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ABSTRACT 

Differential frost heaving of roadbeds has been of 

major concern in railroad operation. The procedure used to 

maintain a level track consists of insertion of hardwood 

shims between the rail and the tie. This is a tedious and 

expensive process and has prompted the search for more econ- 

omical methods to reduce or eliminate differential heaving. 

This thesis attempts to clarify the reason for some observed 

heaves In the field and also embarks on a preliminary pro- 

gram of assessing the value of three chemical admixtures to 

the soil as a method of reducing differential heaving. 

A subsurface investigation of the subgrade soils 

In two areas with differentially heaved track was conducted 

by means of auger borings and block sampling. The data show- 

ed that a variation in soil type is a major factor In causing 

differential heave. Secondary factors are location of the 

water table and the density of the soil mass. 

Laboratory freezing tests were conducted on compact- 

ed specimens two inches in diameter and four inches long. 

Three additives were used, namely, sodium chloride, calcium 

chloride and a sodium polyphosphate. Four soil types varying 

from a clay-silt-till to a silty fine sand were obtained from 

two differentially heaved areas in the field. The results 

showed that all the additives are effective in reducing both 



the total and differential heave with sodium chloride being the 

most effective. The effect of the salts was most pronounced at 

concentrations up to approximately 0.15 percent, based on the 

dry soil weight. Higher concentrations than this showed a 

lesser effect in reducing heaving. 

The migration of sodium and calcium chloride due to 

movement of water in the pores in a number of the laboratory 

soil specimens was investigated by conductivity measurements. 

The data obtained indicated that salts migrate readily with 

moisture movement in the soil. 

It is recommended that field trials of uniformly 

applied brine solution to an area with differential heaving 

be carried out. Further and more detailed studies of some 

differentially heaved areas are recommended to explain the 

field anomalies observed in a few instances in this study. 



ACKNOWLEDGEMENTS 

The author extends his sincere appreciation to 

the following for their contribution to the work for this 

thesis: 

Dr. S. Thomson. Associate Professor, Department 

of Civil Engineering, for his generous assistanoe and guid- 

ance throughout the course of study. 

Messrs. F. L. Peckover. Soils and Foundation 

Engineer, and R. D. Miles. Soils Engineer, both of the 

Canadian National Railways. for their assistance during 

the field investigation phase of the work in the summer 

of 1965. 

The Canadian National Railways for providing 

financial assistance. 

To my wife, Stella, for her encouragement. 

J. S. 
April, 1966. 



TABLE OF CONTENTS 

TITLE PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~ b o . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I  

APPROVAL S K E E T . . . . . . , . . . . . . . ~ ~ ~ . ~ . o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ q ~ o o .  ii 

................................................ ABSTRACT.. iii 

ACKNOWLEDGEMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V 

TABLE OF CONTENTS...........~~.~~.~........~~o~~~o. vi 

LIST OF TABLES.......................................... IX 

LIST OF F I G U R E S . . . . . . . . . . . . e ~ ~ ~ . ~ ~ ~ ~ . ~ ~ ~ o ~ ~ ~ ~ ~ ~ o  X 

EXPLANATION OF T E R M S . . . , . . . . . . . . . . ~ ~ ~ . ~ ~ ~ ~ o . e . a . e n o o + e ~  xi1 

CHAPTER 

I INTRODUCTION 

1.1 General...................~...~o............. 1 

1.2 Statement of the Field Pr~blem............~.~~~ 6 

1.3 Purpose of Investigation of this Thesis........ 6 

....,........ ........a*..*. 1.4 ~6sum6 of Thesis.. .. 7 

I1 THEORETICAL CONSIDERATIONS AND SOME FACTORS AFFECTING 

FROST HEAVE 

2.1 Short Outline of Theories...................... 8 

2.2 Some Factors Affecting Frost Heave............. 11 

A Grain Size and Gradation................... 11 

B Mineral Type........................ase.s. 14 

C Density.................................... 15 

D Moisture Content........................... 17 

E Pressure at Frost Line..................... 18 

F Structure................................. 19 



G Climate .................................... 20 
2.3 Summary ........................................ 23 

