 mm thick aeoprene membrane was then fitted over the acrylic tube and o- 

rings were secured around the membrane, seaiing it against the base plate. 

A split mold was set up to support the membrane and the acrylic tube was removed. 

The top cap was then assembled and O-rings were fitted around the top of the 

membrane, securing it to the top cap. 

A drainage line was attached to the top of the specimen through the top cap and a 

vacuum of 25 to 30 kPa was estabiished to maintain specimen integrity while the 

split mold was removed. 

The triaxial cell was assembled and fiiied with mineral oil. 

A cell pressure of 30 kPa was applied, with specimen drainage valves closed. and 

the vacuum was released. 

Specimens prepared with carbonatecl water were not back saturated; they were 

consolidated immediately d e r  they were assembled in the triaxial cell. 

Specimens prepared with de-aired water were back saturated. Once the triaxial ce11 

had k e n  assembled, the ce11 pressure was set at approximately 105 kPa with a back 



pressure of 100 kPa The drainage valves were then opened and the specimen was 

allowed to sit under an effective stress of about 5 kPa until equilibrium conditions 

were established. In cases where back saturation of CSS specimens was ineffective 

under these stress levels, the cell and back pressure were Uicreased in seps to 305 

kPa and 300 kPa, respectively. It was generally necessary to allow the CSS 

specimens to sit ovemight to reach equilibrium conditions. 

After the specimen stopped taking in water while subject to a back pressure. the 

drainage valve was closed and the pore pressure coefficient B (Lee et al., L969) was 

detemiined by conducting a B test to confïrm whether or not the specimen was fully 

saturated. B tests were conducted by increasing the ce11 pressure by increments of 

50 kPa, with the drainage valve closed, and measuring the corresponding increase in 

pore pressure. 

For specimens that had been subject to a ce11 pressure of 105 kPa with a back 

pressure of 100 kPa the ce11 pressure was increased in increments of 50 kPa up to a 

pressure of 500 kPa For the specimens that had been subjected to a ce11 pressure of 

305 kPa and a back pressure of 300 kPa the ce11 pressure was increased in 

increments of 50 kPa up to a pressure of 700 kPa The pore pressure respowe was 

measued for each increment and an incremental B value was detennined. 

Consolidation of saturated specimens was undertaken once the B tests were 

complete. Pnor to opening the drainage vaive, the cell and back pressures were 

reduced to those that existed during back saturation (oc 1 4 = 105/100 kPa or 

309300 Na). The drainage valve was then opened and the sample was allowed to 

sit under these stresses until volume changes ceased. Isotmpic consolidation of 

saturated specimens was achieved by increasing the ce11 pressure by increments of 

50 kPa, up to an effective stress of 400 Wa, allowing the specimen to consolidate 

under each stress increment . 

Consolidation under each cell pressure increment took place in approximately 5 to 

10 minutes. Once an effective stress of 400 kPa had k e n  established. the specimen 

was allowed to sit for at Ieast 2 hours to allow for creep effects. 



Unsaturated speçimens were coosolidated immediately after assembly in the triaxial 

celi. To reduce the amount of watcr enterhg the p i m e n  during this stage. prïor 

to opening the drainage valve, the ce1 pressure was increased to 200 kPa with a 

back pmnm of 100 Wa, and the drainage valve was opened. The cell pressure 

was then increased by 50 kPa increments to a value of 500 kPa, leaving the back 

pressure at 100 kPa The specimen was allowed to come to equilibrïum afier the 

application of each ceil pressure inmement Approximately 5 minutes was required 

after each ceil pressure increment before volume changes ceased. Consolidation 

unàer the final effective stress level of 400 kPa was allowed for at least 2 hours. 

Once consolidation of the unsaturated specimens was complete. B tests were 

conducted. The drainage valve was closed and the ce11 pressure was increased by 

increments of 50 kPa. The pore pressure increase in response to each ce11 pressure 

increment was recorded and the B value was calculated. After completion of the B 

test, the cell pressure was reduced to 500 kPa and the back pressure was set at 

100 kPa. 

After consolidation was complete the specimens were fiozen by circulaMg liquid 

nitrogen through the base plate under a pressure of approximately 50 kPa, allowing 

full drainage at the top of the specimen. Specimens of approximately 19.5 cm in 

height were fiozen in approximately 6 hours. 

After the cornpletion of k z i n g ,  the triaxial cell was disassembled and the test 

specimen was trimmed as right cylindea with a lathe in a cold room. The average 

dimensions of the specimem were about 6.3 cm in diameter and 13 cm in height for 

triaxial testing. Ice contents were determinai fiom the trimmings and the specimen 

dimensions were meanved with an elecaonic caliper, precise to the nearest 

0.1 mm, for estimation of the initial void ratio. Three measwements of the 

specimen diameter and three measurements of the specimen height were taken and 

averaged to increase the accuracy of the volume estimates. 

Prior to assembling the fiozen specimens, a number of steps were taken to reduce 

the risk of premature thawing of specirnens. The water that would be used to fi11 the 



triaxial ceii was rnaintained in a waUc-in cooler at a temperature of approximately 

2 OC for several hours pnor to testing. At least one hour before each undisturbed 

specimen was assembled, the l ax id  c d  was placed in the cooler and ice was 

mixed with the ceii water. Boiled porous Stones, membranes and all other 

equipment wd to assemble spechens were also placed in the cooler. 

A water-saturatecl, cold porous stone was placed on the base of the triaxial cell in 

the cooler, followed by filter paper. The specimen was then removed fkom the 

fkezer and placed on the filter paper. Mer placing a fiiter paper and cold porous 

stone on the top of the specimen, two latex membranes were placed over the 

specirnen and sealed against the base plate and top cap with two O - ~ g s  at each end. 

The triaxial cell was then placed over the specimen and the ce11 was fïiled with ice 

water. The loading ram and top seal were then iastalled. An electronic LVDT was 

attached to the loading ram to measure vertical displacements of the specimen 

during setup, thawing and consolidation. 

The sample was then moved quickiy to a room where testing wodd be carried out. 

The average temperature in the laboratory where teshg was carried out was about 

20 O C .  In the testing room, glycol coolant was immediately circulated through a 

cooling coi1 that mrounded the spechnen inside the triaxial ce11 to prevent 

premature thawing of the specimen in the warm laboratory. The niaxial ce11 and 

cooling coi1 are shown in Figure 7-11. The glycol coolant temperature was 

maintained at approximately O OC by a constant temperature bath. Zero readings 

were taken on al1 measurement apparatus, including the initial vertical LVDT 

reading. These readhgs were input into the computer data logging system and 

collection of data cornmenced. 

Unidirectional thawing was accomplished by circulathg warrn water through the 

base plate beneath the sample, while allowing access to water at the bottom of the 

sample. The water ckulated through the base plate was kept at a temperature of 

approximately 10 OC. To prevent uncontrolled thawing in a radial direction, glycol 

coolant was cufuiated through the cmling coi1 muoding  the sample within the 



niaxial ceU at a temperature of approximately O OC. CSS specimens subject to these 

conditions thawed in approximately 35 minutes. 

To evaiuate the effect of stress level at the time of thawing, some of the 

reconstituted specimens were thawed under the effective consolidation stress that 

the sand was subject to prior to and during iÏeezing and m e  ofthe specimens were 

subject to a smali effective coanniog stress of about 20 to 35 kPa 

Changes in volume and specimen height were monitored throughout the thawing 

process both manually and with electronic tramducers. 

Although some of the samples prepared in this mariner were of good quality and could be 

used for the thaw protocol shidy, a large number of them had to be discarded due to 

problems associated with back saturation. disturbance during rapid Ceezing with liquid 

nitrogen or disnubance due to some uncontrolled thawing during setup. Althou& the 

relatively clean sand specimens were fiozen under a high effective stress, the fieezing rate 

used in the laboratory (about 3.25 cm/ hr) was about 10 times faster than that used in the 

field at a radial distance of 0.6 m h the fkeze pipe, where sampling was undertaken. 

The specimens that were of good quaiity included CSS8, CSS9. CSSII. thawed 

unidirectionally under the in-situ effective stress. and Specimens CS S 14, and CSS 1 S. 

thawed unidirectionally under a mal1 effective stress. The results of these tests were 

used in the evaluation of the most appropriate thaw protocol. 

As a resdt of the difficulties encountered with the fim set of reconstituted specimens. the 

methodology used to prepare the specimens was changed. The second set reconstinited 

spechnens were pcepmd using the sluny deposition technique described by Kuerbis and 

Vaid (1988) to obtalli fûiiy saturated specimens. These specimens were frozen more 

slowly to avoid distutbance by circulating a glycol bath solution at a temperature of 

-7 OC, through the triaxial base plate. To evaluate the two main thawing techniques used 

by researchers in the past, the specirnens were then thawed either unidirectionally, with a 

controlled tempe- gradient, under the in-situ effective stress and pore water pressure 



that existed when the samples were fiozen or, multidirectionally. under a small effective 

stress where they were dowed to graâuaiiy warm up to m m  temperature. 

To reduce the risk of premature uncontmlled thawing, setting up of the fiozen specïmens 

in the triaxial apparatus and subsequent thawhg were undertaken in a walk-in cooler 

where the temperature was maintaineci at about 2 OC. The aiaxial cell was then filled 

with a cold water-glycol solution to prevent the specimen from thawing non-uniformiy. 

Specimens thawed unidirectionally, maintain an approximately horizontal thawing fiont 

that progresses fiom the base of the sample. where thawing commences, to the top of the 

specimen, provided that the ce11 fluid temperature is not significantly colder than the 

specimen. It was recognized that the optimal ce11 fluid temperature should be evaluated 

and therefore a study was carried out as part of the thawing protocol to determine the ce11 

fluid temperature that wodd result in the lease senlement durhg thawing. The study 

indicated that utilking a water-glycol solution (1 part water to 2 parts glycol) in the 

triaxial ce11 at an initial temperature of about -4 O C  resulted in the miallest diaw 

settlements. without risking premature uncontrolled thawing. 

The second method of sample preparation was as follows: 

Approxhnately 1000 g of CSS was boiled in a Bask of distilled water for 2 houn on 

a hot plate. 

A nibber stopper was fitted into one end of an acrylic tube with an inside diarneter 

of 6 cm and a length of 18 cm. The tube was then submerged in a 5 gallon pail 

containing de-aired water, with the sealed end at the bottom of the pail. 

The flask containing boiled sand was then inverted beneath the surface of the water 

in the pail and the sand was poumi into the acrylic tube. 

Beneath the water surface, a fiiter papa and saturateci porous stow, followed by an 

acrylic Lid were placed over the sand-filled tube. The tube filled with sanuated sand 

was then removed nom the pail and inverted several thes  to distribute the fuies 

eveniy within the sample. 



The tube was then placed on the triaxial base. with the prous stone on the base 

plate, and a hydrocatbon Tesistiillt, Niaile (03 mm thick) membrane was placed 

amund the tube. M e r  seaüng the membrane to the daxial base plate with O - ~ g s .  

a split modd was fitted around the specimen. The split mould was then connected 

to a vacuum of about 30 kPa and the acrylic tube was careMly removed nom 

between the sand and the membrane, 

A filter paper, de-aired prous stone and the triaxial ceil top cap were placed on the 

top of the specimen and the membrane was sealeci onto the top cap with O-rings. 

A vacuum of about 25 to 20 kPa was applied at the top of the specirnen through a 

drainage line in the top cap to maintain specimen integnty while the split mould 

was removed. 

Mer Nling the ce11 with a 1:2 solution of water-glycol at a temperature of about 

-4 OC, a ceIl pressure of 30 kPa was applied to the specimen with the drainage valve 

closed and the vacuum was disconnected. 

The triaxial ce11 was then moved to a walk-in cooler where the temperature was 

maintained at about 2 OC and a B-test was conducted to determine whether or not 

the sample was fûlly saturated. The majority of the samples had an initially very 

high degree of saturation as evidenced by B values of close to 1.0. The specimens 

that were not fully saturated were exposed to a back pressure of 100 kPa, under an 

isotropic ceii pressure of about 1 10 kPa, for several hours until a B value of 1 .O was 

achieved. 

The specimens were then consolidated isotropically by increasing the ce11 pressure 

in 50 kPa increments up to 500 kPa, while maintainhg a constant back pressure of 

100 kPa. The specimens were allowed to corne to equilibrium over a period of 

about 2 to 5 hours under the final isotropic effective consolidation stress of 400 kPa- 

mer consdidation was complete, the base plate of the trhxial ceii was c o ~ e c t e d  

to a cold glycol bath at a temperature of about -7 OC. The specimens were then 

fiozen over a 12 hour period by circulation of the cold glycol through the base plate. 



A schematic diagram of the triaxial ceIl base plate through which the cold glycol 

was circulated to fteeze the specimens is included in Appendix E. 

Changes in specimen height and pore water volume were monitored during freezbg 

to check for disturbance. Specimens that were disnubed due to heave during 

freezhg were not used in the thaw protoc01 study. 

The specimem that were h z e n  without disturbance were moved io a walk-in 

k z e r ,  mauitauied at a temperature of about -20 O C ,  where the triaxiai ceU fluid 

was Qained. The specimens were then weighed and meanwments of the fiozen 

specimen dimensions were recorded for later estimation of the initial void ratio. 

The fiozen specimens were then re-assembled in the triaxial ce11 and moved back to 

the walk-in cooler. The ce11 was tïiied with a 1 : 1 mixture of water aad glycol at a 

temperature of about - 4 OC to prevent premature, uncontrolled thawing. 

The triaxial ce11 was set in the loading &une and saturated pressure lines were 

connected to the ce11 pressure. back pressure and pore pressure ports. An electronic 

LVDT was attached to the Ioading ram to meanire the vertical displacements of the 

specimen during the application of stresses, thawing and consolidation. 

For those specimens thawed unidirectiondy under the in-situ effective stress. a ceIl 

pressure of 500 kPa was applied to the fiozen specimen under undrained conditions. 

For those specimens thawed multidirectionally under a small effective stress. a ce11 

pressure of about 20 kPa to 30 kPa was applied to the fiozen specimen under 

undrained conditions. Duruig setup and application of the confuiing stresses. the 

ce11 fluid w m e d  up gdually but mnained at a temperature of below O O C .  

For specimens thawed unidirectionally under the in-situ stress, the eiaxiai base 

plate was co~ected to a warm glycol bath at a temperature of 7 O C  and the drainage 

line at the base of the spcimen was opened to a back pressure of 100 kPa. 

Thawing was then accomplished by circulation of the warm glycol through the base 

plate over a period of approximately 5 to 12 hours. 

For specimens thawed multidirectionally under a smaii stress of about 30 kPa the 

drainage lines at the top and bottom of the specimen were opened but no back 



pressure was applied The specirnen was then ailowed to warm up gradually to the 

waik-in coder of about 2 OC over about 12 to 24 hours. 

Changes in specimen height and the volume of water taken in were recorded during 

thawing of d l  specimens. This &ta was then used to determine the void ratio 

changes that occurred during thawing, as will be diseusseci latter in this chapter. 

7.62 Undisturbeà Specimens 

Based on the renifu obtaïned fiom the study on reconstituted specimens. five undisturbed 

specimens obtained fiom the Phase 1 test site were thawed under stresses that were close 

to the in-situ effective stress. Thawing was undertaken unidirectionaily. under 90 % of 

the estimated anisotropic in-situ effective stresses. The specimens were subject to ody 

90 % of the estimated in-situ effective stress to prevent exposing the specimens to higher 

stresses than those exiting in the field. in case the in-situ state of the sample was close to 

the yield surface and the estimated in-situ stresses were not accurate. Based on the 

sample depth and groundwater table location. the in-situ total stresses. pore water 

pressure and effective stress were determined. The effective stress was then reduced by 

90 % and, by adding the in-situ pore water pressure corresponding to the sample depdi. 

the total axial stress and ce11 pressure were calculated. During thawing, the back pressure 

was set equal to the in-situ pore pressure, caicuiated based on sample depth. to restore the 

in-situ degree of saturation. 

The methodology w d  to thaw the undisturbed specimens was as follows: 

Pnor to testing, the undisnubed specimens were weighed and the fiozen volumes 

were detemiiwd nom repeated measurements of diameter and height with 

electronic calipers. This allowed for estimation of the initial void ratio, based on 

the total fiozen density of the specimen and the ice content determined fiom 

cuttings removed during aimming of the fiozen specimen. 



Specimens were then removed fiom the k z e r  and placed in a aiaxial cell in a 

large waik-u1 coder at a temperature of 2 O C .  The specimen was set on the triaxial 

pedestal, onto which a de-aired porous stone and filter papa had been placed. A 

mter paper and de-aired porous stone were then placed on the top end of the 

specimen, followed by the triaxiai top cap and load cell. 

A hydrocarbon resistant, Nitrile membrane was placed over the fiozen specimen so 

that the triaxial cell could be îUed with a glycol solution. The triaial ce11 was then 

fiiied with a 1:l water and glycol solution at a temperature of about - 4 OC. to 

prevent premature uncontroiied thawing of the specirnen. The temperature of the 

water-glycol solution gradually warrned up to about -1 OC to -2 OC as the rest of the 

setup was complete. 

De-aired ce11 pressure, back pressure and pore pressure h e s  were connected to the 

triaxial cell. with the drainage port closed. An LVDT was comected to the loading 

ram to measure changes in specimen height during the application of stresses and 

thawing. 

The anisotropic stress condition. adjusted to reflect 90 % of the in-situ effective 

stress. was then applied to the fiozen specimen through the axial load cell and ce11 

pressure. The average vertical stress applied to the undimubed specirnens was 

approximately 600 kPa The back pressure was set equal to the estimated in-situ 

pore pressure, but with the drainage port to the specimen closed. 

To commence thawing, with the triaxiai ce11 water-glycol solution at a temperature 

of about -1 OC to -2 OC, a warrn glycol solution with a temperature of about 7 OC 

was circulated through the base plate of the triaxial ce11 and the drainage line at the 

bottom of the specimen was opened to the back pressure line which had been set 

equal to the in-situ pore pressure. 

The changes in specimen height aud pore water volume were monitored 

continuously during thawing. 



