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This report presents the results of an cxperimcntal study  conducted  at the 
Watfrost laboratory of the U d v e t y  of Waterloo under the supervision of Dr. J.- M. 
Kod in order to dctcrminc the freezing charactrsristics of a saline clayey silt subject4 

+ to various overburden pxcssurrcs. An understanding of the frost-heave  and ice- 
scgregation lxhaviour of mils that contain saline part water is important  to the 
devel  mmt of offshore pcmlem and gas resources, especially with r q w t  to transport 
of cb%d gas h m  offshm to onshm, where a transition zone of variable salinity will 
have m impact on pipeline PCTfarmancc during its lifespan. 

The re- provides a dcdption of equipment used at U W ,  soil sample 
propexties befarc kzing,(i.e. the unfroztn consolidat& soil), actual test  conditions,  test 
results, post-freezing data and comments with respect to the  test  results. 
The rep01.t has been separated in three volumes.  Volume 1 contains the main findings of 
the study  and some typical  cxamples of intapretation of test data. Volume 2 contains all 
data of test Series 1 which comprised a total of 27 samples  frozcn  undcr zero applied 
surcharge but at different initial port water  salinities.  Volume 3 contains dl the data of 
test Series 2 which comprised a total of 13 samples  froztn  undcr  applied surcharges of 
50, 100 and 130 kPa and  dif€crcnt salinities. The maximum surcharge is  equivalent of 
about 7 m overburden. 

Thc concept of segregation potential introduced by Konrad and  Morgenstern 
(1980-84) for clayey silts with negligible salinity appears  to be applicable to clayey silts 
with pare water  salinities n p c h i n g  35 g/l, which is the salinity of sea water. 
Segrcgation'Potentid is defined as the ratio of water intake rate and tempem- gradient 
in the frozen soil near the frost front, both quantities being obtained from a well- 
controlled freezing test. 

In order to tkvelop a prtdictivc frost heave male1 for field conditions, it was 
shown by Konrad and Margcnstcrn that rcpresmave values of SP must be usad in a 
coupled  heat and mass transfer formulation.  The  relevant value of SP can be obtained 
from stcpfieczing test  at  the onset of the formation of the final ice lens whm the rate of 
eaoling is close to field cd.itions aed the fretzing still in transient  conditions,  similarly 
to the  field.  Solute  concentration near the final ice lens  must  therefore also be 
determined at the  onset of its fixma!ion, which requires carraction of the salinity 
dcmminal at &e end of testing,  owing to solute enrichment during the growth of the 
h a l  icc lens. 
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The relationship between SPm and applied surcharge can be expressed as: 

SPm = G(Sw) CXP -H(Sw).Pe 

where G and H arc soil constants for a given pore water  salinity. 

The constitutive  equations arc shown in figures A and B, with the rrtsptctivc 
values of the soil eonstants. 

This study bas also led to the following observations. Although these 
observrstions arc well supparted by the expmhmtd data, no systematic study was 
undutakcn to fully explore the mechanism involvtd in each phcnamcnon. 

1. Solute rejection appars to be depcnacnt upon rate of cooling. For high 
rates of omling, (is. in the carly phase of transient freezing) salinity profiles in the 
frozen soil after freezing rcvealcd that them was Iittlc change in pore water salinity with 
respect to the initial pore water salinity of the  unfrozen soil. More tests arc required to 
determine the relationship bctwwn mte of m l i n g  and degree of solute  exclusion as 
water freezes. 

2. It was also obscrvod that  solute  migration d in the frozen soil when 
the samples were subjected to large temperature gradients. Furthermore, it appears that 
this phenomenon was also dependent upon the initial pore water salinity. Higher pore 
water salinities led to significant solute redistribution in the frozen soil whereas for lower 
initial pore water sdimties, redistribution was almost  negligible over the duration of 
freezing. This obsuvation may be significant far field  conditions where tcmpcrature 
gradients across the frozen soil may be sustained for tens and even thousands of yews. 
Morc studies arc rtquired to establish the  Constitutive  equations govming solute transfer 
in low pemability frozen saline soils. 

3. Similarly to &e freezing point depression in saline water, segrcgation- 
&zing t t m p e r a h m s  in a saline clayey silt are also dependent on pori water salinity. In 
gcncral, it was observed that the tcmgcrature of ice lens inittation decrclrsod with 
inmasing p m  water salinity. Further research is required in der to develop a 
mechanistic model of rhythmic ice lens initiation and limited growth in saline soils. 
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1. INTRODUCTION 

1.1 General 

In the Arctic Coastal Plain of North America, massive  ground  ice  is 
frequently cncountmed both near the surface and at  depths  extending  well  below 20 m. 
Most of this material is atbibuted to ice segregation following the emcrgcncc of the  sites 
above sea levcl. R a n t  infonnatioa bas shown that saline soils are far morc widespread 
in Northern Canada commuaities than had been expected. Furthtrmore, Permafrost, 
often  thought to bc found only on land, can be found at some locations bcncath the sea 
bed of the Beaufort Sea. 

The mechanics of formation vf Permafrost in sziI.int soils under natural 
conditions or induced by apcraring offshm chilld pipelines buried in unfrozen soils 
may differ substantially from that of segregated ice  formation in soils in fresh  water 
environments. On one hand, the salinity of the pore water  depresses  the  firezing  point of 
the water. On the other hand, solutes are excluded from the  ice  at two locations: (a) from 
the pore ice  which freezes at the Ti isotherm (the warmest  temperature at which  ice can 
farm) and (b) from the segregated i c e  lens  at the Ts isotherm  (the  scgrcgation-freezing 
temperature). This solute  exclusion process leads  to  significant increases in solute 
concentrations below these isotherms, afkting the pore ice  content and depressing the 
-zing point of the porc water  even further, 

The  physics of freezing in saturated saline mils is thus complex. An 
understanding of the  frost-heave and ice-segregation behaviour of soils  that contain 
saline pore water is important to the development of offshore  petroleum and gas 
resources, especially with xepect to transport of chilled  gas from offshore to onshore, 
whcrt a transition zone of variable salinity will have an impact on  pipeline  performance 
over its lifespan. 

1.2 Objectives 

Dcspitc extensive research in recent ycars such as Chamberlain (1983), 
W e t  (1978). Mahar et al. (1983). little is known of icc segregation processes in saline 
soils that would lead to the devclopmcnt of a h s t  heave model for pipeline  design. 
Chamberlain (1983) spcculatcd that, firrom a mechanistic point of view, the effect of 
seawater in a clayey soil would cause the formation of a thick  active hezing mne with 
many icc lens growth sites, each with its own brine  concentration.  However, no 
systematic study was undutakcn to dctuminc the engineering characteristics neoded as 
an input t~ a ampled heat and mass trans€- mDdel leading to the prediction of frost 
heave mice mntmt in saline soils sub- DO €icezing. 

3bcprimaryobjectiveafthisprojcctistoobtainaco leteandconsistcnt 
B a t a b a n k o f ~ h e a v c c h r t a c m i a t l c s o f a d a y c y s i l t ~ w i  3 wateratdifkrent 
ioitial salt contents. The h t  hvc data ate obtsincd b m  onedimensional &zing 
teats on xwxwsrtituocd mil les in the labaraoary. Komad and Morgenstcm 
(1980.81.82,83,&4) and Romad ( 987,W) established that the segregation potential, SP, 
dcfined as the ratio of water intake rate to teznpam gradient in the frozen soil near  the 
frost k n t ,  is a suitable pmmcter which appears to incarporatc the major factors 
contdhg the process of &st heave in soils saturated with fksh water. 