I11 FIELD INVESTIGATION 

3.1 General .. ...................................... 25 

....................... 3.2 Investigation at Camrose 25 

.......................... 3.3 Block Sample Analysis 28 

3.4 Auger Borings .................................. 35 

........................................ 3.5 Summary 57 

IV LABORATORY STUDY 

4.1 Introduction ..... ........................ovQ * .  *62 

4.2 Soils Used ..................................... 63 
.......................... 4.3 Laboratory Procedure. 65 

4.4 Discussion of Procedure ........................ 67 

4.5 Presentation and Discussion of Laboratory Data 

and Results 

A Temperature versus Time ...... ..............78 

B Heave versus Time Plots .................... 81 
............ ........* C Heave versus Density .. 87 

D Heave versus Admix Concentration ........... 93 
E Admix Migration ..'.................**+...... 102 

F Literature Review Concerning Migration of 

Salts ...................................... 108 
................ 4.6 Frozen Structure of Specimens ..111 

........................................ 4.7 Summary 112 



V CONCLUSIONS AND RECOMMENDATIONS 

5.1 General ....................................a. *.I14 
5.2 Conclusions ..................................... 114 

5.3 Recommendations ................................ 116 
LIST OF REFERENCES ........................................ 120 
APPENDIX A . DETAILED PROCEDURES ........................ ..124 
APPENDIX B . RATE OF HEAVE PLOTS .......................... B1 



LIST OF TABLES 

TABLE 

3 * 1 

4.1 

4.2 

4 * 3 

4.4 

4.5 

4. 6 

4.7 

4.8 

Summary of Field Investigations ................... 5 8  

Summary of Classification Tests .................... 66 

Batch No . 1  variable^........................^^.^^. 68 
Batch No . 2 Variables ............................. 6 9 

Batch No . 3 Variables .............................. 70 

Batch No . 4 Variables .............................. 71 
Batch No . 5 Variables ............................ - 7 2  

Batch No . 6 Variables .............................. 73 

Batch No . 7 Variables. ............................. 74 



LIST OF FIGURES 

FIGURE PAGE 

1.1 Di f fe ren t i a l l y  Heaved Track a t  Camrose . 
Alberta. Mid.Apri1 . 1965 ........................... 3 

3.1 Test Hole Logs. Camrose . Alberta.lSApril.1965 ...... 27 

. ..... 3.2 Logs f o r  Test P i t s  A .C. F andG.Wainwright Sub 29 

3.3 Results  of Analysis of Block Samples f o r  a Lump. ............................. Wainwright Subdivision 30 

3.4 Results  of Block Sample Analysis f o r  a D i p  . 
Wainwright Subdivision ............................. 34 

3.5 Logs f o r  Test Holes P.Q. R and S. Wainwright Sub .... 38 

.... 3.6 Logs f o r  Test Holes K.L. M and N . Wainwright Sub 40 

3.7 Logs f o r  Test Holes 1.2.4 and 5 . Telkwa Sub ........ 41 

3.8 Logs f o r  Test Holes 6.7.11 and 12. Telkwa Sub ....... 43 

3.9 Logs f o r  Test Holes 13.14.15 and 16. Telkwa Sub ..... 45 

..... 3.10 Logs f o r  Test Holes 19.20.21 and 22. Telkwa Sub 47 

3.11 Logs f o r  Test Holes 32.33.34 and 35. Telkwa Sub ..... 48 

..... 3.12 Logs f o r  Test  Holes 40.41.44 and 45. Telkwa Sub 50 

3.13 Logs f o r  Test Holes 23.25.26. 27 and 28. Telkwa Sub .. 51 

3.14 Logs f o r  Test Holes 46.47,48,8,9 and 10. Telkm Sub.53 

3.15 Logs f o r  Test Holes 30.31.42 and 4 3  Telkwa Sub ..... 56 

4 .1  Frost  Room Temperature and Location of 32O 
Isotherm VS Time f o r  Batch No . 4 ................... 79 

4.2 Frost  Room Temperature and Heave VS Time f o r  
Batch No . 1 ......................................... 83 

4.3 Heave VS Time f o r  Batch No . 4 ...................... 85 

4.4 Heave VS Density f o r  Batch No . 3 ................... 89 

4.5 Heave VS Density f o r  Batch No . 2 ................... 92 



LIST OF FIGURES (COMT'D) 

FIGURE PAGE 

...... 4.6 Heave VS Admix Concentration ............ .... 94 

4.7 Dry Density VS Calgsn Concentration for 
Batch No . 6.1 .......................... .. ......... 98 

. ....... 4.8 Heave VS Admix Concentration for Batch No 7 101 

................. 4.9 Conductivity VS Salt Concentration 103 

4.10 Calcium Chloride Migration by Conductivity . Measurements ...................................*.. 105 

4.11 Sodium Chloride Migration in Specimens by 
Conductivity ~easurements .......................... 106 
Laboratory Apparatus ............................... A& 