The void ratio changes that occuned in tbese specimens were then compared with the 

void ratio changes determined for mdisturbed Phase 1 Syncnide sand specimens thawed 

at the University of British Columbia's geotechnical Iaboratory, where the specimens 

were thawed multidirectionally under a srnail effective stress of about 20 kPa. The 

cornpison will be discussed later in this chapter. 

After thawing of the undisturbed specimens was complete. undrained triaxial tests were 

conducted to examine the stress strain behaviour of the Phase 1 sand. Undrained triaxial 

compression tests were carried out on four undistutbed specimens and undrained triaxial 

extension tests were carrïed out on two specimens. The renilts fiom these tests are 

presented in Section 7.8. 

7.7 Catculation of Void Ratio Changes during Thawing 

During setup, thawing and consolidation, the changes in height and volume of the 

specimen were monitored for determination of the void ratio at each step during testing. 

Changes in height were monitored with an LVDT attached to the loading rarn and 

changes in volume were monitored both by an electronic volume change device and 

visually with a kerosene fiiled burette. The various relations utilized for caiculation of 

void ratio changes are discussed in the following sections. 

The void ratios at the end of each step during setup, thawing and consolidation can either 

be detemiined based on working backwards fiom the final void ratio or. by starhg with 

the initial void ratio and working fowards. The void ratio changes can be detemiined by 

working backwards from finai conditions ody if the specimen is Mly saturated. In this 

case, the nnal void ratio may be determined based on the nnal m o i m e  content of the 

specimen. 



If, however, the specirnen was not fully sanuated initially, the degree of saturation at the 

end of the test is unknow and void ratio changes canwt be estimated based on working 

backwards fkom the final void ratio. For either saturateci or unsanirated specimens. void 

ratio calculations can be made based on the conditions at the start of the test. The initiai 

void ratio of saturated specimens can be determineci baseà on initial fiozen volume 

measurements, or based on the final dry weight of soiids. For unsaturated specimens. the 

initiai void ratio must be estimated bsed on the initiai fiozen volume. For consistency 

between saturated and ullsaturated speciwns, al1 void ratio calculations in this snidy 

were made based on working forward h m  the initial void ratio. 

The equations utilized for tracking void ratio changes for saturated and unsaturated 

çpecimem during setup, thawing and consolidation. and the parameters necessary for 

performïng caiculations are discussed below- 

For specimens known to be initially fully saturated. it is possible to estimate the initial 

void d o  nom the total fiozen weight and the final dry weight of solids. The equation 

used for calculating the initiai void ratio for fully satmated specimem is given by: 

q, = IW-WS çis 
Ws Gice 

where: W is the total weight of specimen, g; Ws is the dry weight of solids at the end of 

the test, g; Gs is the specific gravity of solids; and Gice is the specific gravity of ice, 

equal to 0.917. 

The change in void ratio during setup of the specimens was estimated based on the 

change in height that occurred due to premature thawing, assumïng that this was 

indicative of a thin layer around the perimeter of the specimen that thawed before 

controlled thawing commenced. Prior to calculating the change in void ratio during 



sehip, specimen compression, due to elastic defonnation under the applied ce11 pressure 

and vertical stress, and vertical deformation due to apparatus cornpliance, were ~btracted 

from the total vertical deformation measured with the LVDT. The remahhg change in 

height due to thawing was assumed to be equai to half the thickness of the thawed surface 

layer. Based on this assumption, the equation used to calculate the void ratio after setup 

can be Wfitten as: 

where: Ah is the change in specimen height due to thawing of outemost surface layer. 

cm; h is the specimen height remaining fiozen, cm; Ao is the initiai specimen area prior 

to thawing of the outernost d a c e  layer. cm2: A is the specirnen area remaining fiozen. 

cm2 ; and Vs is the volume of solids, cc. 

Altemativeiy. Equation [7-7] can be expressed in the followïng more general form: 

where: is the axiai themal strain during thawing, cmkm; E, is the radiai thermal 

main during thawing, crnkm; and V is the total fiozen volume of specimen prior to 

tbawing, cc. 

Assumuig that the thickness of the thawed surface layer around the specimen is constant. 

for a specimen with a 2:1 height to diameter ratio, the radial strain is equai to 

approximately two times the axial strain. Drawuig an analogy between an ice cube 

submerged in a warm constant temperature bath, the perimeter of the ice cube that has 

melted at any given time will be of a constant thickness. If the ice cube. or soi1 sample. 

has dimensions of 2:1, then the radial thermal strain will automatically be equai to 2 

times the axial thermal strain, since thermal strain is defhed as the melted thickness 



divided by the initial dimension, as s h o w  in the schernatic diagram below. 

Constant Thickness 
of Thawed 

one = dt/2 m- %#,iiill= 

E D ~ J  = dtIH0 

For a 2:1 specimen, Ho = 2 Do, 

hence, = dtl(H0/2) = 2 dm0 

and hid = 2 suid 

Therefore, using a ratio of equal to 2, Equation [7-81 becomes: 

Since during thawing, water is taken into the specimen to recover the 9 % pore water 

volume expeiied during fieezhg, the change in void ratio cannot be determined based on 

pore water volume change. Therefore, the change in void ratio d u ~ g  thawinp m m  be 

estimated based on the change in height of the specimen. 

Specimens thawed unidirectionally. maintain an approximately horizontal thawing front 

that progresses fiom the base of the sample. where thawing commences. to the top of the 

specimen, provided that the ce11 fluid temperature is not significandy colder than the 

specimen. Hence, the measured change in height can be assumed to directly reflect the 

void ratio change during unidirectional thawing, where the radial thermal strain is set 

equal to zero. 

In the case where specimens were thawed unidirectionaiiy, the radial strain was therefore 

set equai to zero and Equation [7-81 becomes: 

where: hb, is the change in specimen height during unidirectionai thawing, cm; and As 

is the fiozen area of specimen after setup, cm2. 



For 2:l specimens, thawed multidirectioaaLiy, the ratio of d a 1  to axial thaw srrain was 

assumed to be equal to two and an equation of the form of Equation [7-91 was used to 

calculate the void ratio change der muitidirectionai thawing; 

where: & is the change in specimen height during rnuitiditectional thawing, cm. 

Calculation of the void ratio change during consolidation to the fiaal in-situ messes was 

carried out in one of two ways, dependhg upm the stress level under which the specimen 

was thawed. For specïmens that were thawed under the &situ stresses. the consolidation 

phase was taken as the stage where the specimen ceased taking in water and began to 

expel water. The change in void ratio during consolidation of these specimens was 

detennhed based on volume change using the foliowing equation: 

where: e, is the void ratio after thawing; AVc is the change in volume during 

consolidation, cc; and Vs is the volume of solids, cc. 

For specimens thawed under a small effective stress, in some cases, water was taken into 

the specimen when the ce11 pressure and back pressure were increased to the 

consolidation stress. In this case. the change in void ratio was determined based on the 

change in height of the specimen. Assuming that the rneanued axial strain was equal to 

the radial nrain, due to consolidation, the change in void ratio was estimated based on the 

following equation: 

where: & is the change in specimen height during consolidation, cm; and A, is the 

fkozen area of specimen after thawing, cm2. 



The nnal void ratio was assumed equal to the void ratio afier consolidation since only 

undrained triaxiai tests were carried out- Hence, 

ef = e, [7- 1 41 

The spread sheets used for void ratio change calculations are included in Appendix E. 

For specimens that were not W y  saturated the initial void ratio was caiculated based on 

the initial voiume estimated fiom the fiozen dimensions and the ice content determined 

from cuttiogs when the specimens were trimmed. The equation utiiized for calcuiation 

the initial void ratio for unsaturated specimens was: 

where: V is the total fiozen volume of specimen. cc; Vs is the volume of soiids. cc: Gs is 

the specific gravity of solids; p, is the density of water, gkc; and pd is the dry density of 

specimen, gkc. 

The changes in void ratio during setup. thawing and consolidation were then calculated 

based on Equations [7-91 to [7-131 given above, as show in Appendix E. 

7.73 Source of Errors Involved in Void Ratio Determination 

Errors in void ratio caiculations may occur as a resdt of a number of factors. An accurate 

measurement of the final dry weight is required to calculate the initial void ratio, e,, of 

both saturated and unsaturated specimens. In Equation [76], the dry weight of solids at 

the end of the test, Ws, is w d  directly to calculate the initial void ratio for saturated 

specimens. For msaturated specimens, calculation of the initial void ratio depends on 



either the volume of soiids or the dry density, both of which cm be detemiined based on 

the final dry weight of the specimen. However, it is usually not possible to recover al1 of 

the grains of the sand nom the membranes and tnaxiai ceU base and as a result.. the fmal 

dry weight tends to be underestimateci. 

As an example of the potential error involved in cdculation of e,, assuming a typical total 

initial fkozen weight of 788 g and a measured dry weight of solids at the end of the test of 

634 g, the e, calcuiated using Equation [7-6] would be 0.702. If the dry weight of solids 

had been underestimated by 2 g, the calculated initial void ratio would be 0.713. 

Underestimation of the fuial dry weight by ody 2 g, which could reasonably occur even 

if a great deal of care is taken. therefore. renilts in an overestirnation of the initial void 

ratio by 0.01 1. In other words, a 0.32 % emr in the dry weight of solids. resuits in a void 

ratio error of 1.6 %. 

Moreover, solution of Equations [7-71 to 17-13] requires the volume of solids. Vs. Hence 

if the fmai weight of solids at the end of the test is underestimated. this creates 

inaccuracies each tirne void ratio calculations are carried out. 

For unsaturated specimens, detennination of the initiai void ratio usinp Equation [7-151 

requires measurement of the initial fiozen volume of the specimen. Volume estirnates for 

this study were undenaken using the average of tbree diameter and three height 

measurements taken with electronic calipers, precise to the nearest 0.1 mm. Assuming 

that the actual average dimensions of a triaxiai specimen are 13.00 cm in height and 

6.30 cm in diameter, the total volume is 405.24 cc. Assuming that both dimensions are 

undetestimated by 0.1 mm, results in a total volume of 403.65 cc, while overestimating 

both dimensions by 0.1 mm resuits in a total volume of 406.84 cc. Using Equation 

[7-151, these volumes result in calculated void ratios that range fiom 0.748 to 0.762. This 

represents a potential emr  in the void ratio of * 0.007. 



Calculation of the void ratio at the end of thawing also involves error- Since it is usually 

not possible to masure the change in specimen radius during thawing, it is necessary to 

make an assumption regarding the radial thaw strab. As stated previously, for specimens 

thawed multidirectionally, the radial srrain was assumed to be equal to two times the 

vertical main in simplifyllig Equation 17-81. However, this assumption may not be 

accurate due to specimen heterogeneities. 

At the end of a triaxial test the finsl void ratio can be estimated based on the £inai 

moistue content, if the specimen is M y  saturated This relation is given by: 

However, when pressures are relieved in the triaxial apparatus and the sample is 

disconnected, water may be sucked nom the sample into the porous Stones or drainage 

lines (Vaid. 1996). This results in an under-estimation of the final water content and of 

the final void ratio. Convenely, it is possible for excess ce11 water that has accurnulated 

on the base plate, top cap or in fol& of the membrane. to be included with the specimen 

at the end of the test, thereby resulting in an overestimation of el. 

The above discussion indicates that the accuracy of void ratio calculations for in-situ 

frozen core specimens is approximately - 0.007 to + 0.01 1. 

7.8 Test results 

7.8.1 Recoistituted Specimens 

The tests results obtaïned for foin reconstituted specimens thawed under the in-situ 

effective stress and five specimens thawed under a smail effective stress of about 26 to 

35 kPa and then consolidated to the pre-fkezing stress level are shown in Figure 7-12. 

Specimens SS1, CSS8, CSS9, CSS 1 1, CSS14 and CSSlS were thawed unidirectionally. 

with the k i t  four of these thawed under the in-situ effective stress and the last two 



specimens thawed under a mail effective stress. Specimens SS3, SS4 and SS8 were ail 

thawed multidirectionally under a s m d  effective stress. Summary tables showing the 

height and volume changes that occumd in each sarnple during setup. thawing and 

consolidation and spread sheets used for void ratio change calculatious are presented in 

Appendix E. 

As shown in Figure 7-12, the data obtaiwd h m  the two thawing techniques was 

compareci in te- of total calculated void ratio change due to thawing and consolidation. 

The test results indicate that the total void ratio change due to thawing and consolidation 

was significantly higher for unsaturated specimens thawed unidirectionaiiy under a small 

effective stress and then consolidated to the in-situ stress, once thawing was complete. 

than the total void ratio change exhibited by the unsaturated specimens thawed 

unidirectionally under the in-situ effective stress. The total void ratio changes that 

occmed in the fully saturated specimens appeared to be less dependent upon the thawing 

technique utilized. 

The test resuits for the reconstituted specimens suggest that the total void ratio changes 

during thawing and comolidation are a function of the initial degree of saturation of the 

specimen. Figure 7-12, shows that the total void ratio change decreases as the degree of 

saturation increases. This trend is more pronounced for the specimens thawed under a 

small effective stress. and it therefore appears that disturbance may be related to 

discrepancies between the in-situ degree of saturation and the degree of saturation 

restored in the triaxial ce11 during thawing. Specimens which are tbawed under a srnail 

effective stress, with no back pressure, wiii have a much lower degree of saturation than 

the in-situ value due gas coming out of solution as the pore ice melts under the lower 

pressures and, therefore, significantly more compressible and vulnerable to disturbance. 

It is recognized that restoring the in-situ degree of saturation is difficult due to ciifferences 

in gas solubility related not only to the pore water pressure but also to temperature and 

perhaps, pore water chemistry (Sobkowicz, 1982). Diffusion of gas through the 



membrane may also alter the degree of saturation as thawing progresses. However. if 

specimens are thawed such that the volume water taken in durùig thawing is close to the 

theoreticai 9 % pore water volume expelled during k d g ,  the degree of saturation 

should not be significantly different nOm the initiai field conditions. 

Figure 7-1 3 shows a comparison of the change in void ratio with time during both 

tfiawing and consolidation of fully saturated, reconstituted specirnens, either thawed 

under the in-situ effective stress or under a small effective stress. To facilitate the 

cornparison, the initial void ratios of the specimens were assumed to be the same. The 

figure shows that the specimens thawed under a small effective stress heaved slightly 

during thawing and then experienced a decrease in void ratio during consolidation. 

whereas specimens thawed under the in-situ effective stress underwent a graduai decrease 

in void ratio ut i l  simultaneous thawing and consolidation was complete. The totai 

change in void ratio of the specimens thawed under the in-situ effective stress was 

slightly less than that exhibited by the specimens thawed under a mial1 effective stress. 

7.8.2 Undishirbed Specimens 

The total changes in void ratio that occurred due to thawing and consolidation of 

undishubed Phase 1 Syncrude sand specimens are plotted against degree of saturation in 

Figure 7-14. The undisturbed specimens thawed unidirectionally as part of this study. 

under 90 % of the in-situ effective stress, are show in comparison to undisturbed 

specimens thawed mdtidirectionaliy at the University of British Columbia WC), under 

the direction of Dr. Y. P. Vaid, under a small effective stress level and then consolidated 

to the in-situ stress after thawing was complete. Summary tables showing the height and 

volume changes and spreadsheets showing the calcdated void ratio changes that occurred 

in the specimens tested as pan of this study during setup, thawhg and consolidation are 

presented in Appendk E. Summary data available for the tests conducted at UBC is also 

presented in Appendix E. 



As shown in Figure 7-14, the test resuits indicate that the specimens thawed under 90 % 

of the in-situ effective stress undment an average total decrease in the void ratio of 

approhte ly  0.019 whiie those h w e d  under a srnd effective stress and then 

consolidated to the in-situ stress level undement an average totai decrease in the void 

ratio of 0.083. Therefore, for the undisturbed samples tested fiom the Phase 1 test site. 

thawing under an effective anisotropic stress that i s  slightiy less than that estimated to 

exist in-situ, under the in-situ pore pressure condition, resuits in significantiy less 

disturbance of the void ratio than that exhibited by specimens thawed under a mal1 

effective stress and then consolidated to the in-situ stress once thawing was complete. 

Due to the deep target zone at the Phase I test site, the in-situ effective stresses were hi&. 

with an average value of about 400 kPa Therefore, thawing under a srnall effective stress 

of about 20 kPa to 30 kPa resdted in signincant changes to the in-situ stress condition 

initially locked into the sample by the ground fieezing process. At sites where fiozen 

samples are recovered from relatively shailow depths, where the in-situ effective stresses 

are approximately 50 kPa or less, it would be expected that thawing the specimens under 

a srnail effective stress would not result in as much distwbance as that expenenced by the 

undisturbed fiozen specimens recovered from the Phase I test site. 

To evaluate this hypothesis, a cornparison was made of the void ratio changes exhibited 

by undisturbed specimens obtained fiom each of the CANLEX test sites. where the 

in-situ effective stresses varied considerably from site to site. These specimens, tested at 

UBC, were thawed under a small effective stress and then consolidated to the in-situ 

effective stress once thawhg was complete. As shown in Table 7-1, the total void ratio 

change during thawing and consolidation of these specimens decreased as the difference 

between the in-situ effective stress and the effective stress under which the specimens 

were thawed in the laboratory decrrased. 

It is interesthg to note that al1 of the undisturkd specimens had saturation levels of less 

than 100 %. However, the void ratio changes exhibited by the undisturbed specimens do 



not appear to be related to the degree of saturation. This may be due to the fact that the 

initial void ratios of the u n d i ~ b e d  specimens were much more variable than the initiai 

void ratios of the reconstituted specimens (se AppendUt E). Therefore, the initial 

compressibility of the soi1 skeleton in each of the undisturbed specimens would have 

ken different and this variability iikely masked any trend between void ratio change and 

degree of saturation. 

The test results obtained fkom niaxial tests conducted on the undisbirbed specimens afier 

thawing was complete are summarïzed for each specimen, including the stress saain 

c w e ,  the pore pressure response and stress patb, in Figures 7-15 to 7-20. Thtee 

undisnirbed specimens were tested in undrained triaxial compression and two undisturbed 

specimens were tested in undrained triaxial extension. After testhg of Specimen 

FSSC14, the sand h m  this specimen was used to prepare a reconstituted specimen. 