";p 
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It is proposed to characttrlsc frost heaving in saline soil using the concept 
of  the scgrc~ation potential. A number of  factors,  however,  influence  segregation 
potential  (void ratio, soil structure, mineralogy, freeze-thaw history, rate of cooling, 
applied surcharge,...). This project  investigates  solely  ice  lens  farmation in a clayey  silt 
with di€€crmt pare water salinities and subjected to d i fkcn t  applied  surcharges in order 
to simulate various cn-ts at different depths. 

U Scope of Work 

The result of the present research will be used to extend  the  concept of 
ntial to saline soils in d e r  to dcvelop in a later phase a predictive d e l  

laws of ice f d o n  in saline cnvirontmnts can also be used by geologists to investigate 
the nature of shallow and deep subsea Pcrmafrost as well as the climatic mnditlons 
rcquitrtd for its  fannation. 

which can bc d y  uscd by Wgn engineers. The  knowledge of the 

2. TEST PROCEDURES 

In order to address Canadian issues near the coastal mnc of the Beaufort 
Sea, frost-susceptible soil was obtained fiom Devon, Alberta. The charactcristics of 
Devon clayey silt an very similar to the &mgrained soils found in the  Mackenzie  delta. 

2.1 Sample Preparation 

The soil bags were thmughly mixad to  obtain uniform conditions.  Soil 
properties arc as follows: liquid limit = 31 %, plastic limit = 24 Z, specific  gravity = 
2.80. The grain size distribution (App. 1) indicates that  the mount of clay size particles 
is appximately 26 96 by dry weight. X-ray diffraction  analyses reveal that the clay  size 
fraction is composed of uartz and feldspar  particles  and that the clay minerals consist 
mainly of smectite and x l d t c  with some t r a c e s  of chlorite, illite  and calcite. The 
inaucncc of &e water at different NaCl concentrations on the liquid and plastic limits 
of h o n  soil is negligible as shown in App. 1. Appendix 1 summarizes the physical 
properties of Devon clayey silt. 

The clayey silt samples wmc F by condidatin under static load 
rsluqataninitialwatcrcontcntdaboutl timestheliquidlimit. T% eslurry,whichis 
a mixm of &dried Dwcm claycy silt and deionized water mixed with NaCl salt at 
given initial eoncenoatioas, is allowcd to stand overnight. 

Depending on the &sting CoDditiotlS, the samples were allowed to  rebound 
under a OMIsEllllt appliui pressme of 0 , s .  100 and 130 lcPa with h e  acccss of water  at 
hotheads. 
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2.2 Freedng Tests 

The  samples wcre allowed to rtach thermal equilibrium prior to freezing. 
The initial ternpaatm cOrrcSpOnded to the warm plate tempemtun conmlld by the 

The samples were then subjected to a step-freezing condition  where the 
of the bottom plate was 10- below the freezing temperature of the pore 

WW, whdc the top plate was maintained at  the original tcmpturc, i.e.  the initial 
tempcram of the wmple after thermal conditioning. The cold plate tempcram was 
also maintainad constant with time. In such freezing tests a period of dccclcrating frost 
petration prevails during transient ftee;cing fdlowd by a period during which a major 

rcfigmted bath within f 0.02 O C .  

I= lens is &rowing. 

results in a reduction o side fiction with time that is Proportiond to the  reduction in the 
thickness of the unfrozen soil column pushed upwards during heaving  when frost heave 
tests axe conducted with an applied surcharge. Free access to water  was  permitted at the 
top. The intake water  was at the same salinity than the water used to mix the initial 

Total have recorded by a displacement transducer (LVDT) is 
automatically stored by the  acquisition  system and personal computer. Readings are 
taken every hour. Water intalce is xtcordad manually, thus at a much lower frequency as 
total heave. Water intake mtasmmcnts were used to verify that water was available and 
that no leaks occd during frcczing. The water lcvel in the burette was maintained 
between 5 and 15 cm above  the  sample's top. Finally, thermistors embedded in the 
freezing d l * s  wall (see ]plates in Appendix 2) wcm monitored continuously and recorded 
wcry hour. 

At the end of the fmcczc test, the sample  was probed to  dctcrmine  the 
thawed length. Photogmphs were taken on both sides of the sample. The thickness of 
the hal ice lens was measured-, 

Watm amtents were obtained far horizontal slices of about 5 to 10 mm 
tbichess in both frozen and unfman parts of the  samples, 

Pore water salinity was determined from horizontal slices using the 
pMKxdurc described in Section 2.4 and Appendix 3. 

The ""ip 1 t s ~ f m ~ E x l W n t h e ~ u p .  Thisfkezbgprocedm 

slurry. 
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The advantage of using SP to characterize any freezing mil is that  no 
assumptions on  the  scgrc@on-fretzing tcmpcrature, the  hydraulic  conductivity of the 
frozen so& and the osmotlc pressure due to solutcs arc required. It is simply the ratio of 
two Llltasurable quantities:  Water intake rate and tempturc gradient  derived from 
thermistor output. Another  important  advantage is  that  the thd boundary conditions 
do not have to be the same in cach test, sjncc water intake rate is narmalizcd with respect 
to the tempratwe gradient. This is especiaUy of value when dcalin with saline soils 
where thc freezing pint depression cad by the solutes  may rquirc & m n t  cold plate 
tempcrahvcs in ordcr to achieve similar length of unfrozen soil ncar thd steady state. 

Because water intake was not automatically monitored, it is proposed to 
calculate  the segregation potential bascd on total hcavc trmmmnents as: 

where Wdt = total have rate 
SPt = SP derived from total heave meaSmments 

At  the  onset of the final ice lens, then is no further frost pcnctration and 
total have  is then equal to the heave  resulting from the growth of the final ice lens. 
Therefore: 

SPO = SPtdl.09 

Since total heave and temperature data stored on a floppy disk every 
how, software dcvclopd at the University of Watcrlw d l y  pcrmits calculation of 
these derived pammctm over timc. Thc software used for the interpretation of the 
freezing test data cslculates all slopes using a 7 point  polynomial rcgrcsaon approach, It 
is noteworthy BO mention  that thc shape of these curves is vcry  sensitive to the fitquency 
of data acquisition . Higher rccdjng ikquency will result in m ~ t  variation in the 
derived paramctcrs ifconscc~tive data points (Le. heave and timpcrature) display some 
M o n s .  The variation in clcrivcd panumtcrs would be wofsc if the slope was obtained 
fiooa two consecutive points only. 
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test. The time at which the wannest ice lens was initiated is then obtained by 
substracting its thickness from the maximum total heave. For sample SlO, the thickness 
of this ice  lens was 2.5 mm, which suggests that  the time of its  formation was 
approximately 24 hours. This is in close agnxment with the t e r n p c m ~  data. Thus the 
segn ation  potential  at  the  formation  of the 6aal ice lens for test SlO is equal to 106.10- 
5 m5,s.OC. 

It should be noted that for an elapsed &zing *ai less than 26 hours, 
heat flow through the ample is transient (unsteady conchtions). During transient 
f k h g ,  SPt from total have comprists  both heave from in-situ pore water and fiom 
migratory water freezing. Sine the rate of frost penetration dmascs steadily with time 
in step frcthg tests, the contribution of in-situ water &zing decreases also with 
time. At the w s t t  of the farmation of the final 1cc lens, (Le. near thermal steady state) 
migmtoq water solely oontributcs to frost heaving. During transient -zing, it  is 
thcrcforc cxpectcd that there is a significmt decrease in SPt with time. 