............................... Frost Room Equipment A5 

Cross Section Drawing of Frost Box ............... ~6 
Heave VS Time for Batch No . 2 ................... oe+B1 

.......... Heave VS Time for Batch No . 2 (Continued) B2 

Heave VS Time for Batch No . 2 (Continued) .......... B3 
Heave VS Time for Batch No . 3 ...................... ~4 
Heave VS Time for Batah No . 3 (Continued) ........ .. B5 
Heave VS Time for Batch No . 5 ...................... B6 

...................... Heave VS Time for Batch No . 6 B7 

. Heave VS Time for Batch No . 7 ..................... B8 
Heave VS Time for Batch No . 7 (Continued) .......... B9 



EXPLANATION OF TERMS 

The f r o s t  a c t i o n  terminology as used i n  t h i s  

t h e s i s  i s  i n  accordance wi th  t h e  l i s t  of terms and d e f l n i -  

t l o n s  as prepared by t h e  Highway Research Board CommitCee 

on F r o s t  Heave and F r o s t  Act ion i n  S o i l  ( F r o s t  and Perma- 

f r o s t  Def i n i t l o n s ,  1956). The fo l lowing  terms have been 

adopted by t h e  Canadian Nat iona l  Railways t o  d e s c r i b e  t h e  

d i f f e r e n t  t y p e s  of d i f f e r e n t i a l  heave. 

Lump: A c e n t r a l  p a r t  of  t r a c k  heaves  more than  t h e  

a d j a c e n t  a r e a s .  
rBottom of Rail 

Lump --2 kJ!op of T i e s  

Dlp:  The a d j a c e n t  a r e a s  heave more than  a c e n t r a l  

p o r t i o n ,  
rBottom of Rail 

S lope-of f :  One a r e a  of t r a c k  heaves  more than  an  

a d j a c e n t  a r e a .  

Bottom of Rail 

s lope-of f>  \ 
Top of T i e s  



CHAPTER I 

INTRODUCTION 

1.1 General '. 

Ground freezing and heaving has been of observation- 

al and practical interest for many years. Its effects were 

not of great concern until the development of rapid trans- 

portation by railroads, highways and airports. Frost action 

then became an important problem to be considered by engineers, 

from a technical as well as an economical viewpoint. 

The oldest concept of frost action suggested that all 

heaving was due to expansion when the water contained in the 

voids changed to ice upon freezing (approximately 9 percent 

volume increase). This concept was disproved by Taber and 

Beskow with the publication of their studies that frost heav- 

ing is due to the growth of ice crystals and the formation of 

ice lenses. It is from these works that the modern concept 

of frost action has emerged. Since that time much effort has 

been spent In studying the fundamentals of frost action and 

their application to roads, rallroads and airports. This 

thesis will concentrate on some aspects of the frost heaving 

problems associated with railroads. 

The problems caused by frost action in railroads are 



somewhat d i f f e r e n t  t h a n  those  i n  f l e x i b l e  pavements used on 

highways and a i r p o r t s .  I n  t h e  l a t t e r  two t h e  p r i n c i p a l  con- 

c e r n  i s  a r e d u c t i o n  i n  bea r ing  c a p a c i t y  du r ing  t h e  f r o s t  

me l t i ng  per iod  and subsequent damage t o  t h e  pavement s t r u c -  

t u r e  caused by t h e  l o a d s  imposed by t r a f f i c .  I n  r a i l r o a d s  

t h e  major problem i s  d i f f e r e n t i a l  heave which r e s u l t s  i n  an  

uneven t r a c k .  The most common method p r e s e n t l y  used t o  

remedy t h e  uneven t r a c k  Is t o  p l ace  v a r i a b l e  h e i g h t s  of wood- 

e n  shims between t h e  rail  and t h e  t i e s  t h u s  prov id ing  g r a d u a l  

approaches  t o  and d e p a r t u r e s  from t h e  d l f f e r e n t i a l l y  heaved 

l o c a t i o n s .  According t o  Yalcin  (1963)*, t h e  most f r e q u e n t  

h e i g h t  of shims used by t h e  Canadian Na t iona l  Railways a r e  

between 3/4 and 1-1/2 inches .  I n  t h e  s p r i n g  of 1965, shim- 

ming r e c o r d s  were made i n  t h e  Telkwa Subdiv is ion  i n  B r i t i s h  