FS5C MR, using the slurry deposition technique to create a M y  saturated specimen. The 

undisturbed specimen, FSSC14, had a de- of saturation of approhately 96 %. The 

initial intention was to compare the behaviour of the undisnubed and reconstituted 

specimens, with the same void ratio but different degrees of saturation. However. the 

reconstituted specimen had a void ratio of about 0.702, after consolidation under an 

isotropie effective stress of only 35 kPa, whiie the undisturbed specimen. that had been 

consalidated in-situ under an effective stress of about 300 kPa, had an initial void ratio of 

0.746. This void ratio discrepancy made cornparison of the effect of saturation dificult. 

Figures 7-21a and 7-21b show the stress strain and pore pressure response curves 

obtaiwd from the uadrained triaxial compression tests conducted on undisturbed 

Specirnen FS5C14 and reconstituted Specimen FS5C14R as well as the test results 

obtained for undishirbed Specimen FS3C 1 7B. Both Specimens FSSC 14R and FS3C 1 7B 

were hilly samted, while Specimen FSSC 14 had a degree of saturation of about 96 %. 

Although it is difficult to compare the test resuits due to discrepancies between the void 

ratios and the initial effective mean normal stress, comsponding to the consolidation 

pressures, the data shows that the pore pressure response of the two sahuated specimens 



were similar, while, the unsaturated specimen developed a much d e r  negative pore 

pressure- However, it should be noted that dflerent in fabric between reconstituted and 

undistwbed specimens can also affect the volume change or pore pressure behaviour. To 

detemiine the effects of degree of saturation on the liquefaction susceptibility, M e r  

testing should be carried out on lwse sand specimens, with the same initial void ratio. to 

examine whether or aot d e r  positive pore pressures develop in loose unsanirated 

specimens than in loose saturated specimens. 

Figure 7-22 shows the stress paths obtained h m  dl of the tests, in tenns of effective 

mean p ~ c i p l e  stress, p', plotted against shear stress, q'. None of the specimens tested 

exhibited contractive or strain softening behaviour. The dilatent behaviour of the Phase I 

sand can be attributed to the relatively Iow in-situ void ratios which. as s h o w  in 

Figure 7-23, feu below the steady -te line detennined, based on previous CANLEX test 

data. for Phase 1 S yncrude sand. 

The steady state line serves to iIlustrate the importance of avoiding disturbance of the 

in-situ void ratio during thawing of undisturbed specirnens. Figure 7-24 shows the void 

ratio changes that occurred during thawing of undishubed Phase 1 specimens under a 

small effective stress. Although the initial in-situ void ratios of the specimens plotted 

close to the estimated steady state h e ,  the large void ratio changes that occurred during 

thawing and consolidation of these specimens moved the initial state to a zone were the 

specirnens would mon certainly behave in a dilatent manner. If the specimens had been 

thawed without disturbance, undrained aiaxial tests could have provided better data to 

confirm the location of the steady state line. 

7.9 Conclusions 

It is important that undisturbed fiozen spocirnens, obtained by in-situ ground fieezing. be 

stored at very cold temperatures of -20 OC or lower. to avoid relaxation of anisonopic 



stresses locked into the pore ice by ground kezing. Storage of frozen specimens in this 

manner will preserve the in-situ stress condition, thereby facilitating restoration of the 

anisotropic field stresses to the soi1 skeleton in the eiaxiai ceil prior to thawing. This. in 

tuni, redts in less disturbance. 

The thawing protocol study conducted to evaluate two different thawing techniques 

indicated that thawing of both recotlstituted and uudisturbed specirnens under the in-situ 

effective stress results in less disturbance than thawing specimens under a small effective 

stress and then consolidating hem to the in-situ effective stress once thawing is complete- 

Theoretical confirmation of the laboratory hdings was not obtained fiom nnite element 

analyses? which indicated slightiy higher maximum shear strains at the thaw kont in 

specimens thawed under the in-situ effective stress. However. this discrepancy likely 

resulted firom the fact that the present analyses were not able to accurately mode1 the 

material behaviour. Future analytical work could be undertaken to modi@ an existing 

finite element program to accommodate strain compatibility between the soi1 skeleton 

and the pore ice, each with diserent stiffiiesses, but subject to the same boundary 

stresses. 

The in-situ fkozen core sampies obtained fiom al1 four subaqueous sand deposts. 

invenigated as part of the CANLEX project, indicated that the sand deposits were not 

fully sanirated. This could have major implications regarding the pore pressure 

development during undrauied loading. To determine the eEects of degree of saturation 

on the Iiquefaction susceptibility, furiher testing should be carried out on loose sand 

specimens, with the same initial void ratio, to examine whether or not smaller positive 

pore pressures develop in loose ullsaturated specimens than in loose saturated specimens. 

Void ratio changes that occurred during thawing of reconstituted Syncrude sand 

specimens appeared to be a fûnction of degree of saturation, where the total void ratio 

change decreases as the degree of saturation increases. The average tata void ratio 

change due to thawing and consolidation of unsatunited reconstituted specimens was 



significady smaller for specirnens thawed under the in-situ stress than for those thawed 

under a d effective stress, foiiowed by consolidation to the i n d u  effective stress. 

For M y  saturateci reconstituted specimens, the void ratio changes due to thawing and 

consolidation were less sensitive to the thawing method used. 

Mdtidirectiod thawing of reconstituted specimens under an effective stress that was 

much smaüer than the effective stress that the specirnens were subject to prior to kz ing .  

resulted in heave, followed by a decrease in void ratio during consolidation to the in-situ 

messes after thawhg was complete. The total void ratio change due to thawing and 

consolidation that occurred in reconstituted specimens subject to unidire~ti~naI thawing 

under the h-situ effective stress, was smaller than the total decrease in void ratio 

exhibited by specimeos thawed multidirectionally under a srnall effective stress and then 

consolidated to the in-situ stress. 

Unidirectional thawing of undisturbed Phase I Syncrude sand specimens under 90 % of 

the effective stress level that existed in-situ prior to fieezing and the in-situ pore pressure 

condition. resulted in signifïcantly mialler void ratio changes than those that occurred in 

specimens thawed multidirectiodty under a small effective stress of 20 kPa to 35 kPa 

with no back pressure, and then consolidated to the in-situ effective stress. The 

specimens thawed under 90 % of the in-situ stresses underwent an average total decrease 

in void ratio of 0.019. whüe the specimens thawed under a small effective stress 

undenvent an average total void ratio change of 0.083. The decrease in void ratio. as a 

percentage of the initial void ratio, due to unidirectional thawing and consolidation of 

undisturbed specimens ranged fkom 1.4 % to 3.9 %, with an average of 2.4 %. The 

average total decrease in void ratio that occurred during multidirectional thawing, as a 

percentage of the initial void ratio, ranged nom 5.6 % to 15.6 %. with an average of 

10.9 %. 

A trend between the void ratio change ami degree of saturation was not evident for the 

undisturbed specimens tested. However. this was likely due to the large variation of 



initial void ratio between specimens, resulting in variable soi1 skeleton compressi bilities 

that masked the effects of degree of saniration on void ratio changes during thawing. 

The results fiom the thawing protocol midy indicate that the most appropriate method of 

thawing undistubecl, u~lsaturated sand samples, obtained by in-situ ground fieezhg. 

involves thawing the specimens unidit;ectiody, in a controiled mannet, under 90 % of 

the estimateci i n d u  effective stress. Specimens should be maintained in a fiozen state 

prior to commencing thawing by filling the triaxial ce11 with a glycol solution at a 

temperature of about -4 OC- The temperature of the glycol solution warms slightly to 

about -1 OC to -2 O C  as set up is complete. The specimen should be ailowed access to 

chilled water at the end of the s p e c k  at which thawing will commence. Warm glycol. 

at about 7 OC, should then be circulated through the base plate of the triaxial ce11 to thaw 

the specimen unidirectionally. 

Ail of the undisturbed specimens exbibited dilatent behaviour during undrained maxial 

compression and eiaxiai extension testing, indicating that the specimens were dense of 

the steady state line for Syncrude sand. The steady state line serves to illustrate the 

importance of avoiding disturbance during thawùig of în-situ fiozen specimens. since 

even srnail changes in the void ratio of specimens with au in-situ void ratio that falls 

slightly above the steady state line will change the behaviour fiom contractant to dilatent. 

Therefore, accurate evaluation of the liquefaction potential of a sand deposit fiom 

undistufbed in-situ fiozen specimens, requires that carefüi handling and thawing 

procedures be followed in the laboratory to avoid disturbance of the in-situ void ratio and 

fabric. 

7.10 References 

Broms, B. B., 1980. Soi1 Sampiing in Europe: State-of-the-Art. humai of Geotechnical 

Division, ASCE GT1, papa 15 14% pp. 65-98. 



CANMET, 19%. ûas Entraineci in Tailings Deposits. Canada Centre for Miwralogical 

Technology. Western Research Centre, Division Report WRC 96-37 (CF), 8 pp- 

ho fi na^, B. A., Sego, D. C., and Robertson, P. K., 1994a Uadisn~bed Sampling of a 

Deep Loose Sand Deposit Ushg Ground Freezing. 47th Canadian Geotechnical 

Coderence, September 21-23, 1994, Halifax, Nova Scotia, pp. 287-296. 

Hohann, B. A., Sego, D. C., and Robertson, P. K., 1994b. CANLEX Activity 4D - 
Sample Collection and Handling Procedures Report - Phase 1 Test Site. CANLEX 

Report, University of Alberta, Eàmonton, 14p. 

Hohann, B. A., Sego, D. C., and Robertson, P. K., 1995. in-Situ Ground Freezing for 

Undisturbed Samples of Loose Sand - Phase CI. 48th Canadian Geotechnical 

Conference, September 2 1-23, 1994, Vaacouver, British Columbia, pp. 197-204- 

Konrad, LM. 1990. Sampling of Sahuated and Unsanirated Sands by Freezing. 

Geotechnical Testing Jomal, ASCE Vol. l3(2), pp. 88-96. 

Konrad, LM., 1995. Controlled Freezing and Thawing as a way to Test Intact Sand: A 

Laboratory Investigation. 48th Canadian Geotechnical Conference, September 2 1- 

23, 1994, Vaacouver, British Columbia, pp. 2 13-222. 

Konrad, J.-M. and St-Laurent, S., 1995, Controlled Freezing and Thawhg as a way to 

Test Intact Sand: A Laboratory Investigation., 48th Canadian Geotechnical 

Conference Proceedings, Vancouver, September, 1995, pp. 2 13-222. 

Kipper, A., Lawrence, M. and Howie, J., L995. The Use of Geophysical Logging 

Techniques at the CANLEX Project. 48th Canadian Geotechnical Conference, 

September 2 1-23, 1994, Vancouver, British Columbia, pp. 8 1-88. 

Kuerbis, R. and Vaid, Y. P., 1988. Sand Sample Preparation - The Slurry Deposition 

Method. Soils and Foundations, Vol. 28, No. 4, December, pp. 107-1 18. 

Ladanyi, B. ,198 1. Mechanical Behaviour of Frozen Soils. Proceedings of International 

Symposium on the Mechanical Behaviour of Stntctured Media, Ottawa, 

pp .ZOS-XS. 

Lee, K. L., Momson, R. A., and Haley, S. C., 1969. A Note on the Pore Pressure 

Parameter B. Proceedings of the 7th International Conference on Soi1 Mechanics 

and Foundation Engineering, Mexico, pp. 23 1-238. 



Lowe: J., Zaacheo, P. F. and Feldman, X., 1964. Consolidation Testing With Back 

Pressure. ASCE, Vol. 90, SM5, Proc. Paper 4058,69986. 

McRoberts, E. C. and Morgenstern, N. R, 1975. Pore Water Expulsion during Freezing. 

Canadian Geotechnical Journal, Vol. 12, No. 1, pp. 130-1 4 1. 

Seed, H. B., Singh, M., Chan, C. K, and Vilela, T. F., 1982. Considerations in 

Undisnrrbed Sampling of Saads. ASCE Gï2 Vol. 108, pp. 265-283 

Sego, D. C., Roberison, P. K, Sasitharan, S,. Kilpatrick, B. L. and Pillai, V. S., 1994. 

Ground Freezing and Samphg of Foudation Soils at Duncan Dam, Canadian. 

Geotechnical Journal, Vol. 3 1, No. 6, pp. 939-950. 

Sasistharan, S.. 1989. Stress Path Dependency of Dilatancy and Stress-S& Response 

of Sand. M.A.Sc. Thesis, University of British Columbia., Vancouver. BC. 

Singh, S., Seed, H. B. and Chan, C. K., 1982. Undisturbed Sampling of Saturated Sands 

by Freezing. ASCE GT2 Vol. 108, pp. 247-263. 

Skempton, A. W., 1954. The Pore-Pressure Coefficients A and B. Géotechnique. Vol. 4. 

NO. 4, pp. 143-147. 

Sobkowicz, J. C., 1982. The Mechanics of Gassy Sediments. Ph-D. Thesis, University of 

Alberta, Edmonton, AB, 53 1 pp. 

Vaid, Y. P., 1996. CAMEX - Scientific Cornmittee and Management Committee 

Meetings, May 28-29, 1996, Kamloops, B.C. 400 pp. 

Williams P. J., 1967. The Nature of Freezing Soi1 and its Field Behaviour. Norwegian 

Geotechnical Institute, Publication No. 72, pp. 9 1 - 1 1 9. 

Yoshimi, Y., Hatanaka, M., and Oh-Oka, H., 1978. Undisturbed Sarnpling of Saturated 

Sands by Freezing. Soils and Foundations, Vol. 18, No. 3, September, pp. 59-73. 



Table 7-1 : Summary of Void Ratio Changes During Thawing of Undisturbed Specimens. 

Recovered nom the CANLEX Test Sites. under an Effective Stress of 20 kPa 

Test Site 
Phase 1 

Figure 7-1 : Estimated In-Situ Degree of Saturation for Phase I Undisturbed Specimens 

Phase II 
P b  III 

p' (in-situ) Wa 
350 
86 
29 

Pt (hb) kPa 
20 

Ae (tbawlConso1.) 
0.077 

20 
20 

0.043 
0.02 1 



Figure 7-2: Estimated In-Situ Degree of Saturation for Phase II Undisturbed 
Specimens 

Figure 7-3: Estimated in-Situ Degree of Saturation for Phase III Undisnubed 
Specimens 



Figure 7-4a: Unfiozen Soi1 Elemeat in Figure 7-4b: Soi1 EIement after in-Situ 
Ground Under Anisotropic Stress Ground Freezhg 
Condition 

n q t i v c  porc presurr rrsponse to sampiii clay 
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Figure 7-4c: Frozen 
&om the Ground 

Soi1 Element Removed Figure 7-4d: Apply in-Situ Stresses to 
Frozen Soil in Triaxial Ce11 



Figure M a :  W&ozen Soi1 Element in Figure 7-Sb: Soi1 Element f ier In-Situ 
Ground Under Isotropic In-Situ Stress Ground Freezing 
Condition 
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Figure 79%: Frozen SoiI EIement Removed from 
the Ground 



Figure 7-5d: Apply In-Situ Stresses to 
Frozen Soil io T r i a d  Ce11 

Figure 7-Se: Commence Thawing at 
Bottom of Specimen where Soi1 has Access 
to Pore Water at 50 kPa. 

Figure 7-SE Apply Isotropic Stresses of Figure 7-Sg: Commence Thawing at 
20 kPa to Frozen Soi1 in Triaxial Ce11 Bottom of Specimen where Soi1 has Access 

to Pore Water at O kPa. 



Figure 7-6a: Stress Path Taken by Specimen Thawed under the In-Situ Effective Stress 
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Figure 76b: Stress Path Taken by Specimen Thawed under a Small Effective Stress 
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Figure 7-1 1 : Triaxial Ceii Cooling Coii used to Prevent Premature Uncontroiled 
Thawing of Reconstituted Specimens 

Figure 7- 12: Cornparison of Void Ratio Changes for DBerent Thawing Methodologies 
used on Reconstituted Syncrude Sand Specimens and the Effect of Degree 
of Saturation. 



Figure 7-13: Comparison of Void Ratio Changes during Thawing and Consolidation of 
Recoastituted Syncrude Sand Spechens Thawed &der the In-Situ 
Effective Stress or under a SrnaIl Effective Stress. 

Figure 7-1 4: Comparison of Change in Void Ratio During Thawing and Consolidation 
of Undisturbed Phase I Specimens subject to the In-Situ Effective Stress or 
a Smail Effective Stress during Thawing. 
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Figure 7- 16: klndrained Triaxial ('ociipression Test Kesults fbr Undisturbcd Speciii~en F S K  1 78 
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Figure 7- 19: Clndrrined Triaxial Extension Test Resiilt s for Undisiurhed Specimen FSSC I OA 
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Figure 7-20: Undrained Triaxial Coinpression 'l'esi Resdts 10r t Jndisturbed Speciinen FS4C 16-2 



Figure 7-2 la: Stress Strain Curves Obtained for Specimens FS5C 14, FS5C14R and 
FS3C 1 A, Illustrating Effect of Degree of Saturation. 

Figure 7-2 1 b: Pore Pressure Response Cumes Obtained for Specimens FS5C 14, 
FSSC 14R and FS3C 17B, Illustmting Effect of Degree of Saturation. 



Figure 7-22: Summary of Stress Paths followed by Undisturbed Phase 1 Specimens 
during Undrained Triaxial Compression and Triaxial Extension Tests 
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Figure 7-23: Steady State Diagram for Undisturbed Phase 1 Specimens 
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Figure 7-24: Effective of Void Ratio Disturbance Caused by Thawing Undisturbed 
Phase 1 Specimens under a Smail Effective Stress with Respect to the 
Steady State Line. 



CHAPTER 8: Conclusions and Recommendatioas 

8.1 Conclusions 

Evaluating whether or not a sand deposit has the potential to undergo a liquefaction 

failtue in the event of adverse loading conditions, is an important enginee~g task that 

requires detailed characterization of the in-situ state of the deposit. Liquefaction 

assessment requires that the in-situ values of void ratio, shear stress, and mean normal 

effective mess be determined and compared with the ultimate or steady state conditions 

that develop after sigdicant deformation. To completely characterize a sand deposit. it 

is necessary to obtain undisturbed samples fiom the ground for carrying out laboratory 

assessment of the in-situ strength and deformation properties. Ultimately, the laboratory 

response of undisturbed specimens can then be Linked with the results of field tests. such 

as Cone Penetration Testing and Standard Penetration testing, that c m  be carried out over 

a much greater area across a given site or within many sites containhg sands with similar 

characteristics and geological history. 