After 26 hours of &zing, thermal steady  state is reached and the  final ice 
lens grows. For these conditions, Konrad (1987) showed that the rate of ict lens growth 
was solely related to the rate of net heat extraction. Since the temperature boundary 
conditions are constant in step freczling tests, the rate of net  heat  extraction decreases as 
the  sample  heaves. Furtt~umm, the hezing system is  then  extmnely  Sensitive to 
variation in lattral heat flow into the sample, which results in a variation in net heat 
extraction  rate. It is thus expected that SPt continues to decrease  during  the growth of the 
final ice lens. In some cases, cell insulation was insufficient and caused  fluctuations in 
wall thermistors readings, which, in turn, produced wavey SP curves. 

It must be emphasized that the concept of segregation potential is only 
applicable during transient hezing and should not be used to predict the rate of 
growth of the final ice lens. 

Fig. 7 shows the ternpmturc gradient amss the sample and compares the 
sition of the frost front to the observed position of the  wannest side of the  final  ice 

EL.  he close agteement  onf firms tfre -ucy of the thetnistor's calibrations. 

The salinity in the u&zm soil was obtained  by squeezing the pore water 
out of the mil usin a hydraulic s q u m .  The measured pore water salinity (see Section 
2.4) was 2.4 g/l, w %I "ch is an avcsagc salinity in the unfrozen soil. It is higher than the 
ontinity of the water used to mix the slurry since there has been an enrichment of solutes 
near the final ice lens cwsd by solute rqectiion at the ice lens. The squeezing technique 
was lengthy and produced an avmge salinity in the unfr0Z;cn soil. A different 
oechniquc was u d  for other mmpla, which permitted the det#miaation of a detailed 
salinity profile in bozh the frozen rrnd wnhzcn zones of the  samples. Tbis technique is 
~Minthcnextsaetion. 
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2.4 Geochemical Analysis 

A brief  general @ure far determining soil pore water salinity will be 
prescntcd h m .  A detailed prooedurc is given in Appendix 3. 

It has long bccn known that the clcctrical  conductivity or conductance (the 
inverse of clcctrical rcsbtancc) of an electrolyte solution varies with the concentration 

* and nature of the dissolved solutes. The cldcal  conductivity of a solution was 
measured using a YSI Model 35 conductaacc mcttr with a probe featuring a 10 mm 
electrode spacing. 

Fi . 8  shows the relationship bctwecn conductance and actual salinity of a 
solution obtain J by mixing a known quantity of NaCl salt to a known volume of 
distilled water. In order to d y  obtain the pore water salinity from conductance 
mcasurtmtnts, the following equation  was fitted to the experimental data: 

s = so (c/co)A 

where s = salinity (%1) 
& = conductance at a salinity qual to SO 
A = constant 

For the salt used in the present txpcrimcnts, & = 1.0 d o ,  SO = 0.52808 g/l 
and A = 1.12586. 

One mthod to obtain pore water from a consolidated soil sample is by 
subjecting the sample to further consolidation using a squtczcr, A major limitation of 
this technique is that rather small volumes of water arc produced, even when the samples 
an fully satlrrated Furthemore, pore water is extracted from the whole unfrozen part 
and is thus an average value. 

Another psible method m &&mint the salinity of port water of a given 
soil is to immwsc a given mass of soil into a given  volume of distilled water and allow 
solutes of the pure water DO diffuse into the surrounding fluid until equilibrium is 
attained. The mc88mmcnt of the conductivity of the diluted  water mix= can then be 
related to its Concentration using the above  mentioned simplified conductance  equation. 
The iniw p m  water salinity is then back-calculated, knowing the initial water content, 
the dilution ratio (is. the ratio of total volume of water to the volume of parc watcr) and 
the salinity of the diiutd water. Tbis is expressed by: 
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1. Determine (dilutcd solution) 
2. cdculate salrnity of diluted Solution, Sd, from conductance  function 
3. Calculate salinity of port water : SW = Sd . D 

All the salinity profiles incorporate the i n t d u c d  by the  dilution 
ratio coL1sid#ing an accuracy of conductance mcasurcmcnts  of f 0.05 d o .  The 
salinityrfles prcsent therefore the lower and uppr values comsponding to the actual 

. value o the dilution ratio. Typicatr , for a dilution ratio of 25, the absolute m r  in 
salinity wwiated with an ~ccuracy 2 f 0.05 mmho is f 0.40 gll (s~t Appendix 3). 

Figs. 9 and 10 show the water content pmfde and the salinity p f d e  of 
sample S34 mixed with water at a salinity of 0.15 mom or 8.65 a. Fig. 9 indicates that 
thc water omtent is uniform throughout the sample, suggesting that the consolidation 
proccdutc is adequate for reconstituting samples kom slunies. Fig. 10 shows  that  the 
salinity profile is also unifmm throughout the sample  and that the minimum value of the 
part water salinity is 8.0 #I and the maximum value 9.0 g/l, suggesting an average  value 
for the porc water salitllty of 8.5 g/l. The close  agreement  between the measured 
salinities and the input salinity demonsrnte clarly that the solute  extraction methd can 
be used to adequately  monitor the salinity proffie across the sample after freezing. 
Furthermore, this technique permits the determination of the pole watcr salinity every 5 
mm in the unfrozen mil and way 1 cm in the hzen soil. Identical conclusions were 
obtained for samples S22 and S48, mixed at  initial salinities of 3.44 and 16.5 g/l, 
respectively. "he inf" average water salinity of these  samples (App. 3) was 3.5 
and 17.0 g/l for S22 and S48, rccspectivtly. 

2.5 Testing Program 

Xu d e r  to obtain the xehtionship between segregation potential at the 
onset of the farmation of the find ice lens, SPt, applied surcharge, PC, and port water 
salinity, Sw, the following labomtory resting program was p c r f o d  in two Series. 

Series 1 comprised a total of 27 tests in which samples  at different pore 
water salinities were &En under zero applied surcharge. It is well known that 8n 
applied surcharge duces h t  heave. Consequently,  test Series 1 yields an upper bound 
uf the frost heave chnractcrisrcs of Devon clayey silt  at a water  content of about 26 to 28 
Q of dry weight. The conditions of each freezing test of Series 1 arc summarized in 
Table 1. 

Series 2 comprkd a total of 13 tests in which samples at different pore 
water ralinitics were also sub- to various applied surcwes. r)llring a single 
hezing run, the applied smharge was maintained constant, The amditions of tach test 
c~f~cs2axegiveninTable2. 