Columbia on a 120 mi le  l e n g t h  of t r a c k .  T h i s  s e c t i o n  has  

been observed t o  r e q u i r e  a s  much shimming as any o t h e r  Cana- 

d i a n  Nat iona l  Railways s u b d i v i s i o n  i n  Canada. The r eco rds  

i n d i c a t e d  t h a t  98 pe rcen t  of t h e  shimmed l o c a t i o n s  had maxi- 

mum shim h e i g h t s  of 2  i nches  o r  l e s s  and 42 pe rcen t  1 inch  

o r  l e s s ,  Therefore ,  t h e  major problem of undula t ing  t r a c k  

i s  caused by d i f f e r e n t i a l  heaves two inches  o r  l e s s  i n  h e i g h t .  

FIGURE 1.1 is a photograph t a k e n  wi th  a t e l e p h o t o  

lens of a p o r t i o n  of unshimmed t r a c k  near  Camrose, A lbe r t a ,  

t a k e n  i n  mid-April j u s t  be fo re  s p r i n g  thaw. I t  c l e a r l y  i l l u s -  

t r a t e s  t h e  uneven t r a c k  which can r e s u l t  due t o  d i f f e r e n t i a l  

heave,  

*References  l i s t e d  a l p h a b e t i c a l l y  I n  " L i s t  of Referencesw.  





Prost heaves on tracks are considered to be a more 

serious problem than frost heaves on highways. Smooth track 

is not only desirable for passenger comfort and economical 

operation but is a necessity for the safe operation of modern 

high speed trains. A small differential heave on a highway 

might be just a minor nuisance to motor traffic; on a rail- 

way track it becomes a menace calling for immediate correc- 

tion with the possibility of a derailment and human life 

being endangered. 

The present method of maintaining heaved track by 

shimming is a slow, tedious procedure requiring a large labour 

force and obviously has to be done during the coldest time 

of the year, Cost analyses by the CNR have shown this method 

to be expensive and to require a high propor.t:ion of the total 

expenditure for maintenance of track. An estimate of annual 

cost for labour and material for shimming alone for the CNR 

system mileage in Canada is in the order of $3,800,000 (Yalcin 

and Peckover, 1963), With the sharp increase in labour costs 

during the past few years shimming is becoming Increasingly 

more expensive and uneconomical, 

Many phases of railroad maintenance are being auto- 

mated, with accompanying reduction in manual labour and a 

consequent saving in costs. Shimming is an operation which 

cannot be easily and economically automated, 

Due to the high and increasing costs of shimming. 



t h e  CNR began a n  i n t e n s e  i n v e s t i g a t i o n  of the  problem of 

d i f f e r e n t i a l  heave, commencing about  1959. 

Excavation of f r o s t  s u s c e p t i b l e  s o i l  and rep lace-  

ment wi th  non-frost  s u s c e p t i b l e  g ranu la r  m a t e r i a l s  i s  a 

method o f t e n  used f o r  e l i m i n a t i n g  d e t r i m e n t a l  f r o s t  heav- 

ing.  Th i s  method has  been used by t h e  CNR i n  l o c a t i o n s  

wi th  excess ive  heave. However, i t  i s  a method which can- 

n o t  be economically a p p l i e d  t o  a r e a s  with  numerous small 

d i f f e r e n t i a l  heaves r e q u i r i n g  shims l e s s  than  2 inches .  

T h i s  method would a lmost  n e c e s s i t a t e  t h e  c o n s t r u c t i o n  of a 

s i d e  t r a c k  t o  keep t h e  t r a f f i c  i n  ope ra t ion  and would the re -  

f o r e  be a very expensfve undertaking.  