The factors which affect the actual flow liquefaction susceptibility of a soi1 deposit 

include material properties which govem the relative positions of the steady state line. the 

loosest imtropic consolidation line and the deasest isotropic consolidation line and hence. 

the range of i n d u  States where flow liqwfaction couid be triggered. These properties 

include grain size distribution, paaicle shape, particle hardness, fines content and fines 

plasticity. Similady, the cyclic liquefaction characteristics of a sand deposit is a funftion 

of both material properties and site conditions, Uicluding the void ratio. structural 

arrangement of sand grains (fabric, mineralogy, and degree of cementation), seimiic 

history, the in-situ lateral stress condition and the age of the deposit. Directly assessing 



the net effect of these factors on the response of sand to certain loading conditions 

requires appropnate laboratory testhg of undisnirbed samples. 

If conventional sampliag techniques are utSad, it is dficult to obtain high quality 

undisturbed samples of loose sand below the groundwater table. Disturbance associated 

with conventional sampling may resuit in mis1eading laboiatory test results. Ideally, if 

samples are to be considered as tnily undisturbed, the void ratio, fabnc, structure, stress 

history and de- of saturation shouid be preserved during the sampling and handihg 

process. To meet this requirement, in the l a s  approximately meen years, the technique 

of utilking in-situ ground k z i n g  for obtaining undisturbed samples of loose, saturated 

sand has been demonstrated to be effective by both Japanese and North American 

researchers. 

This thesis was undertaken to evaluate the extent to which characteristics such as void 

ratio, fabnc, structure and degree of saniration can be preserved durhg in-situ ground 

fkeezing for a variety of subsoil and site conditions. Feasibility studies were carried out 

to confirm that ground fieezing could be used at four different test sites to obtain 

mdisturbed samples, where the in-situ void ratio and fabric wouid be preserved. Ground 

freezing and coring of the fiozen sand was then successfully carrïed out at each of the test 

sites. A thawing protocol study was then undertaken to determine the most appropriate 

method of thawing the fiozen undisturbed specimens, without causing disturbance of the 

in-situ conditions. 

The research conducted showed that in-situ ground freezing is an excellent technique for 

obtaining high quality undistutbed samples of sand fiom a wide range of granular 

deposits. The main conclusions that were drawn fiom this research are summarized 

below: 

The fkost heave susceptibility of a soi1 depends on the soi1 grain sire distribution. 

including the percentage of fines and their mineralogy, the e o z e n  water content. 



the drainage boundary conditions, the overburden stress and rate of cooling compared 

to the permeability of the deposit. Disturbance by fiost heave is caused by either ice 

leases formiag in fiost have susceptible s d s  or when the excess 9 % of pore water 

volume k z e s  in place. 

The chart presented by Dada et ai. (1992), which takes into account the effect of the 

fines mineraiogy on eost heave potentid, can be utilized, in eonjunction with bulk 

samples obtained from a specific site, as a preliminary estimate of the fiost heave 

susceptibility of the deposit. 

Prior to conducting in-situ ground fieezing, it is prudent to carry out fioa heave tests 

in the laboratory, under the overburden stress and rate of cooling that wouid exin 

during ground fieezing, to confirm that this method is appropriate for obtahing 

undisturbed samples. 

The risk of disturbance due to fioa heave can be reduced by conducting radial ground 

fkezing, such that pore water expulsion c m  take place in advance of the freezing 

fiont. Use of liquid nitrogen as the coolant in the fieeze pipe is an efficient means of 

conducting in-situ ground fkeezing. 

To predict the heat extraction requirements when liquid nitrogen is used as the 

coolant, the equation given by Sanger and Sayles (1979) for the total enerw extracted 

fiom the ground to fieeze a cylinder of soil can be utilized by dividing the expression 

for the energy extracted by the latent heat of phase change of liquid nitrogen. The 

time required to fieeze a given radius of soil cm then be calculated based on setting 

the rate of heat flow through the wai1 of the fieeze pipe, equal to the rate of heat 

extraction required to sustain the growth of the fieezing soil column. 

Large scale ground fieezing experiments indicated that the theoretical equations 

presented by Sanger and Sayles (1979) can be used to predict the t h e  required to 

k z e  a specified average radius reasonably weli. However, if the level of liquid 

nitrogen in the fkeze pipe f d s  below the top of the target zone during much of the 

fieezing process, the predicted volume of liquid nitrogen will likely be significantiy 

higher than the actual tequirement, since fieezing in the upper region of the target 



zone occurs by conduction of heat to the cold gaseous nitrogen. Unfortunately. this 

scenario results in an irregularly shaped fiozen column which is more ficuit ro 

sample. 

To better predict the growth of the h z e n  radius, although it may be possible to 

determine the da t ive  proportions of gas and liquid nitrogen by installing temperame 

measurement devices that can withstand the temperatures and turbulence in the fieeze 

pipe, it is preferable to k z e  the soi1 in the form of a right cylinder by maintainhg 

oniy Iiquid nitrogen in the k z e  pipe. Freezhg a uniforni column of soi1 wiU both 

redire the nsk of disturbance of the soils, due to sub-vertical kezing fkonts, and 

facilitate coring of the fiozen sand upon completion of in-situ ground fieezuig. To 

avoid difficulties associated with coring of the fiozen sand and inaccurate prediction 

of the liquid nitrogen requirements, utilking higher liquid nitrogen flow rates and 

installation of a valve on the exhaust pipe, to apply a slight back pressure. should aid 

in keeping the fieeze pipe reservoir consistently full of liquid nitrogen. 

If the fieeze pipe reservoir is maintained full of liquid nitrogen at d l  tirnes during 

freezing, the theoretical equation given by Sanger and Sayles (1979) to predict growth 

of the fiozen radius with Ume is slightly conservative. This conservatism Iikeiy 

resuits fiom two factors- Firstly, the theory assumes that steady state conditions haïe 

been attained, whereas during the initial stages of fkeezing, the growth of the tkozen 

radius appears to progress more quickly than steady state growth, as a result of the 

high heat extraction capacity of liquid nitrogen. Secondly, the fiozen thermal 

conductivity used for the theoretical prediction was detennined based on Johansen's 

method (Farouki, 1986), which neglects the temperature dependence of this 

parameter. However, at temperatures of close to that at which liquid nitrogen 

undergoes phase change (-196 OC), the fiozen thermal conductivity is likely much 

higher than that used for the theoretical prediction, resulting in more rapid growth of 

the fiozen radius. 

Groundwater flow can have a detrimental effect on the ground fieezing process and 

must be considered when estimating the energy and length of time required to carry 



out ground fkezing. However, the negative effects of groundwater flow are 

somewhat overcome if liquid nitrogen is uscd as the coolant in the k z e  pipe due to 

its high heat extraction capabiiity. In Chapter2 it was shown that the critical 

groundwater flow velocity under which the groundwater cannot be fiozen in place 

before it is transported away Erom the fkzing mne, is approximately 5 times higher 

when Liquid nitmgen is used as the coolant in the f k z e  pipe than when brine is used 

as the coolant. 

In-situ ground k z i n g  was canied out successfully at two man-made. hydraulically 

placed test sites, located at Syncrude Canada Ltd., and two nanual sites. located in the 

Fraser River Delta. M e r  the completion of ground k z i n g ,  dry corïng of the in-situ 

fiozen sand with a CRREL core barrel was an effective means of obtaininp the 

undisturbed samples. At al1 four test sites' the void ratios measured fiom the in-situ 

fiozen core showed very good agreement with the void ratios measured independently 

by geophysical logging, conducted in boreholes located at a radiai distance of 5 m 

fkom the fieeze pipe. 

The enors associated with measuring void ratios fiom fiozen core specimens was 

determined to be -0.007 to M.0 1 1. Enoa of this magnitude are slightly less than the 

precision associated with geophysicd measurements of the in-situ bulk density. which 

results in erron of * 0.03 in determining the in-situ void ratios. 

Utiiizing a 150 mm outer diameter (100 mm b e r  diameter) CRREL core barrel. a 

total of 20 m of undisturbed fiozen core samples were recovered fiom the Phase I test 

site and 20 m of undisturbed core was recovered fkorn each of the two Phase iI test 

sites. At the Phase III test site, CRREL core barrels with two different diameters 

were used. A total of 6.4 m of 200 mm inner diameter fiozen core and 3.9 m of 

100 mm inwr diameter fiozen core were recovered fkom the target zone. The 

200 mm diameter core barrel yielded 3 to 4 times as many triaxial samples as the 

100 mm diameter core barrel since three to four adjacent specimens could be trimmed 

nom the same depth interval. 



At the Phase il test site, it was determined that ~ e ~ j e t t i n g  techaicpes for installation 

of the fireeze pipe should be avoided unies it cm be demonstrated that hydraulic 

fiacruring of the ground wili not occur. At sites where undisturbed samples are 

required h m  relatively shallow depths, it is preferable to ïnstail the fieeze pipe in a 

predrilled, smaii diameter borehole, as was canied out successfLlly at the Phase I test 

site. 

The study conducted with a scanning electmn microscope on reconstituted sand 

specimens subject to a fkeeze-thaw-kze cycle. indicated that clay minerais were not 

moved en musse to form discrete, fine grain veins within the sand matrix. Aithough it 

appeared that fieezing resulted in aiignment of many clay mineral particles with the 

rhin edge pexpendicular to the fieezhg front, this structure is believed to be an anifact 

of the sedirnentation process. The fact that some clay minerais remained oriented 

parallel to the k z b g  fiont, uidicated that movement during fieezing was not 

sufIicient to overcome the original clay mineral alignment. 

It is importarit that undisturbed fiozen specimens, obtained by in-sihi ground fieezing, 

be stored at very cold temperatures of -20 OC or lower, to avoid relaxation of 

anisotropic stresses locked into the pore ice by ground fieezing. Storage of fiozen 

specimens in this manner will preserve the in-situ stress condition, thereby facilitating 

restoration of the anisotropic field stresses to the soii skeleton in the triaxial ce11 prior 

to thawing. This. in tum. resuîts in l e s  disturbance. 

ï he  in-situ fiozen core samples obtained fiom al1 four subaqueous sand deposits. 

investigated as part of the CANLEX project, indicated that the sand deposits were not 

Mly saturated. This could have major implications regardhg the pore pressure 

development during undrained loading. To determine the effects of degree of 

saturation on the Liquefacton susceptibility, M e r  testing should be carried out on 

loose sand specimens, with the same initial void ratio, to examine whether or not 

smaller positive pore pressures develop in loose unsaturated specimens than in loose 

sahuated specimens. 



The thawing protocol study was conducted to evaluate two dBerent thawing 

techniques. The resuits indicated that thawing of both reconstituted and undisnirbed 

specimens unda the in-situ effective stress d t e d  in less disnirbance than thawing 

specimens under a smaii effective stress and then coasolidating them to the in-situ 

efféctive stress once thawing was complete. Theoretical confirmation of the 

laboratory findings was not obtained h m  finite element analyses that indicated 

slightly higher maximum shear strains at the thaw nont in specimens thawed under 

the in-situ effective stress. However. this discrepancy iikely resulted fiom the fact 

that the present anaiyses were not able to accurately mode1 the materid behaviour. 

Void ratio changes that occuned during thawing of reconstituted Syncrude sand 

spechens appeared to be a function of degree of saturation. where the totai void ratio 

change decreases as the degree of saturation increases. The average totai void ratio 

change due to thawing and consolidation of unsaturated reconstituted specimens was 

significantly smaller for specimens thawed under the in-situ stress than for those 

thawed under a mal1 effective stress, foIiowed by consolidation to the in-situ 

effective stress. For M y  saturated reconstituted specimem, the void ratio changes 

due to thawing and consolidation were less sensitive to the thawuig method used. 

Multidirectional thawing of reconstituted specimens under an effective stress that was 

much smaller than the effective stress that the specimens were subject to prior to 

freezhg, resulted in heave, followed by a decrease in void ratio during consolidation 

to the in-situ stresses after thawing was complete. The total void ratio change due to 

thawing and consolidation that occurred in reconstituted specimens subject to 

unidirectional thawing under the in-situ effective stress, was smaller than the total 

decrease in void ratio exhibited by specimens thawed multiduectionally under a small 

effective stress and then consolidated to the in-situ stress. 

Unidirectional thawing of undistwbed Phase 1 Syncrude sand specimens under 90 % 

of the effective stress level that existed in-situ prior to fieezing and the in-situ pore 

pressure condition, resulted in signifîcantly smaiier void ratio changes than those that 

occurred in specimens thawed multidirectionaliy under a smali effective stress of 



20 kPa to 35 kPa, with m back pressure, and then coasolidated to the in-situ effective 

stress. The specimens thawed undet 90 % of the in-situ stresses underwent an 

average tofal decrease in void ratio of 0.019, while the specimens thawed under a 

small effective stress underwent an average total void ratio change of 0.083. The 

decrease in void ratio, as a percentage of the initial void ratio, due to thawing of 

udistiirbed specimens under the in-situ effective stress ranged nom 1.4 % to 3.9 %. 

with an average of 2.4 %. The average total decrease in void ratio that occurred 

during thawing under a midl effective stress, followed by consolidation to the in-situ 

stress after thawing was complete, as a percentage of the initial void ratio, ranged 

fiom 5.6 % to 15.6 %, with an average of 10.9 %. However. the degree of 

disturbance due to thawing fiozen specimens under a small effective stress of about 

20 kPa decreases as the difference between the in-situ effective stress and the 

effective stress imposed during thawing in the laboratory decreases. 

A trend between the void ratio change and degree of saturation was not evident for the 

undisturbed specimens tested. However. this was likely due to the large variation of 

initial void ratio between specimens, resulting in variaùie soi1 skeleton 

compressibilities that masked the effects of degree of saturation on void ratio changes 

during thawing. 

The resdts fiom the thawing protocol snidy indiate that the most appropriate method 

of thawing undisturbed, umaturated sand samples, obtained by in-situ ground 

freezing, involves thawing the specimens unidirectionally. in a controlled marner. 

under 90 % of the estimated in-situ effective stress. Specimens should be maintained 

in a fiozen state prior to commencing thawing by filling the triaxial ce11 with a glycol 

solution at a temperature of about -4 O C .  The tempeme of this solution then 

gradually warrns to -1 to -2 OC, as the rernainder of the specimen setup is completed. 

The specimen should be ailowed access to chilled water at the end of the specimen 

where thawing will commence. Once the triaxial ce11 fluid has reach about -1 O C ,  

warm glycol, at about 7 OC, shouid be circulated through the base plate of the triaxial 

ceii to thaw the specimen unidirectionally. 



AU of the undisturbed specimens exhibited dilatent behaviour during undrauied 

triaxiai compression and triaxiai extension testing, indicating tbat the specimens were 

dense of the steady state ihe for Syncrude sand. The steady state hne serves to 

iiiustrate the importance of avoiding disturbance during thawing of in-situ fkozen 

specimens, since even smaii changes in the void ratio of specimens with an in-situ 

void ratio that falls slightly above the steady state üne will change the behaviour fiom 

contractant to dilatent. Therefore, acMate evaluation of the iiquefaction potentiai of 

a sand deposit nom undisturkd in-situ hzen  spcimens, requires that careful 

handiing and thawing procedures be foiiowed in the laboratory to avoid disturbance 

of the in-situ void ratio and fabric. 

In summary, high quality undisturbed samples of sand are an instrumentai part of 

canying out a liquefaction assesment. This research demonstrateci that in-situ 

ground fieezing is an excellent technique for obtaining undi~tllrbed samples of loose 

sand fiom below the groundwater table. The technique of undisturbed sampling can 

be used to assess the stability of many existing structures, such as dams. 

embankments. tailings impoundments. etc.. that have been constmcted on or with 

sand and may be at risk of liquefaction. The Iiquefaction potentid of naturai. ofien 

highly structured, sand deposits existing dong many coastal regions near major cities. 

can also be more accurately assessed uiilizing high quality undisturbed samples 

obtained by in-situ ground fieezing. 

8.2 Recommendations for Furtber Research 

In preparing this thesis, several areas of potential fiim research were identified that 

would either aid in refining the predictive capabiiities, carried out as part of ground 

fieezing feasibility studies, or wouid contribute to a better understanding of how to avoid 

disturbance of undisturbed fiozen specimens during thawuig in the laboratory. The 

requirements for friture research in these areas are discussed in more detail below. 



h Chapter 2 it was noted that groundwater flow conditions can have a significant effect 

on the ground fkezing pfocess and mus be considered when estimating the energy and 

lengtb of time repuireâ to carry out ground M g g  in general, groundwater flow across 

a site where in-situ ground fcreezing is behg undertaken causes elongation of the fiozen 

column in the dowllstream direction md foreshortening in the upstream direction. Since 

an exact solution dws not exist that sirnultaneously solves the groundwater fïow velocity 

and the temperature distribution in two dimension, evaluation of the effect of 

groundwater flow on the shape of the fiozen zone requires numerical maiysis. At the 

tirne of undertaking the research for this theas, a numencal mode1 was not available ar 

the University of Alberta (U of A) that incorporated transient heat and groundwater flow 

conditions. Therefore, in Chapter 4, data presented by Hashemi and SIiepcevich ( 1973 

that was based on finite difference analyses, were used to estimate the ef3ects of seepage 

at the Phase I test site. However. it would be more accurate to develop a numerical 

analysis technique at the U of A that couid be used to predict the deformed shape of the 

fiozen radius under different groundwater Bow velocities. 

Additional &OS heave tests could be camied out on various sands. with relatively hi@ 

fuies contents, to evaluate the fkzing temperature gradients required to cause the 

direction of pore water flow to change h m  expulsion to attraction during fieezing. 

These tests results could be used to mod* the Segregation Potentiai concepts developed 

by Konrad and Morgenstern (1983), to allow for prediction of the direction of pore water 

flow during f i e e ~ g .  