- o b l c E ~ ~ - o f e s c h ~  
IC ppioa to amsohtion 

8ndattkendafprimrty~ticmandreboPlndundcs mi.llgtalrchargc. The 
mmpmmbnmdarydtionsrrcdsoindieated. ~ ~ t y o f t h e w z r t c r l l s c d f a r  
tber l t t rrycbnbccompared~tbe~m~sa l in i tyS~~urcd inthtunfrozenso i l  
a e r r t h c w s r r m p l a t e ~ t h e d d ~ g .  Thedif€~nceinoalinitygivcsanestiaurtcof 
the sccwacy in tbe salinity rm8mmmmt.s. In general, the difference is very small, but 
may, in saxe cases, reach 1.0 a. This is consistent with the effects of dilution ratio and 
accuracy in conductance mmsummnts 0x1 porc water salinity as  discussed in Section 2.4. 
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Table 1. Summary of Testing  Conditions of Series 1. (No Applied Surcharge) 

Test W Hcight(ll3m) Diam. Tcold T warm Salinity lo 
Remarks 

Xni. End (cm) Dcg. C Dcg. C 

s1 

s2 

s3 
s4 
S5 

s10 
s11 

s 12 
S20 
s21 

S30 
S3 1 
S32 
s33 

S40 
s41 
S42 
s43 
S44 
s45 
s46 

S50 
S52 

S60 
562 

S70 
S71 

112 90 

110 88 

130 103 
166 133 
159 124 

140 112 
118 94 

158 125 
145 116 
133 101 

144 111 
137 106 
148 114 
110 86 

131 103 
131 104 
130 108 
132 108 
145 113 
100 78 
128 107 

157 118 
144 108 

145 105 
146 106 

125 1 0  
129 104 

S 

5 

5 
10 
10 

5 
5 

10 
5 
5 

5 
5 
5 
5 

5 
5 
5 
5 
5 
S 
5 

5 
S 

5 
5 

5 
5 

NA 

NA 
- 2.7s - 4.20 - 4.60 
- 2.75 
- 3.20 
- 5.20 - 2.90 - 4.70 
- 2.90 - 3.25 - 9.50 

- 2.70 - 3.50 - 9.80 - 4.60 - 4.60 
NA - 4.50 

- 2.90 - 5.90 

Vm. - s.60 
- S a  - 5.90 

NA 0 

NA 0 

+ 0.85 0 
+ 1.00 0 
+ 1.80 0 

+ 1.10 1.72 
+ 2.50 1.72 

+ 1;lO 3.44 
+ 0.80 3.44 
+ 2.25 3.44 

+ 0.60 8.25 
+ 0.80 8.65 
+ 5.00 8.65 
Melted during testing 

4 0.40 17.3 
+ 0.90 16.5 
c 5.30 17.3 
+ 2.20 16.5 
+ 2.90  16.5 
NA 16.5 
+2.50 16.5 

M.80 26.1 
+1.90  26.1 

VU. 33.0 
+ 1.75 33.0 

+ 1.95 0.9 
4 1.90 2.6 

0 

0 

0 
0 
0 

2.4 
2.2 

3.5 
4.0 
3.7 

7.8 
8,2 
8.0 

17.0 
15.1 
17.0 
16.2 
15.6 
NA 
15.0 

NA 
25.6 

29.0 
29.0 

1.5 
3.0 

Prtliminaq 
Run 
Preliminary 
Run 

end of test 

end of test 

end of test 

end of test 

Power Failure 

S c v d  steps 

.. . . . . . 
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Table 2, Summary of Testing  Conditions of Series 2, (Applied Surcharge) 

Test # Height(-) Dim. Tcold T warm Salinity 
dl M. End (cm) Deg. C Deg. C kPa 

Surcharge 

SAP1 
SAP2 
SAP2R 
SAP3 

SAP4 
SAPS 
SAP6 
SAPSR 

S A W  
SAP8 
SAF9 
SAP10 
SAP1 1 

120 100 
133 109 
126 106 
128 107 

133 103 
134 106 
130 110 
131 105.4 

139 117 
151 120 
156 123 

168 124 
167 120 

10 - 5.65 
10 - 5.90 
10 - 6;10 
10 - 5.75 

5 - 4.30 
5 - 4.60 
10 - 5.90 
10 - 5.90 

10 - 5.80 
10 - 5.40 
10 - 5.65 

10 - 4.40 
10 - 4.20 

+ 2.80 
4 2.40 
4 2.45 
+ 2.50 

c 1.50 
4" 2.10 
+ 2.00 
+ 2.00 

+ 2.40 
+ 1.00 
+ 1.20 

+ 1.10 
+ 2.00 

8.0 
8.0 
8.0 
8.0 

16.5 
16.5 
15.0 
16.5 

2.0 
3.34 
3.34 

0 
0 

7.2 
7.5 
8.0 
7.7 

15.7 
15.2 
13.5 
15.7 

2.4 
3.2 
3.5 

NA 
NA 

50 
100 
100 
130 

60 
1 0 0  
130 
100 

130 
50 
100 

50 
100 
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3. EXPERIMENTAL RESlKTS 

3.1 h d n g  Tests with Zero Applied Surcharge. 

3.1.1 Typical Test Results 

The results of the hezing tests of Series 1 arc presented in this Section. 
They arc interpreted in tcrms of the segregation potential prevailing at the onset of the 
farmation of the final ice lens and as a function of salinity. Jhch test is supported by a 
comprehensive set of graphically presented data as follows: 

a consolidatondata 
~ v s t i p l e  

C. b. Ex? cave vs time 
d. Ti isotherm vs time 
e. SPt vs time 
f, Temperature profile at the onset of formation of the wannest ice lens and 

observed location of the ice lens 
g, Water m t t n t  p f d c  at the end of test 
h. Salinity p f l e  at the end of test 

Ti is the warmtst tempGTature at which ice can exist in the soil ports. Ti 
is thus a function of porc size and water salinity. The freezing point dcpssion is 
very sensitive to salinity as shown m Fig. 11. The computer program takes the value of 
Ti cwrcsponding to the salinity of the pwe water after consolidation. 

Typical results far Sample S12 arc given in Figs. 12 to 19. The cold plate 
was maintained at a ttmperaturc of - 5.2 "C and the wann plate was at +1.1 O C  for a 
-zing perid of 93 hours. Thermal steady state was reached after 37 hours of 
fretzing. The final ice lens  is always initiated while the system is still in msient 
-zing, i.e. slightly bcfm rcaching thd steady state. This is eonfid by the 
obmation of the tbickncss of the final ice  lens (plate 1). It should be notcd that the 
hnal ice lens is not always a compact body of ice. riding on soil V8fi8bility. heat 
fluxandportwatcroalinityona c d e ,  the ice 1- may engulf some 
00il. This was the CILSc for s m p E Z X L c  thc ice lens contained soil. Its 
thickness is then taken as the sum of each lens. For sample S12, the total thickness was 
a p p x i m d y  4.0 nun The total heave plot shown in Fig. 13 suggests then that the time 
of ice lens ini- was 32 hours. Plot 16 yields thus a value fop SPm of 70.10-5 

% 

mm2Is.OC 
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Such low rata of cooling are obtained near thd steady state in step-freezing tests, at 
the  onset of the formation of the W ice lcns. The  relationship  that  we are seeking  to 
use as input in a  coupled h a t  and mass transfer farmulation in saline soils is 
consequently between SPm and salinity. 