Since t h e  p ~ o b l e m s  due t o  f r o s t  a c t i o n  i n  ra i l -  

roads  a f f e c t  many mi le s  of e x i s t i n g  t r a c k ,  t he  CNR engineer-  

i n g  s t a f f  a r e  a t t r a c t e d  by t h e  r educ t ion  i n  d i f f e r e n t i a l  

heaving r e s u l t i n g  from t h e  s u r f a c e  a p p l i c a t i o n  of inexpen- 

s i v e  chemfcals e i t h e r  i n  powder form o r  i n  so lu t ion .  Sin- 

c l a i r  and Hemstock (1947) ,  Yurkiw (1952) and Luck (1953) 

showed t h a t  l i g n o s o l  was very  e f f e c t i v e  i n  reducing heave 

i n  l a b o r a t o r y  f r e e z i n g  s t u d i e s .  From f i e l d  t e s t s  on sec- 

t i o n s  of t r a c k ,  Hardy (1953) noted t h a t  l i g n o s o l  e l imina ted  

t r a c k  shimming a t  two t r e a t e d  l o c a t i o n s  f o r  two winters .  A 

number of t e s t  s e c t i o n s  have been exper imenta l ly  i n j e c t e d  

wi th  l i g n o s o l  by t h e  CNR. Although very  e f f e c t i v e  i n  reduc- 

i n g  heave, l i g n o s o l  w a s  found u n s a t i s f a c t o r y  because it 



requires an elaborate injection procedure and its effect- 

iveness is only short term due to leaching by raFn, and 

water migration in the soil, 

Numerous field test sections have been experiment- 

ally treated by the CNR with many different admixtures. The 

effectiveness of the chemicals in the majority of the test 

sections was evaluated by noting the reduction in height of 

shimming required the following winters. To date, the field 

tests indicate that sodium chloride and calcium chloride 

are effective in reducing differential frost heaving. They 

have the further advantage of being easily applied. 

1.2 Statement of the Field Problem 

The major problem is the reduction or elimination 

of differential heaving of the track. In the past shimming 

has been used, but the increasing labour costs and the 

desire for automation have necessitated the search for other 

solutions, Surface applied chemicals, particularly sodium 

and calcium chloride brines, have shown some promise. 

1,3 Purpose of Investigation of this Thesis 

The work on which this thesis is based may be con- 

sidered in two parts. The first consists of a preliminary 

field study to more clearly define some of the causes of 

differential heaving of railroad track. The second part 

consists of a laboratory study of the influence of chemicals 

on heaving, 



The ffeld work consisted of a subsurface investiga- 

tion of several dffferentfally heaved sites and subsequent 

laboratory classification of soil samples obtained from 

the boreholes. The laboratory phase attempted to assess the 

reduction in frost heaving of soil samples brought about by 

three chemical additives. These chemicals are calcium 

chloride, sodium chloride and a sodium polyphosphate. The 

latter is sodium hexametaphosphate, Na (P03)6 ,  sold under the 

trade name "Calgon** . 
1.4 ~'tsum'e of Thesis 

In order to provide a background Chapter I1 briefly 

outlines theories of frost action and discusses some factors 

affecting the amount of heave. 

The field investigations are presented in Chapter 

111. The procedures are given and the field and laboratory 

data are discussed. Tentative conclusions arising from this 

phase of the work are proposed. 

The work of the second phase, which consists of 

the laboratory investigations is detailed in Chapter IV. 

The data are presented in the form of tables and graphs and 

the results of this work are discussed. 

The conclusions snd recommendations arising from 

this study are presented in Chapter V. 



CHAPTER I1 

THEORETICAL CONSIDERATIONS AND SOME 

FACTORS AFFECTING FROST HEAVE 

2.1 Shor t  Ou t l i ne  of Theor i e s  

The o l d e s t  concept cons idered  t h a t  f r o s t  heav- 

i n g  i s  due t o  t h e  volume change of t h e  water  con ta ined  i n  

t h e  vo ids  when it  f r e e z e s ,  Th i s  misconception a r o s e  from 

exper iments  i n  which s o i l  samples were f rozen  under c losed 

system c o n d i t i o n s .  

The p r e s e n t  concept  t h a t  f r o s t  heaving i s  due t o  

t h e  growth of i c e  c r y s t a l s  i n t o  i c e  l e n s e s  w i t h i n  t h e  s o i l  

mass was o r i g i n a t e d  by Taber i n  1916 when he exper imenta l ly  

showed t h a t  i c e  l e n s  format ion  can occur i n  s o i l ,  He l a t e r  

formulated a theory  e x p l a i n i n g  t h e  mechanics of f r e e z i n g  

and heaving (Taber 1929, 1930) .  Growing i c e  c r y s t a l s  r e -  

move molecules of water  from t h e  f i l m  of water  on s o i l  

p a r t i c l e s .  A s  t h e s e  molecules  a r e  removed, new molecules 

a r e  drawn t o  t h e  f i lm .  Water i s  supp l i ed  through small 

c a p i l l a r y  passages  I n  t h e  s o i l  t o  t he  p a r t l y  d e p l e t e d  water 

f i l m s .  A s  t h e  new molecules  are a t t a c h e d  t o  t h e  i c e  c rys -  

ta l ,  i t  grows i n  s i z e  d i s p l a c i n g  t h e  s o i l  above it. T a b e r t s  

r e a s o n  why i c e  l a y e r s  do  n o t  form i n  coarse  g r a i n e d  s o i l s  



was due to the rapid conductivity of the particles which 

caused Ice to form around them, not permitting film mois- 

ture flow to ice crystals. 