As stated in Chapter 7, to better mode1 thawing of fiozen specimens in the triaxial ce11 

under different stress conditions, fuwe anaiytical work could be undertaken to modi@ an 

existing f i t e  element program to accommodate strain compatibility between the soi1 

skeleton and the pore ice, each with different stifkesses, but subject to the same 

boundary stresses. This would allow for modeling of anisotropic stresses in the pore ice 

that exist after sampling fiozen ground, in the absence of creep associated with long-term 



storage under relatively wam subzem temperatures, and would contribute to a better 

understanding of how to avoid disturbance of undisturbed fiozen specimens during 

thawing in the laboratory. 

It is a h  recommended that the c r e q  rates associated with d o a d h g  of confinine 

stresses during sampling of fiozen sand be investigated This study should include an 

evduation of the effêct of storage tirne and temperature on stress relaxation within the 

fiozen specirnens. 

As stated in the previous section. the in-situ fiozen core samples obtained fiom all four 

subaqueous sand deposits. investigated as part of the CANLEX project. indicated that the 

sand deposits were not M y  saturated. Since this could have major implications 

regarding the pore pressure development during utldrained loading, it is recommended 

tbat the effects of degree of saturation on the iiqwfaction susceptibility of sand be 

determined. Further tesMg should be carried out on loose, contractive sand specimens. 

with the same initial void ratio, to examine whether or not smaller positive pore pressures 

develop in loose unsahuated specimens than in loose saturated specimens. 
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Appendix A: Data Obtained h m  Freezing Experimenb 

1 .  Introduction 

Appendix A contains data gathered during large scale k z h g  experiments conducted at 

the University of Aiberta farm, where a 10 m deep Eteezing chamber was used to fieeze 

columns of water and sand. Resistance temperature devices were installed at regular 

intervals dong the length of the k e z e  pipe and with increasing radial distance to monitor 

the growth of the fiozen columns with tirne. The foiiowing appendix contains data 

regarding the measured nozen radii and the rates of liquid nitrogen consumption obtained 

during these experiments. The grain size curves of the sand used in the fieezing 

experiments are presented. The spread sheets used for predicting the liquid nitrogen 

volumes and the temperature data collected during fieezing are also included. 



Table A l : Ice Bulb Radii Measured During Field Experirnents. 

1 water 
2 water 
2 water 
3 water 
4 water 
5 sand 
6 sand 

ïLAPSED TARGET ZONE DIMENSIONS PREDICTED 
TlME MAX RADIUSI MIN RADIUS IAVE RADIUS RADIUS 



Table A2: Liquid Nitrogen Coasrmiption During Field Experiments 

 ab: F a r ~ m . I Z . u i d a I h . C a m n o n ~ i r ~ l ~ . 8 m 3 p r n P I d ~  
Etginmrrm. AuOic#4udS, 1- 

-m: J* 2t uid m. i n 3  cimuhdravt 
r i  aapsed ~nditr f n ~ r ~ ~  w~mew rima ~hpsafl hews l ~ h ~ s  ~dumcuy2 

T i  Rtrrprning Uscd UKd(mJ) Tane Re!fmmg Used Ud(m31 
1462917 O s . 5  O O l a 5 1  1 a n s  O O 
1462372 1.33 34.75 0.75 101.1 14525o6 1.32 21.95 0.95 t24.26 
1462.319 16.42 31.75 3.75 505.5 14ô2001 215 21.3 1.6 209.28 
1482451 19.58 30.6 4.9 M . 5 2  14ü2625 273 21 1.9 24a.52 

J0ac: T h e i n C h . r o f ~ ~ 2 ~ a t 2 3 : 2 0 W . 7 4 . f S ) n n w u  1462649 3.32 20.8 2 1  2746e 
sfimamubirsdoritheoonurmpiianot 1462691 432 198 3-1 405.48 
& 2 d u f i t ~ ~ a 0 i ü 1 g d t ~ ~ a ~ c r p n 0 r b l m M g .  1462.729 5.23 19 3.9 510.12 

1462.816 732 17 5.9 771 72 
ipui imnt ltt luly 27 r d  a. 1993 Cummuhm 1162858 832 164 6.5 850.2 
r i  m p t ~ ~  incnes l n c ~ ~  valumt w 14629~1 10.32 142 8 7  1137% 

Tune Rtmarning Used Uxd(m3) 1462007 11.9 121 10.8 141264 
1462083 13-73 10 :29 168732 

1462.497 O 29 O O 1462125 1473 9.5 Tf 3 175272 
1462583 249 27.3 1 7  229.16 1462313 1923 3 2  197 2 9 6 7 6  
1462653 4 16 26.4 26 350.48 1462344 1998 22 20 7 î70756 
1462.708 5.49 24.6 4.2 566.16 162362 2O.41 1.6 21.3 2786.00 
1462833 8.49 236 5.4 727.92 1462472 2306 0 9  22 2ô776 
1462917 10.49 22.6 6.4 86272 
1462229 15.99 16.9 121 1831.08 
1462302 18.24 16 13 17524 Gp.rfm.nt W: Septemkr 20 andtl. 1993 
1462333 t0.49 15.7 13.3 178284 Nate Far Gp. 16 (he Comcnian Rate u AoprouMteiy 

122 m3 ~ e r i n q i  of LN2 
hpcriment U: Juiy 29 and 30.1993 Cummulabve Cummulabve 
ime E b p ~ d  lncnes Inches VrwneLN2 rune Uapsc~ lnches Inc!es VaumeLN2 

T i  Rematnmg UseQ Usea(m3) T m  Reminmg Usea Uted (m3) 
1462708 O 14.2 O O 
1462 854 3.5 11 3 2 9  39092 
1462958 6.5 1 O 4 2  56616 
14621 1 9.- 7 8  64  862-72 

1462271 13.5 3 9 10.3 1388.44 
146234 15.17 1.8 124 1671.52 

la@: ûunng Expennent a. at 8: t O the fiow of LN2 
~ h m i C d d a w n t o ~ e m e h a z u i k J b  
nüircnnccou#fuchthewtctopunRan 

hperini.~ U: Augurl3 and 4.1993 
i a e  ForErp.UUid1i5meConvcnionRattu 
gpmnmatdy 130.8 m3 pcr ncn af LN2 

CMWrrUbve 
-me E k w d  lncties lnches Vg(rcmt~N2 

T m  Rtma<rung Used UM(m3)  
1462517 O 40 O O 
1462547 O rO O O 
1462601 126 38.0 1.2 156.96 
1462631 2 30 2 261.6 
146266 2 7  37.2 28 366.24 

1462712 3.95 36.25 3.75 480.5 
1462819 6.53 35 5 654 
1 4 6 2 w  7.37 33.5 6.5 m . 2  
1462883 8.07 328 7 2  941.76 
1462931 9.2 31.6 8.4 1098.72 
1462993 10.7 30.1 9.9 1294.92 
1 4 6 z m  11.53 29 5 10s i m . 4  
1462lt8 13.7 272 128 1674.24 
1462205 17 7 24.1 15.9 2û79.n 



Table A3: Spread Sheet used for Freezing Predictions during Experiment # l  . 
WEeEaMG E8t AT U OF A FA=: Erpdni.nt II 
JOUlD MlTRûGEW TEMPERATURE = 196 C 

MgJm3 
K 

MJIm3 K 
MJ1m3 
Wlm K 

C+J 
mlhod 

1 (hr) 
0.00 
0.30 
3.50 
11.26 
24.39 
43.45 
68,aë 
101.M 
140.22 
186.69 
240.67 
302.37 
371 .98 
449.65 
535S6 
629.84 
732.63 
844 .O5 
964.22 
10Q3,25 
l23l,24 

InEl! Q 
N2 I (1) 
0.00 
32,W 
101.20 
2 1 4 3  
369.85 
567.26 
806.40 
1087.1 1 
14b.27 
17 t2,78 
2177.56 
2623.53 
31 10.63 
3838.81 
4208,01 
4818.19 
5469.30 
6161.32 
6894.20 
7607,92 
0482.44 - 



Table A4: Actual Freezing Data gathered during Experiment # 1 .  

lctual Exp 
luration O 

:reeticig 
hm) 

11.83 

ilapsed 
rime (hm) 

0 
1.33 

96.42 
19.58 

Predicted L N ~  Consurnption 
I l I eriment #1 Results 

Target Zone Dimensions 

Predicted 
Nom LN2 
(m3fm3) 

R(max) 
(ml 

0.22 

LN2 Used 
(m3) 

O 
101.1 
505.5 

660.52 

R(mln) 
(ml 

0.18 
Actual 
Nom LN2 
(m3/m3) 

O 
804.9363 
4024.682 
5258,917 

R(ave) 
(ml 

0.2 





I able Ab: spread Sheet used for Freezing Predictions during Expriment #2, 

N2 I requirement usln 
Qlt (Wm) P (Wlm) N2 1 (Mg) t 

0.00 
0.20 6000,93 4000.32 O. 02 

1 

M2 (m3) non-std R'lro in Rmlro 'non rbad 
i Ctarget state non-8-e siab t (hi 

0.00 0.03 0.W -0.02 0.M 
87.98 0.04 1.65 0.60 0.12 

27320 0.68 3.31 2 2.0: 
575.20 0.13 4.98 1 .(io 0,d - - 

989.40 0,17 6,61 1,89 16.3: 
1514.91 021  8.27 2.11 27,61 
2150.84 0,25 B. 92 2.20, C(.31 
2896,80 0,20 11 57  2,46 654. 
3752 44 0.34 13,22 2-50 91,2i 
471 7.45 O,% 14.88 2,70 122,0( 
57~1.61 o.ri 16.53 2,si 157.8( 
6974.69 0.46 18.18 2-90 1 8 8 , ~  
8260.00 0.50 19.W 2.90 245,12 
9666.90 0.55 21.49 3.07 288.g 

1 1 175.72 0.59 23.14 314 353.2i 
12792.83 0.63 24.80 3.21 417.2! 
14518 13 0.67 26.45 3.28 486,Oi 
16351 49 0,71, 28.10 3.341 560.81 
18292.81 i 0.76 29.75 641,2! 
20342 001 0.80 31 41 3 W.& 
22498,981 0.84 33 06 3.50; 820.46 



Table A7: Actual Freezing Data gathered during Expriment #2. 

Actual Expriment #2 Results 

(hW 
18,77 

Elapsed Ti 
(hk) 

O 
2,49 
4.16 
5.49 
8.49 

10.49 
1599 
18.24 
20.49 

Predlcted LN2 Consurnption 

(ml 
0.35 

LN2 Used 
(m3) 

O 
229.16 
350.48 
566.16 
727.92 
062.72 

1631.08 
1752.4 

1792,84 

I I 
Predicted Rf@t=I 8.778 hrs 

Ouration O 

Freezing 
(ml 

0.28 
Actual 
Nom LN2 
(m3lm3) 

O 
367,7546 
562,4481 
908.5701 
1 168,762 
1384.488 
2617.547 
2812.241 
2877,139 

Tatget Zone Dimensions 
~ ( n k x )  I~(min) I~(ave) 

(ml 
0.315 

Predicted 
Norrn LN2 
(m31m3) 

O 
21 5.4428 
669,0266 
1408.562 
2423.068 
3709,764 
5267 .O5 

7093.791 
9189.107 



laale na:  Bpreaa aneer usea [or rreezing rreaictions durmg Experiment #3.  

1 ,O0 P dry= 
196.00 K vo= 
419 MJ1m3U Cf=C1= 

334.00 MJ/m3 Ci= 
2.20 Wlm K Ku= 
0.03 rn ar= 
2.00 m STE= 

S+S 
method 

füro LN (Riro) t (hr) 
0.68 0.00 0.00 
1.97 0.68 0.20 
3.84 137 1.57 
5.9) 1.78 4.55 
7.87 2.06 938 
9.84 2.29 16.22 

11.81 2.47 25,lQ 
13.78 2.62 38.40 
15,75 2.76 49,94 
17.72 2.87 65.87 
19.69 2.98 84.27 
21.65 3+08 105.20 
2362 3.16 128.70 
25.59 3.24 154.83 
27.56 3.32 183.64 
29.53 3.39 215.16 



Table A9: Actual Freezing Data gathered during Experiment #3. 

Predicted LN2 Consurnptlon 
I I 

Actual Experiment #3 Results 1 

Predicted ~f@t=18.00 hm 1 0.26 
i 

Duration O 

Fleezing 
(hm) 

18 

Elapsed 
Time (hrs) 

0.00 
3,50 
650 
9.65 

3 3.50 
15.17 

Predic ted 
Norm LN2 
(m31m3) 

0.00 
208.78 
649.70 
1368.77 
2355.42 
3606.97 

Target Zone Dimensions 
R(max) 
(ml 

O, 32 

LN2 Used 
(m3) 

0.00 
390.92 
56696 
862,72 
1388.44 
1671.52 

R(min) 
(ml 

0.27 
Actual 
Norm LN2 
(m3/m3) 

0.00 
715.29 
t035,94 
1578.58 
254052 
305830 

R(ave) 
(ml 

0.295 



I able AI  W: Spread Sheet used for Freezing Predictions during Expriment #4. 

C+J 
ton btëad 
iWi . - t (Ïr 

000 
0,;5 
2.03 
6,-b0 
15.33 
27.60 
55.31 
65,43 . - -  
g1,27 
122.00 
157.e0 
iàie.sO 
~ S S , I ~  
298.92 
354.27 
4 17.29 
486.07 
oso.69 
641.26 
727*82 
020.48 







Table A 1 3: Spread Sheet used for Freezing Predict ions during Expriment # 5 .  

dglm3 
( 

dJlm3 K 
illJlm3 
Nlrn K 

a(M Jlrn) 
0.00 
3.56 
9.77 
19.74 
33.22 
50.14 
70.47 
94,17 
121.24 
151.65 
185.38 
222.44 
262.80 
306.45 
353,40 
403.62 
457.12 
513.89 
573.92 
637.21 
703.75 

C+J 
ion itsad 
ihie tjhr 

0,Oo 
0!01 
0.14 
0,50 
ï,13 
2,oi 
335 
4.97 
6.97 
9.38 
12,14 
1 ~ , 3 3  
18.94 
22.90 
27.47 
32.41 
37.80 
43.65 
49,97 
56.77 



Table A1 4: Actual Freezing Data gathered during Experirnent #5. 

\dual Exprimant # 5 ResMs 1 
rarget Zone ~lmensbns 

Predlcteâ LN2 Consurnption 
l I 

Predicted Rf@t= 18.58 hrs 

Norrn LN2 
(rn31m3) 

0.00 
152.49 
418,89 
846.60 
1424.73 
2150.52 
3O22,38 
4039,20 
5ZOO.IO 
6504.36 
7951.40 
9540.69 
11271.79 
13144.31 
151 57.88 



Table A1 5 :  Spread Sheet used for Freezing Predictions during Experimeni #6. 

M m 3  

RJlm3 K 
AJ1rn3 
'v/m K 

I(M Jlm) 
0.00 
4 -06 
11.78 
24,H 
41.25 
62,70 
88.55 
118.78 
153.38 
19233 
235,8 1 
283.21 
335.13 
391 3 4  
451.85 
516.64 
585.71 
659.06 
736,67 

2+J 
ion dead 

((hr 
0.00 
0,01 
0,14 
0,50 
1,13 
2,07 
335 
4.87 
697 
9,5 
12.14 
16.33 
1 0 , ~  
22.88 
27A7 
32.41 
37 .8O 
43.65 
49.97 
58.77 
64.05 



Table A 16: Actual Freezing Data gat hered during Expriment #6, 

luration o 
'reezing 

(hW 
10 

Elapsed 
The 
(hW 
0.00 
O, 50 
1 .O0 
1 5 0  
250 
3.00 
3.50 
4.00 
5.00 
6.18 
6.50 
7.00 
7.50 
8.00 
8.50 
9,OO 
9.58 
10,oo 

rarget Zone Dimensic 
?(max) 

(ml 
0.24 

-N2 Used 
(m3) 
o. 00 

134.20 
256.20 
378.20 
488,OO 
549.00 
622.20 
683.20 
74420 
951 -60 
988.20 
1049.20 
7 098.00 

?(min) 
(ml 

O. 38 

Son LN2 
(m3lrn3) 

0.00 
101 .O8 
192.96 
284.85 
367.55 
41 3.49 
468.62 
51457 
560.59 
716.72 
744.28 
790.23 
826.98 

Predlcted LN2 Consumptlon 

I I 
?edicted Rf@t=I8,58 hrs 



Table A 1 7: Spread Sheet used for Revised Freezing Predictions during Expriment #6, 

assuming (214.4)m Liquid and (2.4/4.4)m gas nitrogen. 

Y@!!?' 
-nier' 
9 4 4  rn 
Y m ~ l  

O!!! " 
* 
4 1  - --- 
7 %  
! 
!or?!!! 
-!P 
?**# «crm 
*!O! 
-!n 
Wl!? 
1 4  
'Y?*# 
!O%?! 
l!ooo!# 
12@22* 
l+m.18 
1oUb.02 

. Y  
m'?..a 
+!!! 

QI!!? 

0:- 
0.. 
0.1 
0.10 
0.1s 
0.21 
020 
0?9 
0.33 

' or 
O!" 
0 . 9  
047 
OS1 
00s 
!!am 
*.?? 
0.9 
0.69 
0.73 
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Appendù B: Phase 1 Test Site Gromd Freabg Data 

1 introduction 

Appendix B contains data associated with the in-situ ground k z ù i g  activities conducted 

at the Phase 1 test site. uIforrnatioa avaïiable fiom the test site is presented, including 

Cone Pewtration Test data, used to select the target zone for in-situ fieezing and 

samphg, and grain size curves established fiom Split Spoon sampies recovered in the 

vicinity of the test site. Detailed calculations, camed out as part of the feasibility study to 

confimi that disturbance wouid not occur as a resdt of the hitially Ullfiozen water 

fieezing in place at very cold temperantres, are included at the back of the appendix. 

The temperatures measured during ground fieezing are included in summary tables. Plots 

of the alignment determined for each of the boreholes for sampling of the fiozen core 

once fieezing was complete are provided. Schematic diagrams. showing the locations of 

the fiozen cores recovered fiom each sample boreholes are show and the core catalogue 

established for the fiozen core samples recovered tiom the site is given. 