Since SPt to the onsct of the f-tion of the fmal ice lens, 
one must also obtain the salinity in the h z c n  fringe  at  the  same  time. This is not always 
possible since it means stopping a fieczing test as soon as the final ice  lens is initiated 

+ 'and dctmnining a salinity profile immediately  thereafter. If, however, the test  continues 
and the final ice lens is allowed to grow to a given  thickness, saline water is attracted to 
the  ice lens and solutes are excluded  at  the ice. This, in turn, causes an enrichment in 
solutes in the frozen hge and unfroztn soil, which is a function of the diffusivity of 
NaCl in the pre water. Assuming a given distribution of NaCl  conccnmtion with 
distance from the icc lens, it is possible to calculate the salinity at the  base of the final ice 
lens when it fimncd. At the d of L fkzing test, the salinity profile in the unfrozen 
zone indicates the maximum salinity at  the base of the warmest  ice lcns, Sflens). 
Computer simulations using the  diffusion equation and a constant rate of solute 
enrichment  at  the ice lens show that the incrcase in solute  concentration with time is 
nearly the same at different distances from the ice  lens (Fig. 20). The  salinity  at the onset 
of  farmation of the Einal ice lens can therefore be calculated as outlined below: 

The mass of salt rtleascd at the ice lens per unit area during its growth is 
obtained as: 

W h a  e = thickness of final ice lens 
Swi = average salinity of pore watcr near the ice lens 

The maximum increase in salinity per unit m a  at the ice  lens  during  its 
growth is thus given by: 

where 1u is the length of unbzcn soil corrtpnding to changes in salinity and n is the 
parosity. ' 

The salinity at the onsct of ice lens formation is thus obtained fbm: 

S"Sw-dS 
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Test S70 is typical of a test in which the final ice lens was d l y  
identifiable as shown on Plate 2. The tbicbess of  the fmd ice lens was 3.0 mm and the 
time of its formation was 14 hours after the be g of h z i n g .  This is in agreement 
with the frost netration data shown in Fig. 2 The msponding SPm was thus 135. 
10-5 mm% FThe- dinity at the ice lens at the end of freezing was 5.0 g/l 
(Fig. 26). +e back salinity at the onset of farmation of the final 1cc lens was 
thus 2.0 gil. It should bc noted that because the tempemure boundary conditions are 
maintained constant during the whole hezing test, thermistor readings along the sample 
will display a slight but steady dccrwsc in temperature with time since the sample heaves 
continuously as the iw lenses w. This, in turn, results in a steady dacrtase in the 

&%fore, Fig. 21 shows sloping trends of each thermistor 

r 

s a stable f m t  front, consistent with stcp-frcczing. 

3.12 Segregation potential vs. Salinity 

Table 3 is a summary of the frost heave tests of Series 1 intcrpretated 
similarly to tests S12 and S70. All the results arc presented in Appendix 4, Volume 2 of 
this report. Fig. 28 shows segregation potential near thermal stcady state, (i.e. extremely 
small rate of cooling) of fully saturated Devon clayey silt at a water content between 26 
and 28 Z for various ptxc water salinities of the h z e n  fringe. The reduction in SPto 
increases with increasing salinities. For example, a salinity of 5 g/l reduces frost heaving 
by 63 % and a pore water salinity of 15 g/l causes a reduction of SPto of about 85 %. 
This figum also indicates that there is no &'t of si= of the freezing cell. In Fig. 28, 
open symbols represent tests conducted in the S-cm diameter cell and full symbols 
indicate tests in the lecm diamtcr fnezing cell. 

A best-fit using a logarithmic function was performed on the data points 
and yield& the following equation, valid for salinities in excess of 0.5 g/l and less than 
40 g/l and for Devon clayey silt at water contents  between 26 and 29 96, frozen under 
rn applied surcharge: 
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The interpretation of f h s t  penetration with time (Fig. 31) su gests that the 
len of unfrozen soil at the end of teh t a t  ( Ti = -0.5 OC for a salinity of .O g/l) should 
be 7 mm. Plate 3 shows that the distance between the  warm plate and the base of the 
wannest ice lens is 38 mm, which is in closc agreement with the thermistor's data. 

!P f 

ThcsaliaityP t (Fig. 33) shows that the salinity inmasmi near the ice 
lens from 7.2 g/l to about 1 g/l at the end of freezing. The back-calculatcd salinity at the 
onset of farmation of the h a l  ice lens was thus 8.2 g/l. Fig. 33 shows also that the 

- salinity profile in the frozen zone is fairly uniform and is close to the initial pore water 
salinity. "his, in turn, indicates that there is no solute re'ection for high rates of frost 
advance. When the frost front stabilizes and ice lenses i orm, the ovd salinity will 
show a marked d m a s e  siocc the water of the ice lenses is essentially salt-free. The 
salinity p d l e  in the unfrozen soil idcatcs that solute diffusion occd only over 
about 25 mm of mil, which took placc far abut 40 hours. This apptars to be in 
agreement with theoretical calculations assuming n value for the diffusion d c i e n t  of 
NaCl in porous media of about 10 -4 d / s .  

Sample SAP3 was frozcn under an applied surcharge of 130 P a .  In order 
to minimize temperature fluctuations caused by temperature changes in the 
environmental chamber, additional insulation was put around the cell, As shown in Fig. 
34, the procadurc was successful since the  temperatures within the sample do not 
fluctuate with time, despite tempmature changes in the cold m m .  As cxpcct&, water 
was first ex lled from the draining end Wore being sucked into the sample after about 
24 hours o p" freezing. The total amount of water cxpclled during the fmt 24 hours of 
h e z i n ~  was only about 10 cc, which is equivalent to a change in sample height of 
ap xlmatcly 1.3 mm as shown on Fig. 35. Water was also expelled in test SAP1, but 
o r y during the first 5 horn of bzin . Thermal steady state was reached after about 26 
hours of freezing and the thickness d the final icc lens was 0.4 mm. The segregation 
potential, SPm, was thus 2.0 le5 mm%.OC and the corresponding salinity was 9.5 g/l. 
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A best-fit using a logarithmic function was pafomed on the data points 

SPm = leS(45 - 11.1 In S) 
and yielded the following equations: 

for Won clayey silt at water contents between 26% and 25%. 
Applied smhaxgc of 50 Irpa. This equation is valid for 0.5 < S < 40 gh. 

SP& leS(26 - 8.3 In S) 

for Devon clayey silt at water contents bctwcen 25% and 24 96. 
Applied surchge = 100 kPa. Valid far 0.5 < S < 24 g/l 

SPm lW(15 - 5.4 In S) 

far Devon clayey silt at a water content of 23 %. 
Applied  surchargt = 130 kpa. Valid for 0.5 < S < 15 g/l 

whcrc the units of SPm are d / s . " C  and those of salinity, S, g/l. 

In order to express the results as a function of applied surcharge, the 
following best-fit equations were obtained as shown on Fig. 40. 

SPm = 195.10-5  txp(-O.O117.Pe) XIUII~/S.'C far Sw = 0 @l 

SPm = 128.10-5  ~~~(-0.0171.Pe) ~K&s.'C for S, = 2 @I 

SPm = 75.10-5 exp(4.0184.Pe) mm2/s.OC for Sw = 5 g/l 

SPm = 48.10-5 cxp(Q.0229.Pe) mm2/s.OC for Sw = 10 g/l 

SPm = 33.10.5 ~xP(-O.O~OO.P~) IIUII~/S."C for Sw IS @ 
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Table 3. Summary of Test Results of Series 1. (No Applied Surcharge) 