According to Johnson (1952). Beskowfs statements 

explaining the mechanics of frost heaving differed little 

from those of Taber. "At the frost line a drying out 

occurs, a squeezing together of the adsorption films, which 

spread further and further, causing a shrinkage. If the 

freezing zone spreads to a place of contact with a free 

supply of water . ., the water begins to flow upward from 
this point and the fundamental requirement for . . a sub- 
sequent frost heave is fulfilledn. His explanation for the 

lack of heaving in coarse grained soils was due to the thin 

and long films with low molecular mobility on the coarse 

particles which do not permit free passage of water to the 

ice crystal. The ice grows into the pore space, surrounds 

the particles and no ice segregation occurs. On the other 

hand, a fine grained soil has thick adsorbed water films 

through which flow of water molecules can occur much more 

rapidly. In saturated heavy clays the amount of mobile 

water is large, however, the permeability is so low that 

water supply for ice lenses is limited to local flow from 

the soil close to the ice lens. In silts and silty sands, 

the thickness of the water film is small, however, the 

permeability is large. When In contact with water, the 

silts and silty sands will allow considerably more water 



t o  f low t o  the  f r o s t  l i n e  than  the  heavy c l ay .  and t h u s  

t h e  s i l t s  and s i l t y  sands heave t o  a cons iderably  g r e a t e r  

degree.  

Two modern c o n t r i b u t o r s  t o  t h e  theory  of f r o s t  

a c t i o n  a r e  Penner and Martin. Penner (1957) measured mois- 

t u r e  t ens ions  f o r  d i f f e r e n t  s o i l  types.  He suggested t h a t  

t h e  f r e e z i n g  p o i n t  depress ion  a t  t h e  ice-water i n t e r f a c e  

determines  the  moisture  t e n s i o n  which a c t s  as t h e  d r i v i n g  

f o r c e  dur ing  f r o s t  heaving. The f r e e z i n g  po in t  depress ion  

i s  induced, a t  l e a s t  i n  p a r t ,  by the  dimensions of t h e  s o i l  

pores ,  when a s a t u r a t e d  s o i l  specimen i s  f rozen  unid i rec-  

t i o n a l l y .  Thus, h igher  t e n s i o n s  a r e  developed i n  s o i l s  

w i th  small pores  than  with  l a r g e  pores ,  

Penner (1959) a p p l i e d  the  formulas f o r  t h e  s i z e  

of a s t a b l e  s p h e r i c a l  c r y s t a l  i n  i t s  own melt ,  and pressure  - 
f r e e z i n g  po in t  dep res s ion  equat ions  t o  d e s c r i b e  a mechanism 

of ice l e n s  growth t o g e t h e r  wi th  t h e  development of heaving 

p r e s s u r e s  and suc t ion  i n  t h e  s o i l  moisture.  

Mart in  (1958) presented a theory  t o  exp la in  rhyth- 

mic i c e  banding which produces f r o s t  heaving i n  s o i l .  The 

d i s c u s s i o n  of h i s  theory  was div ided  i n t o  f o u r  s t ages :  

a )  nuc lea t ion  of i c e  a t  some d i s t a n c e  from a n  e x i s t i n g  i c e  

f r o n t ,  b )  r a p i d  growth of t h i s  nucleus i n t o  a n  i c e  l e n s ,  

c )  t e rmina t ion  of c r y s t a l  growth, and d )  h e a t  and water f low 



between t h e  end of s t a g e  ( c )  and t h e  beginning of a new 

c y c l e  a t  s t a g e  ( a ) .  

Nucleat ion occu r s  a t  a supercooled temperature .  