Table B 1 : Summary of Nomahxi In-Situ Testing Data 

Minimum Avaage Maximum 
1 

CPT. qci, (MPa) 6.0 8.0 14.0 

Equivaicnt. SET. Ni 12 16 28 
1 S h u r  Wave Vcion'ty. VSi. (mis) 140 150 174 1 

Table 82: Summary of Sampie Borehole Deflecions. 

Deflec tion 

(mm) 

90 

35 

70 

40 

30 

150 

20 

62 

430 

O 

Deflection 

(h) 

3 -5 

1 -4 

2.8 

1-6 

1 -2 

5.9 

0.8 

2.4 

16.9 

0.0 

Direction Deflection Deflection 

(mm) (in) 

Borehole 

No. 

Direction 
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Frze. Pipe 
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RTD3 

North 
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North 

South 
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West 
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Table 83: Temperatme Data Recorded at 27 m in &ch Sample Borehole. 



Table 84: Temperature Data Recorded in RTD Boreholes. 



Table B5: Liquid Nitrogen Consumption during Ground Freezïng. 















Figure B2: Grain Size Curve obtained for Sampie recovered at 18.29 m. 

PRO JECT : CANLEA 

GRAIN SIZE 

--- 
FILE No. : sr4 2 V S 7 3 4 7  
TESTHDLE No. : CELL 24 
OEPTH Cm. 1 : 18.29 
SAMPLE No. : 1494 
TESTED 8 Y  : K. W. 
DATE : 93-07-30 
ATTENTION : 
NATURAL MOISTURE CONTENT : 
REMARKS : 

X GRAVEL = . S  
X SAND = 90.5 
%FINES = 9  
Cu = 2.1 
Cc = .86 

CL SILT 
SAND GRAVEL 

FINE ( MEDIUM  CRS SE FINE 1 CDARSE 



Figure B3: Grain Size Curve obtained for Smple recovered at 19.8 1 m. 

PROJECT : f XLEX 

FILE No. : 5i>A 
TESTHOLE Nu. : CELL 24 
DEPTH (m.) : 19.01 
SAMPLE No. : 1495 
TEST ED BY : K. W. 
O A T  E t 93-07-30 
ATTEi'iTlON : - 

NATURAL MGISTURE CCNTENT : 
REMARKS : 

,': GUVEL = 2 
X S44ND = 64. 8 
:: FIXES = 35.2 

i SAND i GFIAVEL CL S i L T  
f 

1 FINE 1 MESIUN 1 CRSE! FINE / CIC.3SE , - 



Figure 84: Grain Sîze Curve obtained for Sample recovered at 21 -34 m. 

PROJ ECT : CANLEX 

FILE No. : 
TESTHOLE No. : CELL 24 
DEPTH Cm.) : 21.34 
SAMPLE No. : 1496 
TEST ED %Y : K. W. 
DATE : 93-07-30 
ATTENTION i 
NATURAL MOISTURE CONTENT : 
REMARKS : 

X GRAVEL = Q 
i! SAND = 86.4 
X FINES = 13.6 

1 Na. 10 1 99.9 I 
No. 40 

No* 60 

No* 100 

No. 200 

Cl SI LT P 

SAND GRAVEL _ FINE 1 MEDIUM (CRSE FlPE ( C O A X E  

GRAIN SIZE (mm) 



Figure BS: Grain Size Curve obtained for Sampie recovered at 22.86 m. 

PROJECT : CANLEX 

FILE No. : 

TESTHOLE No. : CELL 24 
DEPTH (m. 1 : 22. 86 
SAMPLE No. : 1497 
TESTED BY : K. W. 
DATE : 93-07-30 
ATTENTION .: 
NATURAL MOISTURE CONTENT : 
REMARKS : 

% GRAVEL = O 
3! SAND = 06. 1 
j! FINES = 13.9 

# 

GRAIN SIZE - (mm1 

.385 i n  

No. a 
No. 10 
Na. 20 

No, 40 

No. 6D 

No* 100 

No* tC0 

100 

100 

99.9 

99.2 

95. 5 
86 
42.9 

13. Q 1 

Cl SILT  
SAND GRAVEL i 

FINE / MEDIUM 1 CRSE FI NE ] COARSE 



Figure 86: Grain Size Curve obtained for Sample recovered at 25.9 1 m. 

FILE No. : 
TESTHOLE No. : CELL 24 
DEPTH Cm. 1 t 25-91 
SAMPLE No. : 1498 
TESTED BY : K. W. 
DATE : 93-07-30 
ATTENT ION : 
NATURAL MOISTURE CONTENT : 
REMARKS t 

X GRAVEL = 1.6 
X SAND = 86.4 
X FINES = 12 

GRAIN SIZf 

* -. 

I 

SEVE Nu. 

3 in 
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2 in  
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1 in 
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No. 10 

Na. 20 
No. CO 

Bo* 60 

, No. 100 ' 
No. 200 

Z PNSING 1 - 
100 

9 
! 

100 b 

100 

:!! 1 
100 

98.4 

95 

07.9 

61. Z 
73 

36 

3 2 * 

CL 
* FINE 1 MEDIUM [CRSE FINE 1 COARSE j 

100 
200 IOD 40 20 10 4 3/0 1 2 3 4  

rn L L L 1 

SILT 
5.4tJO GRAVEL 1 



Figure B7: Grain Size Curve obtained for Sample recovered at 27.43 m. 

PROJECT t 

FILE No. 
TESTHOLE 
DfPTki Cm. 

GRAIN SITE h m )  

. 
No. : CELL 24 
1 : 27.43 

SAMPLE No. : 1499 
TESTED BY : K. W. 
DATE : 93-07-30 

2.5 in  1 100 I I ---- 
2 in  1 1OD i 
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- 1 ; :: --1 
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No. 4 

CL 
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i 
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Figure B8: Grain Sîze Cume obtained for Sample recovmd at 30.48 m. 

PRO JE CT ; CAtll-ES 

FILE No. : 

TESTHOLE No. : CELL 24  
DEPTH Cm. 1 : 30.40 
SAMPLE No. t 1500 
TESTED BY : K. W. 
DATE : 93-07-30 
ATTENTION t 

NATURAL MOISTURE CONTENT : 
REMARKS : 

No. 20 ) 99.1 
I 

X GRAVEL = O 
X SAND = 92.1 No, 40 

% FINES = 7.9 No. 60 90.3 1 
Cu =' 2. 4 No. 100 

Cc = 1.21 No- 200 7.9 

CL 1 SILT t SAND GRAVEL 1 - FINE 1 MEDIUM CRSE; f XNE 1 COARSE j 



Figure B9: Grain Size Curve obtained for Sample recovered at 36.58 m. 

PRCJECT i CANLE X SI TE SCÜEEflINt 

FILE No. L 

TESTHOLE No. t BHA-24C-03-06 
DEPTH Cm. 1 c 38, SE! 
SAMPLE Ne. c 2 
TESTE0 BY a H. JARA 
DATE : 93-47-06 
ATf E NT1 ON t CANLEX GROUP 
NAT URAL MOISTURE CONTErlT t 

RENARKS a SOIL T Y ? f  = 1 .AILiNGS 

GRAIN SIX 









Casing # FSI casing 

DISPLACEMEM (mm.) 

-100 -50 O 5 0  100 150 200 

Figure B 13 : Deflection Profile of Sarnple Borehole FS 1. 



Casing # FS 2 

DISPLACEMENT (mm.) 

-100 -50 O 50  100 150 200 250 300 

Figure B 14: Deflection Profile of Sample Borehole FS2. 



Figure B 15: Deflection Profile of Sample Borehole FS3. 



Casing # FS4 - 93 
DlSPCACEYENr (mm.) 

-1 00 O 100 200 300 400 500 

Figure B 16: Deflection Profile of Sample Borehole FS4. 



casing u FSS - 93 
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Figure B 1 7: Deflection Rome of Sample Borehole FS5. 



Casing # RTD 1 

DBPUCEMEM (mm.) 
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Figure B 18: Deflection Profile of Sample Borehole RTD 1. 
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O 100 200 300 400 500 

Figure B 19: Deflectioa Profile of Sample Borehole RTD2. 



RTD 13 Odectlon (mm. 

Figure B20: Deflection ProNe of Sample Borehole RTD3. 



Figure B2 1 : Frozen Cores Recovered fiom Sample Borehole FS 1. 



Figure B22: Frozen Cores Recovered from Sarnple Borehole FS3. 



Figure B23: Frozen Cores Recovered fiom Sample Borehole FS4. 



Figure B24: Frozen Cores Recovered fiom Sample Borehole FSS. 



Sampie Calculabon of Void Ratio Changes due to Un60zen Water Freezing in PIace at 

SAYPCE.. ASSUIIIIE: Syiitnid. Sand wlth 12 % lin= 
DATE: 8-Çeb-96 GS * 2.65 
Sand Type: S y m d e  O h  = 0.917 
C d  Pnuum: 500 kPa 
Axlrl Strmss: 500 kPa Ko = 1.0 
Brck Prmssure: 100 kPa 
CakukM Saturation: 99-20 % B = l  (before frezing) 

Dbmter 63.50 mm ToblFmzonVol.= 411.70 cc 
Hdght 130.00 mm Sample Am8 = 31 -67 cm2 
Fmen Total Weight 780.00 g 
Ice Content 30.00 % V s = ~ 1 p s = l l l b / p w G s =  218.87 cc 
Dy Weight of Sample 580 g Vv= Vt -Vs = 192.83 cc 

Syncntde sand has: 
0.28 % Mica Minenls with SA = 5 m2/g (% by dry weight of sand sample) 
0.70 % Kaoline Minerais with SA = 5 m21g (96 by dry weight of sand sample) 

Kaolinite at -foc: Wu = 0.30 g water I g dry soi1 (clay) 

Volume of Unfrozen Water = Wu 

0.30 g waterlg day x 580 g soil x ((0.28+0.70)/100)g cfayig soit = 1.7052 g water 

Expansion due to Unfroren Water Freeu'ng in Place = 9 % 

AV = 0.09 x 1 .?O52 cc = 0.1535 cc water 

Change in Votum during F m i n g  - O. 1535 cc (fi:; 

e, = (O/ - Vs)Ns) =Gspwlpd - 1 = 0.881 
eo = ((VV - Ws)Mls) (GdGice) = 0.997 (for saturated specimens) 

Sr i = (wi Gs)/(e Gi) = 98.40 Sro = Sr i f 0.9919 = 99.20 



Appendix C: Phase II Test Sites Ground Fmdag Data 

C.1. Introduction 

Appendix C contains data associated with the in-situ ground fkezing activities conducted 

at the Phase II test sites. The temperature data gathered during fieezing at the KIDD 2 

and Massey Tunnel sites are included in summary tables. Plans showing the sample 

borehoie locations are provided dong with plots of the sample borehole deflections. 

Cataiogues of the fiozen core sarnples obtained fiom these sites are also given. 









Table C3 continued: KlDD 2 Site core catalogue. 



Table C3 continued: KlDD 2 Site core catalogue. 
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Table C3 continued: KlDD 2 Site cote catalogue. 
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Table C4: KIDD 2 Site Trimmed Frozen Core Samples. 
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Figure C 1 : Alignment of Frozen Sample Boreholes at KIDD 2 Site. 
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Figure C2: Deflection of Sample Borehole K94F1. 
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Figure C3 : Deflection of Sample Borehole K94F2. 
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Figure C4: Deflection of Sample Borehole K94F3. 



Figure CS: Defiection of Sample Borehole K94F4. 
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Figure C6: Deflection of Sample Borehole K94FS. 
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Figure C7: Deflection of Sarnple Borehole K94F7. 
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Figure C8: Aligmnent of Frozen Sample Boreboles at Massey Tunnel Site. 
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Figure C9: Deflection of Freeze Pipe Borehole at Massey Tunnel Site. 
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Figure C 10: Deflection of Sample Borehole M94F 1. 
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Figure C 1 1 : Deflection of Sample Borehole M94F2. 
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Figure C 1 3: Deflection of Sample Borehole M94FS. 
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Figure C 1 6: Deflection of Sample Borehole M94S2. 
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Appendir D: Phase m Test Site Gromd Freezing Data 

Appendix D contains data associated with the in-situ gromd k z i n g  activities conducted 

at the Phase III test site. The spread sheet used for predicting the growth of the fiozen 

zone is included in Table Dl.  The grain size curves determined fiom Split Spoon 

samples obtained nom the detailed characterization zone are given and the grain size 

curves established for the two fiozen core samples where thin, isolated ice lenses were 

encountered are also provided. The temperature data gathered during fiee- at the 

Phase III test site is included in a summary table. Catalogues of the frozen core sarnpies 

obtained using the LOO mm inner diameter and 200 mm inner diameter CRREL core 

barre1 are also given. 



Table DI : Spread Sheet used for Ground Freezing Predictions at the Phase I I I  Test Site. 

CANLFX - PHASE 111 1.WB8 SAND CONDITIONS: @VENT SlTE 

LN (Wm) 
0.00 
0.69 
1.39 
1 -79 
2,011 
2.30 
2.48 
2 ,a 
2,77 
2.89 
3.w 
3,w 
3,18 
3.26 
3.33 
3.40 
3.47 
3.33 
3.58 
3 *64 

3,611111 











- 
t 

---! 

a[ BI d t t i j  A 



llifld if t f ' t  
$ 1 0  

t 1 i j i y : 1 i 5 s s s  z z = = j l f  i ~ i l s I g f ~ i l i ~ j l i i ~ ~ f ~ ~  j l ~ i l ~  8 8 e g  : ; q f f r r i z z  1 1 . s ~ .  

;i 3 I!;;;!!S=~.~? 
r f l i c l  2 2  ~ ~ ~ ~ f ~ ! a f t ~ + + w ~ ~ E g 4 j j ~  Y &  ; 

- m - C I  r i a s -  
2: O h  E h * *  
t *  

h o -  $ 3  *-" , . ,  



Y 9- r Y 9  - -  

II s t r  - 3 
g t r  r l r : I r i f i l f j i l  ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ s ~ ~ s s ! ~ ~ ~ L G  i s :  d i ;  

~ ! 1 j g 8 f ' ! ~ 4 4 ~ ~ ~ ~ z z g s g s ~ j ! ~ ~ ~ f ~ ~ #  w w  if 5': 
8 $ ! ! P r o  t ~ I I J ! ~ !  













Appeodix E: Thaw Protoc01 and Laborato y Testing Data 

E.1. Introduction 

Appendix E contains data gathered during the thawing protocol study conducted on both 

r e c o d ~ e d  and undisturbed fiozen core specimens. A schematic diagram of the triaxial 

ce11 thawing base w d  in the study is show in Figure E2. The changes in specimen 

height and volume recorded dudg  thawing and consolidation are given in summary 

tables followed by tables which present the void ratio changes that were calculated based 

on the height and volumetric change data. Plots of these void ratio changes during setup. 

thawing and consolidation are also given. Information available fiorn the University of 

British Columbia regarding undisturbed Phase 1 specimens thawed multidirectionally 

under a small effective stress is also given. At the back of the appendix. data sheets are 

provided which show the void ratio change calculations made for each of the 

reconstituted and undisturbed p i m e n s .  



Table El  : Reconstituted CSS Specimen Summary Sheet 

- -- 

CSS8 
setu p 

thawing 
consolid, 

csss 
setup 

thawïng 
consolid, 

CSS11 
setup 

thawîng 
consolid. 

CSS14 
setup 

thawing 
consolid, 

CSSIS 
setup 

thawing 
consolid. 

CSS17 
setup 

thawing 
consolid. 

CSS10 
setup 

thawing 
consolid, 



Table E2: RecoIIStinned SS Specimen Summacy Sheet. 

ss1 
freezing 
îhawing 
consolid- 

SS2 
freezing 
îhawing 
consoiid. 

553 
fieezing 
thawing 
consolid. 

Ss4 
freeting 
thawing 
consolid, 

SS7 
freezing 
thawing 
consolid, 

Ss8 
fieezing 
thawing 
consoiid. 

mess 
during -* 
a k p s  

400 kPa 

35 CPa 

35 kPa 

3s kPa 

36 kPa 

'Note: due to a simifarity of boundary conâitions and specimens dimensions, 
the average height and volume changes lhat occurred in Specimens SS? & SS8 
were used to estimate the lhese changes in Specimens SS3 and SS4, since 
this data was Io& 



Table E3: Summary of Reconstituted Specimen Void Ratio Changes. 

CRUDE SAND THAW PROTOCO! - S U m R Y  Thaw 
Percent Vtheor 

S8mple Cell Ah Ae Ae Ae A@ Ae Direction Cell Theor. 0.09VvSro 
Numbar Sm Press. Thaw & Setup Thaw Consol. Th & Con Total Thawing Press. lntake Gs = 2.65 

(%) .(kPa) Conaol. (kPa) (cdcc) , (cc) 

Uni 
Uni 
Uni 
Uni 
Uni 
Uni 

MuM 
Muîîi 
Multi 

Actual 
Thaw 
lntake 
(cc) 



Table E4: Cornparison of Void Ratio Changes for RecoIlStituted Specirnens Thawed 
Under the In-Situ Stress or a Small Effective Stress, 

S6#s C)rngcr Nomumd 
s- anbig in Vdd Void Void Tïme 
Numbef Rirw Ratio Ratk Ratio (hm) 

$SI* 400 kPa so 0.711 0.700 O 
&th -0.007 0.704 0.693 12 
3 0 ~  0.000 0.704 0.693 12 

SS3 35 kPa oo 0.- O-7W O 
A t h  0.004 0.673 0.704 6 
A ~ c  4.014 0.659 0.69 12 



Table ES: Undisturbeâ Phase 1 Specimen Surnmary Sheet. 

Speclmen Degree AeUA AeUBC Ae 
No. Saturation Thawing Thrwlng Conmol. 

Ae UBC 
Totcil 

Spcimen Dogme AaUA Ae bs UA 
No. Satuntton Thawing Corirol. Total 



Table E6: Specimen Summary Data Sheet from UBC. 