Test# Hcight(mm) Dim., Heave SP#J Sflens) 
g/l 

Onset 

S S  cham 
Ini. End (cm) (mm) 10-5mm Final Lens 

s3 
s4 
ss 
s 10 
s11 

s 12 
520 

S30 
S3 1 

S40 
S41 
S42 
s43 
S46 

S52 

S62 

S70 
S7 1 

103 115 
133 145.5 
124 156.5 

112 118 
94 101.5 

125 137.5 
116 126 

111 117 
106 110.5 

103 107 
104 107 
108 112 
108 113 
107 111 

108 114 

106 112 

loo 109 
104 111.5 

5 
10 
10 

5 
5 

10 
5 

5 
5 

5 
5 
S 
5 
5 

5 

5 

5 
5 

11.63 
12.5 
32.5 

6.1 
7.5 

12.0 
9.5 

5.8 
4.4 

3.8 
3.05 
4.2 
4.6 
3.8 

6.3 

5.60 

8.9 
7.5 

206 
195 
198 

106 
72 

70 
86 

46 
52 

27 
28 
15 
23 
3s 

13 

8.6 

135 
75 

0 
0 
0 

2.4 
5.0 

6.3 
4.0 

7*8 
9.4 

17.0 
17.5 
25.5 
18.7 
16.2 

26.7 

32.2 

5.0 
5.2 

0 
0 
0 

NA 
4.0 

4.5 
NA 

NA 
8.0 

NA 
16.0 
21.5 
15.8 
14.8 

23.0 

32.0 

2.0 
4.1 

30 (e = 5.6) 
42 (e = 1.5) 
40 (c = 18.3) 

27 (e = 2.5) 
24 (e = 2.2) 

30 (e = 4.0) 
30 (e = NA) 

40 
27 (C = 1.0) 

56 (e = 0.3) 
30 (e = 0.6) 
18 (e = 1.5) 
29 (e = 2.0) 
20 (e = 1.8) 

52 (e = 1.0) 

104 (e = 0.3) 

14 (e = 3.0) 
16 (e = 2.0) 

I 
I 
I 
I 
I 
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I Table 4. Summary of Test Results of Series 2. ( Applied Surcharge) 

Test # Hcight(mm) Dlam. Heave SPm(P ) S(1ens) 
gfl 

Onset 

@ours) 
Ini. End (cm) (m) 10-5mm5 Final Lens 

s.c 
I 

SAP1 100  103 

I 
I 

SAP2 109 
SAP2R 106 
SAP3 107 

SAP4 103 
S A P S  106 
SAP6 110 
SAP5R 105 

S A W  117 

I S A P S  120 
SAP9 123 

SAP10 124 
SAP11 120 

110 
107 
107.5 

107.2 
107.4 
110.5 
105.8 

119 
131.5 
130 

139.6 
132 

10 3.0 
10 0.9 
10 0.98 
10 0.40 

5 4.20 
5 1.35 
10 0.30 
10 0.9 

10 2.1 
10 11.5 
10 6.5 

10 15.6 
10 12.0 

20.0(50) 
6.0(100) 
3.6(100) 
2.q 1 30) 

10.8(60) 
8,qlOo) 
2.0( 130) 
3.5(100) 

1 O.O( 1 30) 
33.0(50) 
15,qlOo) 

95.0(50) 
65.0(100) 

10.0 8.2 
8.8 8.2 
9.2 8.2 
10.1 9.5 

18.2 16.5 
16.7 16.0 
14.5 14.0 
18.2 17.2 

3.1 2.8 
5.9 4.7 
5.5 4.5 

0 0 
0 0 

21 (e = 1.3) 
40 (e = 0.5) 
32 (e = 0.8) 
30 (C = 0.4) 

32 (e = 1.0) 
36 (e = 0.5) 
20 (e = 0.3) 
30 (e = O S )  

40 (e = 1.0) 
34 (e = 2.0) 
44 (e = 2.0) 

50 (e = 3.0) 
56 (e = 3.9) 
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4. DISCUSSION 

4.1 Rate of Ice lens Growth in the Field. 

In the field, although the rate of cooling is cxtrcmelly  small,  frost 
penetration occurs steadily owing to a constant hcat flux boundary condition rather than a 

. fixad temperatu~e one. &nsidcring that any  'ven freezing soil can be characttrized by 
tbe constitutive equations, CE. = fct(sPm, PC), the rate of ice lens growth can b~ 
prcdictcd using the following approach: 

1. At a given timt and far a given time step, determine the salinity p f d e  in the 
unfbxm soil as a function of timc and position of the bst front. The unfrozen soil can 
bc regarded as a finite or a scmi-ipfinitc medium. The key inputs arc the  diffusion 
coefficient of salt in a SatUratEd soil at a given p s i t y  and the boundary conditions. At 
the ice lens,  the rate of solute cxclusion will be related to the rate of water  migration, i,e. 
the rate of ice lens growth, and the salinity of the pore water. 

2 The rate of water migration is relatd to  salinity and applied surcharge by 
virtue of the constitutive  equations. At the same time step, usc the C.E. to  calculate the 
rate of water migration and use as input for the next timc step. 

3. Advance  one time-step, calculate new position of frost front and repeat steps 1 
and 2. 

The steady  decrease in rate of ice lens growth will essentially  cause a 
sudden increase in frost penemtion  rate in ordcr to maintain heat flow bdrmncc through 
the system. The new ice lens will be initiated at a location dictated by the salinity and 
temperature conditions in the unfrozen soil.  This  sudden  advance of the frost front may 
also lead to lay= ofunfron soil owing to high salt conccntrations sandwiched bttwcen 
frozen soil layers. These uafrozn laycrs in frozen soil may  have  significant 
cronscquenccs fm engineering wmks in saline soils. 

In order to vcrify if such an approach yields adequate  results, mped 
hezing  tats must be perfommi. Solute redistribution in the unfrozen soil will influence 
the ice lens patrern and confirm the interaction bctwcen pore water salinity and 
segregation ptcntial during msicnt freezing. 

4.2 Roblems with F b t  Heave T d n g  in Saliie Soils 
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Test S62 had an initial salinity of 33.0 g/l. It is well-known that pore 
water salinity affects atso thc unfrozen water content of a given soil. Test S60 was 
conducted for a period of 123 hours. The salinity p f d c  obtained at the end of freezing 
(Fig. 42) suggests that there is solute movement in the from zone induced by the 
temperaturt gradient. This phenomenon was not observed in tests with lower 
salinity and shorter duration. It is an interesting observation worth further s r y but water it is 
not wittin the scope of the prtsGnt repart to cover this aspect of ice formation in saline 
SOilS. 

* .  
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5. CONCLUSIONS 

The objectives of the  present research were to obtain a complete characterization 
of a saline  clayey  silt  subjected to onc-dimensiond &zing under various applied 
surcharges and for dif€mnt pore water salinities. In order to achieve  these  objectives, an 
extensive lahatmy testin ppm was undertaken at the Watfrost labaratory of the 
univer~ity of WaMm. de test program was comprisa~ of two saies, consisting of a 
mtal of 27 tests frozen with free access to saline water under zero applied surcharge and 
of 13 tests h z c n  with BMXSS to saline water but subjcctod to applied surcharges 
simulating various overbuden pressms in the field. The maximum applied  surcharge 
was 130 Wa, which comsponds to an overburden of about 7 m. 

The study has led to the fdlcwing amclusions: 

1. The concept of segregation potential introduced by Konrad and 
Mcrrgenstcm (1980-84) for clayey gilts with negligible $alinity appcafs to be applicable to 

water. In order to devclop a predic d e l  fur field conditions, it was 
shown by Konrad and Murgensm that  representative  values of SP must be used in a 
coupled heat and mass msfw farmulation. The relevant value of SP can be obtained 
from step-freezing test at the onset of the formation of the final ice lens where the rate of 
cooling is close to field conditions and the freezing still in transient  conditions, similarly 
to the field. 

clayey silts with pore water Sahnitics hing 35 %I, which is the saiinity of sea 

2. Solute rejaction during phase change has becn obmcd during the growth 
of the final ice lens, i.e. far uasi th#mal stead state. Considerable increases in solute 
amccniration were m c ~ s  c h  to thc ice r ens at the cnd of freezing for all tests, 
Detailad salinity pmfiles in the e m  soil s h o d  also that solutes were transpond 
away from the phase change interface by the diffusion mechanism, which is proportional 
to the concentration gradient and the magnitude of the mass diffusion mfficient. 

3. Solute enrichment in the vicinity of the final ice lens is dircctly  related to 
the timc of testing since as saline water fieam at the ice lens, solutes arc rejected, 
contributing to the enrichment of pwc water in adjent  lam to to the ice lens. 

4. A set of d t u t i w  aquaticms c-g fmst heaving in saline mils 
were established as a function of pore water salinity, applied smhargc and segregation tial. T o k ~ ~ & o f f h e w  must cmespnd to the onset of p"",, 'onofthtfinalke~. Tbe Sp#,and~Watersalinity,S, 
was of the form: 
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This study has slso led to the fbllowing obscrvations. Although these 
observations are well supported by the  experimental data, no  systematic  study was 
undertaken to fully explore  the mechanisms involved in tach phenomenon. 

1. Solute rcjaction appears to be dependent upon rate of cooling. For high 
rates of cooling, (i.e. in the early phase of transient freezing) salinity profile in the hzen  
soil after freezing revealed that there was little change in pore water salinity with respect 
to the initial pore watcr salinity ofthc unfiozcn soil. More tests arc rquircd to &teIminc 

. the relationship bemeen rate of cooling degree of solute  exclusion as water freezes. 

2. It was also 0b-d that solute migration d in the frozen soil when 
the samples were subjecacd to large temperature gradients. Futthtrmare, it appam that 
this phenomenon was also depenacnt upon the  initial pore water salinity. Highcr pre  
water salinities led to s i p i k m t  solute distribution in the frozcn mil whmas for lower 
initial porc water &lties, redistribution was almost  negligible  over the duration of 
hezing. This obstrvation may be significant for field  conditions w h m  tcmpemture 
gradients m s s  the frozen soil may be sustained for tens and even thousands of ycars. 
Mart studies art r e q u i d  to establish  the  constitutive quations governing solute transfer 
in low pameability b z e n  saline soils. 

3. Similar to the hezing point depression in saline water, segreFation- 
hezing temperatures in a saline clayey silt are also dependent on port water saliruty. In 
general, it was observed that the tesnpc~aturc of ice lens initiation dcmased with 
increasing porc water salinity. 

While the knowledge of constitutive  equations  involving  SPto, S, and Pe are 
sufWicnt to predict average  ice  enrichment  during freezing, the  knowlcdge of the 
relationship between scgrcgation-freezin  temperature, rate of cooling and porc water 
salinity is ncocssaIy to predict the actu f pattm of ice lenses in freezing  soils. This, 
however, requires that ramped bezing tests be conducted in association with X-ray 
photography in order to determine the  segregation  freezing temperature fro given rates of 
cooling. 
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N o t e :  Original  sample  identification w a s  c h a n g e d  in the report 
for  reasons o f  simplicity. 
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APPENDIX 1 - Soil Properties 

The soil used in the present investi tim was clayey silt obtained from Devon, 
AlW The Ipain size distribution is gwn in Fig. 1.1. The clay sizc fraction 
constitutes abwt 26 % by wcigth of dry soil and is mainly compscd of quartz, feldspar 
and clay minaals such as smcclite, dolomite with same traces of chlorite, illite and 
dcite. 

The samplcs were consolidated h m  a slurry to 130 kpa and allowed to =bund 
under different applied surcharges of respcctivcly 0,50,100 and 130 kPa. The water 
amtents after rcbund arc lotted on Fie 12 as a function of each surcharge and of the 

loading history, however, affects the water omtent. Samples allowed to rebound under 
zuv applied surcharge display the highest water eontent while samples  that were not 
allowed to rebound aftcr primary consolidation was complete showed the lowest water 
content, i.e. about 23 46. 

This figure confums that the adopted pnxdure for sample preparation yielded 
t.cpioducible m c s  and was therefore adequate. 

S a l i n i t y O f t b C p a r c ~ .  Rshown,~~doesaotrffcctthcfinalwatacoatent The 
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APPENDIX 2 - Free- Cells and Equipment 

App. 2.1 Freezing cells 

Plate 2.1 shows the frost heave cell used to pufm freezing test with applied 
m b g e .  The ccluipment displays thc following key features: 

A samplt container with a 10 cm i.d. and a wall thickness of 16.5 mm. The 
PVC cont8iner is split vertically in two halfs and is tcflon lined (white colour 

Phow?aPh) 

Sample mtaincr W is 27 cm long. 

Insulation around the amtaincr is fiberglass pink over a thickness of abut 9 
cm contained by a stel cylinder. An additional layer of about 10 cm is 
installed around the outside cylinder as shown on Plate 2.2 

Soil sample twl~pcrat~uc is mtasutod by one m a y  of thermistors installed 
flush with the cell wall at regular acings of about 13 mm. The accuracy of 
the thermistors is about f 0.02 C. % #Mistor calibration proccdurc was done 
at 0 C using distilled water and icc-cubes made from distilled water. A 
digital high pxwision mul-tcr was usad to obtain the off-sets and the 
slopes ofthe calibration c l x ~ e  for each thermistor. 

Heaveismeaslrredtowithinf0.001mmbyaDCDT 

The water supplied to the test sample is measured with an accuracy off  0.1 
ml, which is equivalent to an accuracy of f 0.0013 mm when translated to 
hcave. The burette was adjusted re y to maintain the cxternd water 

L a d  is applied to the sample with a bellofram air pressure system which 
prwidcs up to 700 kPa loading. Ressurc is obtained with an air regulator 
and a Bounion gauge ammte to 1 kPa The pressure is checked daily. 

M 10cmabovethetopofthc~pe. ff""' 



A walk-in tcmpcrature~mllcd chamber maintainad at +2 i 2 OC was used to 
minimizt heat transfer to the sample during &zing. 

24 

k) Data was collected every hour. Dedicated software (developed at 
WATFROST,UW) is used for data processing. The key feature of the 
software is a 7-point regression model used to automaticaly estimate rates of 
change in  timt-dcptndent paramctcrs from the experimental dah This is of 
significant value fa the &termination of heave raw, drcczt raw and cooling rate. The same modcl is also used to calculate the temperature gradient in the 
h z e n  soil near the frost front (Ti “C) and obtain the segregation potential 
based on total heave data. 

In the oaiginal pposal, the freezing tests were to be conductd in a l@cm 
diameter -zing cell (described abve). Howevcr, since two years of testing was to be 

uccd in about 15 months, it was agrrxd that two additiond ficezing cells be built. 
sc soil contaminatad with salt cannot be re-used, the size of these cells was 

r e d u d ,  Each of the cells has a diamctm of 5 cm and a height of 15 cm. The design of 
these cells is illustrated on Plate 2.3. 

EZl 
Freezing tests on control samples showed that the h z i n g  characteristics, i.e. SP, 

were independent of the size of the cells, stt Fig. 28. 
Tests with applied surcharge were thus conducted in the loan &zing cell 

because the load was readily appliai to the samples via the bellofram system,  while  most 
of the tests with zero applied surcharge  were run on the 5”1 diameter cells. 