VoM Ratio Chanam E~~hibited bv UBC Srniman8 
Specimen Mean Stms p' 

Undmlned Tests 
FS3C7A 343 
FS5C181 387 
FS4C13A 373 

Initial e 

0,769 
0.761 
0.81 5 

O. 758 
0.772 
0.741 

0,760 
0.754 

!Jndkturkd Pham8 I Svncrude Sand Smclmana Teateô rt U ot A. 



Table E7: Void Ratio Changes from Initial to Steady State Conditions. 



.WiVERSiTY of ALBERTA 
OEP'T. o f  CWL ENGINEERING 
SOiL MECMNICS LADORATORY 

1 I in i t ia i  Dry Woigftt , 1 
Retainrd ho.4 L 

T a r r  No. I I I I I I 
wt. Dry + tom- 1 1 1 I - -  

Tare % I 19- IO l 
~ t -  Dty I S - S Z I  I I 

1 4  ( -185 1 4-76 1 1 303 1 
Forsina f 4 1 1 1 1 1 

Initial D r y  Waight 

Grain S i ta -Mm Note: M-1-T- Grain Site S t a i e  

Figure E 1 : Grain Size Curve for CSS Sand. 



Figure El: Triaxiai Ce11 Thawing Base. 



CHANGE IN SPECIMEN VOlD RATIO OURING 
THAWING AND CONSOUDAtlON 

! 
! 

i 
1 
1 

I 
I 
l L 

I 
1 

1 

O 1 O0 200 300 400 500 

Time (min) 

Figure E3: CSS8 Specimen Void Ratio Change Plot. 

CHANGE IN SPECIMEN VOlb RAT10 DURING 
THAWING AND CONSOLlOATlON 

eth - + CSS9 
- ,  est m 1 

- - - - - - - - -- 

O 1 O0 200 300 400 500 

Thin (min) 

Figure E4: CSS9 Specimen Void Ratio Change Plot. 



CHANGE IN SPECIMEN VOID mno DUWNG 
TMWING AND CONSOLIDATiON 

eth 

-. est 
ec ef 

Tim (min) 

Figure ES: CS S 1 1 Specimen Void Ratio Change Plot 

CHANGE IN SPECIMEN VOlD RAllO OURING 
THAWlNG AND CONSOLIDATION 

Tim (min) 

Figure E6: CSS14 Specimen Void Ratio Change Plot. 



CHANGE IN SPECIMEN VOlD RATIO DURING 
W W N G  AND CONSOLIDATION 

Time (min) 

Figure E7: CSS 15 Specimen Void Ratio Change Plot. 

CHANGE IN SPECIMEN VOID mno DURING 
THAWlNG AND CONSOLIDATION 

Tima (min) 

Figure E8: CSS17 Specimen Void Ratio Change Plot. 



CHANGE IN SPECIMEN VOlD RAliO DUWNG 
THAWING AND CONSOLlDATlON 

tinn (min) 

Figure E9: CSS 18 Specimen Void Ratio Change Plot. 

CHANGE IN SPECIMEN VOlD RATIO OURlNG 
W W I N G  AND CONSOLIDATION 

0.700 - -  

0.680 1 ei - - ethc -1 

Figure E10: SS 1 SpecMen Void Ratio Change Plot 



CHANGE fN SPECtMEN Vol0 RATIO DURING 
WWING AND CONSOUOATlON 

Figure El 1 : SS2 Specimen Void Ratio Change Plot 

CHANGE IN SPEClMEN VOlD RATIO OURING 
THAWNG AND CONSOLIDATION 

Figure E 1 2: SS3 Specimen Void Ratio Change Plot. 



CHANGE IN SPEClMEN VOlD RATIO DURlNG 
THAWING AND CONSOLlOATlON 

Figure E 13 : SS4 Specimen Void Ratio Change Plot. 

THAWlNG AND CONSOLlDAnON 

Figure E14: SS7 Specimen Void Ratio Change Plot. 



CHANGE IN SPEClllllEN Vol0 RAtlO OURING 
THAWNG AND CONSOLIDATION 

Figure El 5: SS8 Specimen Void Ratio Change Plot. 



CSS8 Spcimm Data Shca with Void Ratio Caicuiations. 

SA-: C8S88 ClunSyntnickSmnd 
DA= 2-Nov-95 G8 t 265 
Sand type: synaude G b  = 0.917 
CeII Pnuum: 501 kPa 
Axkl Stmu: 501 kPa KO = 1.0 
h c k  Ptu8un: 101 kPa 
Cmlcuhbd Saturation: 96.59 K B = 0.91 7 (before fneering) 

Db-r 63.60 mm Tofil F m n  Vol. = 413.09 cc 
Wight 130.03 mm Slmpk Ana = 31.n an2 
Fioun tofr l  WaigM 787.64 g 
Ice Content 24.10 % Vs=IY I Ips=M8lpwGs~ 239.21 cc 
Dfy WdgM of SImpk 633.9 g V V + V ~ - V S ~  173.89 CC 
Final Water Corifrnt 27.53 % 

Change in Wight during Satup 1.06 mm 
Subtract Cell Cornpliance & Elastic Defamation 0.176 mm 500 kPa Sigma V 
Net Change in Height during Set up 0.88 mm 
Change in Volume during Wup 1.80 cc 

Change in H.IgM during thrwtng 
Change in Volume during ThrMng 

Change in hefght during Consolidation 
Change in Volum during Consolidrtion 

ei = ((v - VS)NS) = G S ~ W I ~  - 1 = 0.7n 
ei = ((W - Ws)Mls) (GslGiœ) = 0.701 (for saturateci specimens) 

Sr i = (wi Gs)l(e Gi) = 95.81 Sm = Sr i / 0.9919 = 96.59 

e(selp) = ei - A W s  = ei - ( A W  + (Ao-A)(ho-ah))Ns = 0.- 
Assume r = &&ax = 2 0  

e(setup) = ei - &ax VNs (1 +2&r/&ax) = ei - &ax VNs (5) = 0.- 

eth = es - w(l+2r) VNs = es - ~ ( 1 )  VNs = 0.- 
or. eth = es - A W s  = es - (ahuAs)Ns = 0.664 

for an undrained test, ec = ef = 0.869 

Srt =(Vv Sn (1-0.09) + Vintake)Nv = 0.929 
eff=wfGs/Srt= 0.7W 

(min) 

eth 0.664 
ec 0.659 210 



CSS9 Specimen Data Shect with Void Ratio Caicuiations. 

SA- - CkrnSyncrudoSmd 
ME: B-Nov-95 as285 
Sand Typm: S ynuude O b  = 0.917 
C.11 Pfauun: 503 kPa 
Axkl Str888: 503 f f a  KO = 1.0 
6ack Pmsun: 103 kPa 
CalculrW saturation: 90.66 % 8 = 0.971 (before fr-ng) 

Diamaîmr 63.40 mm Total Fnmn Vol. = 41 1.67 cc 
Heig ht 130-40 mm ampie Arma = 31 -57 cm2 
Frozen Total Wight 781.50 g 
Ice Content 22-30 % Vs=Mslp8=MslpwGs= 239.81 cc 
D y  Weight of SImpk 635.5 g VvrVt-Vs= 171.86 cc 
Final Water Content 24-90 % 

Change in k i g M  dun'ng Setup 0.47 mm 
Subtract Cell Cornpliance 8 Elastic Compression 0.176 mm 500 kPa Sigma V 
Net Change in Height during Set up 0.29 mm 
Change in Volume during SaWp 220 cc 

Change in Wight during thrwing 
Change in Volume during Thawing 

Change in height during Corisolidaüon 
Change in Volume during Consolidation 

Void Ratio C a l c m  

ei = ((V - Vs)Ns) =Gspwlpd - 1 = 0.71 7 
ei = ((W - Ws)Mls) ' (GsIGiœ) = 0.- (for saturated speamens) 

Sr i = (wi Gs)l(e Gi) = 69.93 Sm = Sr i / 0.9919 = 90.66 

e(setup) = ei - AVvNs = ei - (~hAo + (Ao-A)(hb~h))Ns = 0.697 
Assume r = ~ r l ~ a  = 2.0 
e(setup) = ei - ~ a x  VNs (1 +2~rkax) = ei - WC VNs (5) = 0.697 

eth = es - sax(l+2r) VNs = es - m ( l )  VNs = 0.690 
or, eth = es - A W S  = es - (A~uAs)Ns 5 0.690 

e C = e t h - A v ~ / V ~ =  0.684 
ec = eth - ~ a x  VNs (3) = 0.687 

for an undrained test ec = ef = 0.604 

Srt =(Vv Sri (14.09) + Vintake)Nv = 0.857 
eff=wfGs/Srt= o.no 

(min) Tl 



CSSI 1 Specimen Data Sheet with Void Ratio Caicuiatïons. 

S A œ U :  CSSllr CkrnSynuuôoSmd 
MT€: l a - 9 5  -a285 
Suid Type: SYn- Gk8 = 0.917 
Cal1 Omsun:  503 kPa 
Ax&l Stnu: 503 kPa Ko = 1.0 
Eack Pmsmun: 103 kPa 
CllculrW SatuWbn: 95.79 % 6 = 0.557 (bebre M i n g )  

Dkmotw 63.90 mm Total Fmzm Vd. + 419.63 cc 
Hdght 130.85 mm S i m p k A n r =  3207 cm2 
Frozon total Weight 803.03 g 
Ice Cornnt 23.50 % Vs=IYilps=YI/pwGs= 244.72 cc 
D y  Woight 0f h m ~ b  648.5 g V V = V ~ - V S =  174.91 U 
Fin81 Watw Content 24.72 % 

Change in Wight during SoWp 0.32 mm 
Subtract Cell Complianœ & Uastic Deformation 0.176 mm 500 kPa Sigma V 
Net Change in Height during Set up 0.14 mm 
Changa in Volum during atup 1.70 cc 

Chrnge in Wight during thrwing 
Change in Volume during T hawing 

Chrnge in Mght dun'ng Conrolidation 
Change in Volume durtng Consolidation 

ei = ((V - Vs)Ns) =Gspw/pd - 1 = 0.71 5 
ei = ((w - Ws)Mls) (GsGiœ) = 0689 (for saturated specimens) 

Sr i = (wi Gs)l(e Gi) = 95.01 Sro = Sr i10.9919 = 

e(setup) = ei - AVvNs = ei - (AM + (Ao-A)(ho-hh))Ns = 0.705 
Assume r = ~ r / a x  = 2.0 
e(setup) = ei - m VNs (~+~ET/M) = ei - E ~ X  VNS (5) = 0.705 

eth = es - ~ax(1+2r) VNs = es - ~ a x  VNs (1) = 0.701 
or, eth = es - AVvNs = es - (ahuAs)Ns = 0.701 

ec = eth -aVc IVs = 0.696 
ec=eth-caxVNs (3) = 0.699 

for an undrained test, ec = ef = 0.695 

ei 
e 

0.71 5 
(min) 
O 



CSS 14 Specimen Data Shea with Void Ratio Caicuiatïons. 

MT€: 2CNov-95 
Sand Type: Synaude 
c.ll Pnuuir: 28 kPa 
Axial Stnu:  28 kPa 
h c k  Pmuure: 8 kPa 
CalcukW Wumtion: 94-09 % 

Diametor 63.10 mm 
Wight 129.83 mm 
Fmmn Total Weight 770.50 g 
Ice Conbnt 24.30 % 
D y  Woight of SImpk 619.8 g 
Final Watw Contmt 26.80 O h  

Change in hight during %tup 
Subtract Cell Complianœ 8 Elastic Compression 
Net Change in Height during Set up 
Chanw in Volume during Sotup 

Change in CkiaM during thawing 
Change in Volume dunng Th8wing 

Change in haight during Comoîidrtion 
Change in Volume during Consolidation 

ei = ((V - Vs)Ns) =Gspw/pd - 1 = 
ci = ((W - Ws)Mls) * (WGiœ) = 

Sr i = (wi Gs)/(e Gi) = 93.33 

Total Fman Vol. - 409.87 cc 
SimpkAma- 31.S an2 

0.35 mm 
0.0148 mm 40 kPa Sigma V 
0.34 mm 
1.90 cc 

0.762 
0.703 (for saturateci specimens) 

e(setup) = ei - 4VvNs = ei - (MAO + (Ao-A)(ho-~h))Ns = 
Assume r = ~ r / ~ a x  = 2.0 
e{sctup) = ei - ~ a x  VNs (1+2~rI~ax)  = ei - WC VNs (5) = 

eth = es - m(t +2r) VNs = es - ~ a x  VNs (1) = 0.706 
or. eth = es - AVvNs = es - (ahuAs)Ns = 0.707 

e C = e i h - A V ~ l v ~ =  
cc = eth - cax VNs (3) = 

for an undfaincd test ec = cf = - 
Srt =(Vv Sn' (1-0.09) + Vintake)Nv = 
en=wfm/sit= 0.m 

(min) 
O 
S 

150 
21 0 
420 
7 
Wtümunt 
S.ttknwnt 



CSS 15 Spccimai Data Sheet with Void Ratio Caicuiations- 

Dhmebr 63-50 mm lotil Froz~i Vol. = 409.01 cc 
Wight 129.15 mm Sampk A m  = 31.67 an2 
Fmzon Total WNgM 781 -69 g 
la CoWnt 22-80 % V ~ = M S ~ ~ S = N S ~ ~ W G S ~  237.02 CC 
D y  W d g M ~ f  SImW 628.1 g V V = V ~ - V S ~  171.99 CC 
Final Water Contant 24.74 % 

Change in MigM during 5.tup 0.16 mm Setüement 
Subtract Cell Cornpliance 8 Elastic Compression 0.0148 mm 26 kPa Sigma V 
Net Change in Height dunng Set up 0.15 mm 
Change in Volume during Setup 0.40 cc Expulsion 

Chrnge in MigM duririg thrwing 
Chrnga in V o l w  during Thawing 

Chrnge in height during Comoliâation 
Change in Volume durlng Conroliâation 

0.24 mm Setüement 
7.00 cc lntake 

0.75 Settlement 
-0.70 cc lntake 

Yoid Ratio C m  

ei = ((V - Vs)Ns) =Gspw/pd - 1 = 0.726 
ei = ((W - Ws)Mls) * (GdGice) = 0.707 (for saturated specimens) 

Sr i = (wi Gs)/(e Gi) = 90.80 Sm = Sr i / 0.9919 = 91.54 

e(setup) = ei - AVvNs = ei - ( m o  + (Aa-A)(ho-&))Ns = 0.716 
Assume r = ~ r / ~ a  = 1 .O 

e(setup) = ei - &ax VNs (1 +2&r/&ax) = ei - Eax VNs (5) = 0.716 

eth = es - ~ax(l+2r) VNs = es - ISX VNs (1 ) = 0.71 3 
or. @th = es - AWNs = es - (~huAs)Ns = 0.71 3 

for an undraineâ test. ec = ef = 0.683 

Srt =(Vv Sri (14.09) + Vintake)Nv = 0.87f 

eff =wfGs/Srt = 0.753 

(min) 

eîh 0.71 3 150 
BC 0.683 210 



CSS 17 Speciwn Data Sheet with Void Ratio Cdcuiations. 

MT€: 1--95 
Slnd Type: SY- 
Cdl Pnuuir: kPa 
Axkl S m :  48 kPa 
Bick Pf8uun: 28 kPa 
CalcukW Slaindiori: 9201 % 

rr': -178 -- &nd 
O.-265 

Oka = 0.917 

ma-r 63.60 mm 
Might 130.n mm 
Fmun Total Weight 805.48 g 
Ice Conîmnt 21.09 % 
D y  Waight of ampie 660.1 g 
Final Wabr Content 24.07 % 

Chang8 in WgM during S.aip 
Subtract Ce11 Complianœ & Elasüc Compression 
Net Change in Height during Set up 
Change in Volume during Setup 

Change in Ckight during thrwing 
Chan* in Volume during ntrwing 

Change in hdght during Coniolidation 
Change in Volume during Consolidation 

Void 

Sr i = (wi Gs)/(e Gi) = 91 -26 

Total F m n  Vd. - 415.44 cc 
$8mpieAnr+ 31.ï7 cm2 

0.01 mm 
O.Ol4û mm 40 kPa Sigma V 
0.00 mm 
0.00 cc 

0.668 
0.636 (for satunted specimens) 

Sro = Sr i / 0.9919 = 9201 

e(setup) = ei - AVvNs = ei - (ahAo + (Ao-A)(ho-~))Ns = 0.666 
Assume r = erhx = 2.0 
e(setup) = ei - t s x  VNs (1 +2&r/Eax) = ei - &ax VNs (5) = 0.568 

ec=e th -AVcf  Vs= 0.569 (min) 
==@th-~axVNs(3)= 0.667 

for an undrained tsst, ec = cf = 0.667 eth 0.681 150 
0.667 21 O 



SS 1 Specimen Data Sheet with Void Ratio Calcuiations. 

THAWlNG PROTOCOL FOR UBORATORY T€STlNG OF FROZEN SPECIMENS 
VOlO RATIO CHANGES DURING F-NG AND TMWING 

SAMPLE: SS1 CkrnSyncruâeSand Thrwhg: Unidirectional 
DATE: 1 2-Ms-96 GS m 265 
Sand Type: -de Gke = 0.917 
CeIl Prauure: 500 kPa 
-1 Stress: 500 kPa Ko = 1.0 
6ack Pressun: 100 Wa 
Calculabad Saturath: 100.46 % 6- 1.00 (before fieezing) 

Diameter 63.88 mm Total Fmzm Vol- 378.82 cc 
Hdght 118.20 mm Sampie A m -  3205 cm2 
Frozen Total Weîght 732ûû g 
ke Content 24.U % Vs-Mslps-MslpwGs+ 221.84 cc 
Dry Waight of SImpk 587.87 g VV=V~-VS= 156.99 CC 

Final Water Content 25.29 O h  

Change in Hdght dufing Ffeezing (bave) 
Change in Vdume during F m  

0.05 mm Heave 
10.00 cc Expulsion 

Change ki htfght during Thawïng (settkment) 0.50 Setaernent 
Change in Vdume during fhiwkg 15.00 cc lntake 

Change in hetght during Consoliâatîon 
Change in Volume durhg Consoîidatlon 

Void Ratio Cakulatians: 

ei = ((V - Vs)Ns) =Gspwlpd - 1 = 0.708 
ei = ((W - Ws)/Ws) ' (GdGice) = 0.709 (for saturated specimens) 

Sr i = (wi Gs)l(e Gi) = 99.64 Sro = Sr i 1 0.991 9 = 100.4 

eth,, = efr-ac VNs (5) = 0.675 
e î h , , = e f i - W s =  0.704 

Final Void Ratio Check 
Srt =(W Sn (1-0.09) + Vike)iVv = 1.002 
eff=wfGs/Sit= 0,669 

ei 
etr 
eth 
cc 

Aefz 
aeth 
ACC 
eff 

Void Rab'o 
e 

0-708 
0.71 1 
0.701 
0.704 
0.004 
4.007 

TÏme 
(ho 

O 
42 
60 
60 

Heave 
Setilement 

0.000 
0.669 

Scttkment 
60 



SS2 Spccimen Data Sheet with Void Ratio Caicuiations. 