App. 23 Controlled Envinmment 
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APPENDIX 3 - Pore Water Salinity Measurements 

App. 3.1 Conoentration Units 

To have a meaningful discussion of  the  chemical  aspect of pore water, the 
rclative amounts of sofute (salts) and the  solvent (water) must be specified. This is 
accomplished by mcans of concentration units. Various t y p e s  of concentration units are 
in use. 

Molarity is the number of mole of solute in 1 m3 of solution.  It is usually 
designated as moVm3, but moles per liter, with the symbol LtlDvI, is p d t t c d  in the SI 
system and is commonly used in groundwater studies. 

Mass concenm.dm is the mass of solute  dissolved in a Opecific unit 
volume of solution. The most coatmo~ mass conccnmtion unit rcpatcd in the limture 
is milligrams per liter (ma). 

Parts per thowand (ppt) is the number of grams of solute per thousand 
grams of solution. If the water does not have  large  concentrations of total dissolvd 
solids and if the tempcram is close to 4 C, 1 1 of solution weighs 1 k , in which case 1 
s/l is equal to 1 ppt. If the  water has a higher  salinity or temperature, ap ensity  corrections 
should be uscd  when  convening between units with mass and volume  denominators. 

To convert between molarity and milligrams per liter, the following 
relation is used: 

Molarity = (mu)/( 1000.formula weight) 

with formula weight of NaCl = 58.44 g 

App. 32 L r r h t o r y  Pnwxdure 

By extracting port water directly from a soil it is  possible to determine 
solute  concentrations via chcmicd analysis.  Centrifuging ur sample consolidation using 
high pssurt squeezers allow cxwtion of water. A major disadvantagc of  this 
tcchque, however, is the rtlativcly small vo p" unx which can bc extracted from a srnall 
soil sample that is normally or cwer-amsolidad 

Instead of mllectin enough water from any soil volume, solutcs were 
allowcd to diffilse out of the m.f A saturated soil sample was placcd in a closed 
collt8incT with distilled water and diffusion of solutes h m  the soil's p m  watcr was 
allowed to proceed until qual salt COIlctiltration was established between the m i b  pore 
wam and rhe s-g fluid. Electrical d u c t i v i t y  measurements wcrt then 
pcrfarmedanthedilutedwrOerrad8vaaged. Originalporcwatcrsalinitywasback- 
cnlculatcd from the 

after apalhtion 
eoa#ntratiwandconductancc. 
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nature of the dissolvad  solute (s). From tables contained in " Handbook of Chemistq and 
Physics, 51 st Edition (1970)", the concentration-conductive properties of aqueous NaCl 
solutions were obtained and p low on Fig. 3.1. 

In order to verify the accuracy of the interpreted salinity from these tables, 
conductance of different NaCl aqueous solutions at known concentrations were compared 
to those obtained h m  the tables. As shown on Fig. 3.1, there is a slight difference, 
which i n ~ a s t s  with concentration. This may be caused by other ions pnscnt in the salt 
uscd at UW. It is theref- propoacd to osc the cxpdmntal relationship obtained at UW 
for the interpretation of conductance measmmcnts in tcnns of pore fluid salinity. 

The  prcccduxe for obtaining salinity profile data from a &zing test 
sample was as follows: 

1) Starting firom the w m  end of the sample, soil was cut into disks between 5 
and 10 mm thick. One half of each disk was used for salinity  mtaSurements and the 
other half yielded water content dam 

2) A known volume of distilled water was added and time allowed for solute 
diffusion. 

3) Afur approximately 3 to 4 days, a known volume of c l w  water was removed 
from the containers via a precision pipette. 
4) Electrical umductivity for each watcr rample was then mcBsurcd using a YSI 

W e 1  35 Conductance Meter with a probe featuring a 10 mm electrode spaclng and 
approximately 0.75 ml volume requirement. The output is Calihtatd each time against 
a standard solution of KC1 and the coiroction factor is applied to the subsequent X n g s .  
For each water sample, scvcral successive conductance readings are made and then 
averaged. 

5) Water samples were retained for possible re-sampling in the event a profile had 
doubtful points. 

The mass of pore water in the soil fraecion is dcived from: 

: Mw = &.w/(l+w) 
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where: 

It should bc noted that the urur in porc water salinity is related to the 
dilution ratio. Assuming hat the accuracy in conduct~nct of the diluted solution is f 
0.01 and f 0.05 mmho, tively the crro~ on prc water salinity is f 0.06 and f 0.50 
s/l for a dilution ratio o f z k l e  is 0.02 and f 0.14 @I far a dilution ratio of 10. This 

dilution ratio and an o v c d  accwracy of conductance nmswcmats off 0.05 mmho. 
is izod in Fig. 3.4. All salinity promes incqmitc the cirw related to the 

N d  Pore Warn Chemistry 

Use of the previous equations and procedure neglects conductance due to ions 
other than sodium and chloride.  Chemical analysis on natural pore water of Devon clayey 
silt show that the amount of dissolvad natural salts in the clay is very smalL The 
following constituants w e t  tnscad: 

Na (10 m u  of 10 ppm) 
K (3.2 mgh) 
Ca (28.1 ma) 
Mg (12.8 mg/l) 
Q (28.1 mg/l) 
SO4 (24.2 mg/l) 

The W amount of dissolved salt in the natural environment is thus 106.4 mg/l or 
0.1 g/l and can be neglected in the salinity analysis with NaCl salt. 

SaliaityFWilcsaftcrconsolidation 

To verify that consolidation of the slurries at various initial salinities docs not 

conccntmticms. Afta consolidation was Me, each sample was sliced in 5 mm thick 

resulting in thc data shown in Figs. 3.3 to 3.9. The initial conditions am given in Table 
3.1. In all cascq the water content profile was uniform throughout dre samples, 
indicating that the consokWa procedure is adequate and that wall friction is negligible. 
The salinity distribution is dm very uniform and the porc wam salinity of the 
consolidated~~wrsspualoothatoftbe~faruchEample. Themultsart 
ntmmmitarl in Table 3.1. 

aEWt the sllliniv of the c€mw&tcd ~ l ~ ,  the following txpcriment was perfarmcd. 
Thr# samples WQt fxlnsow to 130 m from slunrlcs at d i f f m t  initial salinity 

h0rir;Ontal seaions md wltcx mnmt Z L a l i n i t y  fxwmmmena wat @d 

T h i s ~ r e r i e s t h ~ ~ t h a t t h e ~ l e p r c p a r a t i o n i s a d e q u ~ ~ ~  
l m i f o r m ~ ~ ( w a t e r o a a t e n t a a d ~ ~ o p l i n i t y ) s r c o b t a i n e d g r i a r ~ o g .  

AFpENDICES 4 & 5 keeptng Test R w l t s  
See Volumes 2 and 3. 
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Table 1.1 Physical properties of Devon Clayey Silt at Different Salinities. 

Plastic Limit 

0 

1.0 

2.0 

3.0 

31.3 

32.2 

31.1 

32.5 

23.8 

23.3 

22.6 

22.2 

Table 3.1 Summary of Control  Tests of Salinity profiles after Consolidation 

Test # Warn Content 
Z Jhy Weight 

s22 

S34 

slls 

0.06 

0.15 

0.29 

3.44 

8.65 

17.0 

3.6 

8.5 

16.8 

26.0 

26.0 

27.8 
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