$AMPLE: SS2 CWnSynCnia.88nd t)uwhg: Unidirectionai 
DATE. 1 S-MS-96 G8 * 265 
Sand Type: Syncrude Gîœ = 0.917 
Cdl Pressure: 500 kPa 
Axhl Stress: 500 kPa Ko= 1.0 
6ack Preswrs: 100 kPa 
CakulrtmâSatuntkrr: 100.S7 % 0 - 0.962 (beforc freezing) 

Diameter 63.93 mm lofil Frozen VOL= 39211 cc 
Helg ht 12214 mm S I m p k A m *  3210 cm2 
From Total Weight 783.80 g 
kc Content 20.50 Om V s = M s l p s = M s i p ~ G s =  246.01 cc 
Diy Wdght of Slmplc 651 -92 g VIr-Vt-Vs- 146.10 cc 
Final Wabr Content 24.00 O h  

AV = 0.09 Sr Vv = 

Change in Hdght dudng Flaatkig (heavt) 
Change in Vdume during Frauzïng 

Change in Iiaight during Thawlng (settkment) 
Change in Vdume during Thawing 

Change in height during Conrolidatbn 
Change in Vdume during Corirdidaüon 

vdd Ratio C a - u ( i ~ :  

ci = ((V - Vs)Ns) Gspwlpd - 1 = 
ei = ((W - Ws)IWs) ' (GsIGice) = 

Sr i = (wi Gs)/(e Gi) = 98.76 

0.42 mm Heave 
10.50 cc Expulsion 

0.00 Setlement 
0.00 cc Expulsion 

0.594 
0.585 (for saturatcd specimens) 

Sro = Sr i 1 0.9919 = 100.57 

efk = ei + ~ax(1+2r) VNs = ci + m(5) VNs = 0.621 

Final Void Ratk Check 
Srt =(Vv Sri (1 -0.09) + Vvitake)l\fv = 0.871 
eff=wfGs/Srt= 0.666 

) ~ o i d  Ratio 1 Time 



SS3 Specimen Data Sheet with Void Ratio Calcdations. 

Diini.br 
M h t  
Froorn Total Wight 
Ica -nt 
Dy W6gM of Simpk 
Final W.br C m n t  

Chingo in HdgM durlng Fnrring 
Chang. in Volunœ during Fmdng 

Chang. in h.Cght during Thiwing 
Chingo in Vdunw during Thming 

0.04 mm Heave 
1295 cc Expulsion 

-0.058 Heave 
13.16 cc lntake 

0.25 Settlement (ave of SS? & SS8) 
1 7  cc Expulsion (ave of SS7 8 SS8) 

ei = ((V - Vs)Ns) =Gspw/pd - 1 = 0.666 
ei = ((W - Ws)Mls) (GslGice) = 0.673 (for saturateci sgearnens) 

Sr i = (wi Gs)J(e Gi) = 49.90 Sm = Sri 1 0.9919 = 50.31 

efz = ei + eax(l+Zr) VNs = ei + m ( S )  VNs = 0.669 - 

ec = eth - AVWS = 0.6S9 
ei 
efr 
ett~ 
ec 
A& 
Aoth 

cn 

Void Ratio 
e 

0.666 
O.Mg 
0.673 
0.659 
0.003 
0.001 

Time 
(min) 

O 
36 
n 
69 

H.rve 
W v m  

4.014 
0.977 1 SI 



SS4 Specimen Data Sheet with Void Ratio Calcdations. 

SAYQLE: Sm ckrnSyncrud.Slnd thrwing: Muîtidiredional 
DATE: 9-m-86 Ga = 265 
Sand Type: Syncnide Gice = 0.917 
C.ll Pnuum: 35 kPa 
Axirl S m :  35 kPa Ko = 1.0 
Bick Pmsure: 15 kPa 
CllcukW Saturation: 101.29 K 8 = 0.96 (before freezing) 

Dirmîmr (SSI) 84.00 mm Total FrozanVol.* 379.60 cc 
hight (rimikr to SS?) 118.00 mm S a m ~ A m =  3217 cm2 
Froten total WeigM 738.00 g 
Ice Content 23.60 % Vs=Mslps=MIlpwGs= 226.11 cc 
D y  Weight of SImpk 599.2 g (similar to SS7) 
Fiml Water Content 25.43 % 

Change in Height during Fmzing (bave) 
Change in Volume during f mzïng 

Change in height during Thrwing (swelling) 
Change in Volume during Thrwing 

Change in height during Consolidation (aetüoment) 
Change in Volume dudng Consolidation 

Void Ratio Cale- 

ei = (O/ - Vs)Ns) =Gspw/pd - 1 = 0.679 
ei = ((W - Ws)lWs) ' (Gs/Giœ) = 0.669 

Sr i = (wî Gs)/(e Gi) = 100.47 

ec = eth - A V N S  = 0.671 

0.25 (ave of SS7 & SS8) 
Z17 cc (ave of SS7 8 SS8) 

(for saturateci specimens) 

Sro = Sr i 1 0.9919 = 101 -29 

ei 
ek 
eth 
ec 
A& 
Amth 

Void Ratio 
e 

0.679 
0.681 
0.685 
0.67t 
O.ûû2 
0,001 

Time 
(min) 

O 
23 
49 
53 

Mava 
Wave 



SS7 Specimen Data Sheet with Void Ratio Calcuiations. 

SANPU: SS7 Ckrn Symrud. &nâ fhrwirrg: Multidireeüonal 
MT€: 23-Apr-93 
Surd Type: Synaude 
Wl Pnuun:  35 kPa 
Axirl S m :  35 kPa 
hclr  P n u u n :  15 kPa 
C.kuIrted Saturation: 99-75 % 

Diamter 64.14 mm 
H.iQht 117.00 mm 
Froun Total Weight 728.00 g 
ke  Content 24.50 % 
Dy Weight of Sampk 583.95 g 
Final Water Content 25.30 % 

Chrnge in HeigM during F d n g  (heave) 
Chrnge in Volume during Fmezing 

Chrnge in height during Thrwing 
Chrnge in Volume during Thawing 

Change in height during Consolidation 
Change in Volume during Consolidation 

ei = ((V - Vs)Ns) =Gspwlpd - 1 = 
ei = ((Wf - Ws)Ws) * (GsGice) = 

Sr i = (wi Gs)/(e Gi) = 98.95 

Ga = 2-65 
Gice = 0.917 

Ko = 1.0 

6 = 0.996 (before frewng) 

total Fioun Vol. = 378.04 cc 
SampkAmr= 323? cm2 

Vs=Ms/ps=MslpwGs= 220.36 cc 
583.95 VV= Vt - VS = 157.68 CC 

4.36 mm Settiement 
8.W cc Expulsion 

4.03 Heave 
12-94 cc Intake 

0.26 Settlement 
232 cc Expulsion 

0.716 
0.7 13 (for saturated spetimens) 

Sro = Sr i / 0.9919 = 99.75 

eth, = efi - ~ a x  VNs (5) = 0.691 
eth, = efz - M s  = 0.690 

Srt =(Vv Sri (1 -0.09) + Vintake)Aiv = 0.902 
eff=wfGsISR= 0.662 

O 
20 
57 
69 

Settlement 
Heave 



SS8 Specimen Data Sheet witb Void Ratio Calculations. 

SAYQLE: 

Ohmeter 63.29 mm 
Wight 121 -00 mm 
Fmen Total Weight 751.00 g 
Ica Content 22.00 % 
D y  Weight of Sampk 614.92 g 
Final Wator Contont 25.04 % 

Change in Wght during F-ng (mve)  
Change in Volume during Fmzing 

Ctunge in Mght during Thwing (mwlling) 
Ctunge in Volume during Thrwing 

0.03 mm Heave 
4.01 cc Expulsion 

-0.02 Heave 
1293 cc lntake 

Change in height during Consolidation (settkment) 0.24 Settlement 
Change in Volume during Consolidation 2.02 cc Expulsion 

ei = ((V - Vs)Ns) =Gspw/pd - 1 = 0.640 
ei = ((Wf - Ws)Mls) ' (GsGice) = 0.W (for saturated spectmens) 

Sr i = (wi Gs)/(e Gi) = 89-26 Sro = Sr i / 0.9919 = 100.07 

efi = ei + ~ax(l+2r) VNs = ei + ~ax(5) VNs = 0.643 

Srt =(Vt Sri (14.09) + Vintake)W = 0.990 
eff=wfGs/Srt= 0.670 

Void Ratio( lime 1 



Undïsturbed Specimen FS4C MA Data Sheet with Void Ratio Calculations. 

mmm!ef 

Frouci Tobl WeïgM 
kecontent 
Dry W-M of Swnpk 
Fm watef contmt 

Change in HeigM durhg S a p  
Chwigc in Vdunt  during Setup 

&fore B u =GspwIpd - 1 = 0.847 
A R H  B ci = ((V - Vs)Ns)= 0.860 (Nate "IT in this q n  shauid be conected for AV dunng B test) 

ei = ((W - Ws)Ws) ' (GiGice)  = 0,743 (for satwoted specimens) 

Srt =(Vv Sri (1 -0.09) + Vintake)A& = 0.848 
etf=wlGsISrt= 0.#21 

(min) 



Undisnut>ed Speeirnen FS3C 1 TB Data Sheet with Void Ratio Calculatioas. 

ohmter 63.55 mm TdaiFtouii Vol.* 407.27 cc 
)(dgM 128.40 mm SampkAtm- 31.72 cm2 
FtounlotrlWdght 768.14 g 
b Content 26.00 % V r * M s l p s ~ Y s / p w G s ~  233.72 cc 
û r ~  Wwht of Snpk 617.01 g Vv+Vt-Vs= 173.56 CC 

FwulWlt.rcomtmt 24.14 % 

Change in hetght during -ng (semement) 2t8  mm 
Change in V d u n  during Thawinq 25.93 cc 

Note: Vdume change is high due to 
Ym Ratio C-8: water kaking out of pore pressure p o t  

Mar+ 6 ci =Gspwfpd - 1 = 0.764 
A M  B ci = ((V - Vs)Ns)= 0.743 (Note "îf in üùs q n  should k corncted for ~v during B test) 

ci = ((W - Ws)Mls) (WGice) = 0.705 (for saturated m m s )  

Befm B Sr i = (wi Gs)r(e Gi) = 98.02 
ARLlB Sri=(wiGs)/(eGi}= 100.80 Sm = Sr i 1 0.991 9 = 98.82 



Undïsturbed Specirnen FS5C14 Data Sheet with Void Ratio Calcdations. 

kfan B ei = G ~ p ~ / p d  - 1 = 0.74ô 
ARw B ei = ((V - Vs)Ns)= 0.732 (Note "if in this eqn should k cormted for AV during 6 test) 

ci = ((W - Ws)Mls) ' (GdGice) = 0.669 (for saturated spedm«is) 

Before 0 Sr i = (wi Gs)l(e Gi) = 88.42 
ARw B Sr i = (wi Gs)/(c Gi) = 98.36 Sro = Sr i / 0.991 9 = 97.21 

cf=& = 0.737 (for undnMad test) 

Srt =(vv Sri (1-0-09) + Vintakeyvv = 0.863 
eff =wtGs/Srt= 0.726 



Reconstituted Specimea FS5C MR Data Sheet with Void Ratio Calcuiations. 

SAMPLE: 
DATE: 
Sand Type: 
CeIl Ptsuun: 
Axlrl Stnu:  
Brck Pressure: 
CaltulrW Satutrtkn: 

Diameter 
HcCOht 
Fmen Total Weîght 
Ice content 
Dry Weight of Sampk 
Final Water Content 

Change in Hefght during Setup 
Change in Vdume during Setup 

64.27 mm Total Frot4n Vd, = 357.20 CC 

110.12 mm Sampk Areas 32.44 cm' 
9 
% VS * Ms 1 ps = Ms l pw Gs t 209.89 cc 

554.1 g \ h r = V t - V ~ =  147.31 cc 
% 

Change In height during Back Saturation 
Change k Volume dutin~ Back Saturation 

ci = ((V - Vs)Ns) =Gspw/pd - 1 = 0.702 (O. 732) 
ei = ((W - Ws)Mls) ' (GsiG'ie) = -2879 (for saturated çpecimens) 

Sr i = (wi Gs)l(e Gi) = 0.00 Sro = Sr i / 0.9919 = 0.00 

es = ei + ~ax(l+Zr) VNs  = ei + Eax(5) VNs = 0.702 

(min) 
O 

150 
21 O 

~e(tkm«it 
. SetUement 

21 O 

1 e 
0.702 
0.702 
0,700 
0.600 

. 0.002 
0.000 

Final V6M Raîb Check 

sn =(VV sri (1-0.09) + v i k e ) ~ ~  = 0.01 î 
eff =wfGsISrt= 0.000 

ei 
es 
42th 

Aeb 
& 



Undisturbed Specimen FS5C I OA Data S k t  widi Void Ratio Calcdatiom. 

- 
Frouri Total HhigM 
kecaltemt 
DyWciSMofSrnpk 
Fkidwatucontmt 

Bcfm B ci =GspwIpd - 1 = 0.728 
ARer B ei = ((V - Vs)Ns)= 0.71 2 (Note "V in this quation M d  be wmcted for AV during B test) 

ei = ((W - Ws)Mfs) ' (WGice)  = 0.W (for saîurated spcirncns) 

Befon B Sr i = (wi Gs)I(e Gi) = 87.31 
Aiter B Sr i = (wi Gs)l(e Gi) = 88.20 Sm = Sr i 10.991 9 = 11.02 

Sr' =(Vv Sri (1 4-09) 4 Vintaiœ)iVv = 0.886 
sff =wfGs/SR= 0.701 

(min) 

0.704 21 0 



Undisturbed Specimen FS4C 16-2 Data Sheet with Void Ratio Calculations. 

C h n g .  ln Wght during f indng (Remo) 
Ciungo In Volumr durlng Fmdng 

Ch- In MigM durlng W n g  (sathm.nt) 8.65 mm 
Chuig. In Vdum during thwlng 1231 cc 



Appendix F: Costs Associated with Inaitu Ground Freezing at Each Test Site. 

Appendix F contains summary tables of the costs essociated with conducting in-situ 

ground fieezbg at each of the CANLM test sites. The costs of field work include not 

only the Liquid nitmgen and driiiing fees but also the costs associated with engineering 

supe~sion, labour, equipment, accommodation, meds and aansportation. The costs 

reiated to fiozen sample collection (including coriag equipment). handling, norage and 

trimming specimens for triaxial testing are dso provided. 

Cornparison of the costs given for each test site indicates that the expenditures were 

significantly reduced as experience with canying out in-situ ground fieezhg and 

sampling was gained. The total costs associated with ground fieezing and sampling at the 

Phase 1 test site was $ 125,700, while the total cost for conducting the same work at the 

two Phase II test sites was S 118,200, or $59,100 pet site. ïhe total cost for conducting 

in-situ ground fieezhg and sampling at the Phase DI test site was $ 66,000, which was 

slightly higher than that for Phase II, due to the high initial groundwater temperature. 



Table F1: Costs Associated with Carrying out In-Situ Ground Freezing at the Phase 1 
Test Site. 

II. Engineering and Technician Supervision 
III. Drilling and Wla t ion  of Freezing System 
W .  Liquid Nitrogen 
V. Supplies and Equipment 
VI. Travel and Accomodations 

Tom1 

Category 
1. Developmental Freezing Experiments 

Table F2: Costs Associated with Sample Collection and Handiing at the Phase 1 Test 
Site. 

Expenditiires 
$ 13,800 

II. Sample Handling and Transportation 
III. Sample Storage 
IV. Labour for Trimming Frozen Specimens 

Catcgory 
1. Equipment Mo bilization/Demobiiization 

Total 

Expenditures 
$3,000 



Table F3: Costs Associated with Carrying out In-Siai Ground Fteezing at the Phase II 
KIDD 2 and Massey Tunnel Test Sites. 

II. Drilling and Instailation of ~reëpl l~  System 
III. Liquid Nïtrogen 
IV. Supplies and Equipment 
V. TraveI and Accomodations 

Total 

Catcgory 
1. Engineering and Technician Supemision 

Table F4: Costs Associated with Sample Collection and Hanclhg at the Phase II 
KIDD 2 and Massey Tunnel Test Sites. 

Espeaditures 
% 9,000 

a. Sample Handling and Tratlsportation 
III. Sample Storage 
IV. Labour for Trimming Froten Specimens 

Category 
1. Equipment Mobilization/Demobilization 

Total 

Expenditures 
$ 1,700 



Table FS: Costs Associated with Carrying out In-Situ Ground Freezing at the Phase iII 
Test Site. 

n. Dniiing and instaliation of Freezing System 
m. Liquid Nitrogen 
N. Supplies and Equipment 
V- Travel and Accomodations 

To ta1 

Categoy 
1. Engineering and Technician Supervision 

Table F6: Costs Associated with Sample CoUection and Handling at the Phase iII Test 
Site. 

Eirpcnditures 
S 22,000 

iI. Sample Handiing and Transportation 
III. Sample Storage 
IV. Labour for Trimmiag Frozen Specimens 

Total 

Category 
1. Equipment MobilizatiodDemo biiization 

Expenditures 
% 3,000 