Supercool ing prov ides  t h e  energy t o  draw water  t o  t h e  i c e  

f r o n t  and t o  r a i s e  t h e  overburden. A f t e r  start of nuclea- 

t i o n ,  t h e r e  i s  a r a p l d  growth of i c e  c r y s t a l s ,  wi th  wate r  

being drawn through t h e  po re s  t o  t h e  i c e  c r y s t a l .  The 

l a r g e r  t h e  c r y s t a l  becomes. t h e  f a s t e r  i t  t e n d s  t o  grow and 

t h e  more t h e  amount of wate r  t h a t  i s  r equ i r ed .  With i nc reas -  

ed  demand f o r  water ,  t h e  a b i l i t y  of t h e  s o i l  t o  supply water  

i s  decreased  because of a n  i n c r e a s e  i n  nega t ive  p re s su re  

which dec reases  t h e  u n s a t u r a t e d  pe rmeab i l i t y  of t h e  s o i l .  

The dec rease  of wate r  supply reduces  t h e  amount of water  

be ing  conver ted t o  I c e  and t h e  h e a t  of f u s i o n  pe r  u n i t  time; 

t h e r e f o r e ,  t h e  r a t e  of h e a t  e x t r a c t i o n  exceeds t h e  r a t e  of 

h e a t  supply and t h e  temperature  decreases .  When t h e  a c t u a l  

t empera ture  i s  lowered t o  t h e  n u c l e a t i o n  temperature ,  i c e  

n u c l e a t e s  a t  a small d i s t a n c e  ahead of t h e  e x i s t i n g  i c e  f r o n t .  

and t h e  c y c l e  s t a r t s  aga in .  

2.2 Some F a c t o r s  Af fec t ing  F r o s t  Heave 

2.2.A Gra in  S i z e  and Gradat ion.  

E a r l y  i n v e s t i g a t o r s  of f r o s t  a c t i o n  i n  s o i l s  no ted  

t h a t  c e r t a i n  t ypes  of s o i l  e x h i b i t e d  more heave and more 

numerous and l a r g e r  i c e  l e n s e s  t han  o the r s .  Beskow (1935) 

demonstra ted,  by us ing  At t e rbe rg  s o i l  f r a c t i o n s ,  t h a t  



maximum heaving occurred with grain sizes from 0.002 to 

0.005 mm. Taber (1929) demonstrated the influence of fine 

particle size on ice segregation by using various fine- 

grained and coarse-grained soils and soil mixtures. 

Casagrande (1931) from experiments on natural soils under 

natural freezing conditions concluded that with sufficient 

water supply one could expect considerable ice segregation 

in non uniform soil containing more than 3% smaller than 

0.02 mm. and in very uniform soils containing more than 

10 percent smaller than 0.02 Em. No ice segregation was 

observed in soils containing less than 1 percent smaller 

than 0.02 mm. 

The Corps of Engineers (Line11 and Kapler, 1959). 

conducted tests to check the validity of the Casagrande 

criteria and to determine the relationship between the 0.02 

mm. size and the amount of heave produced by soils of 

various gradations ranging from well graded sandy gravel to 

uniform fine sand. These materials were combined with fines 

to observe the effect of various soil fines on frost beha- 

vior. They showed that accurate prediction of relative 

heave rate cannot be made simply from general soil type and 

percent finer than 0.02 mm. Soils of even similar gradation 

may vary significantly in frost behavior. Factors not appar- 

ent from a gradation analysis affect the behavior. 

Field observations have definitely established 



t h a t  excess ive  f r o s t  heaving i s  not  r e s t r i c t e d  t o  s o i l s  of 

any p a r t i c u l a r  g r a d a t i o n a l  c h a r a c t e r i s t i c s .  Heaving has  

been observed t o  occur i n  c l a y s ,  s i l t s ,  very  f i n e  sands 

and i n  t e x t u r e s  approaching t h e  grading of g r a v e l s  (Johnson. 

1952).  

Ducker (1956) s t a t e d  t h a t  i n  n a t u r e  t h e r e  i s  no 

sha rp  boundary between f r o s t - s u s c e p t i b l e  and non-frost  

s u s c e p t i b l e  s o i l s .  as o u t l i n e d  by t h e  Casagrande c r i t e r i a .  

Some s o i l s  showed f r o s t  s u s c e p t i b l e  p r o p e r t i e s  even when 

they  had no s i z e s  below 0.02mm. He noted t h a t  t e s t  

r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  d e c i s i v e  f a c t o r  determin- 

i n g  t h e  behavior of a s o i l  wi th  r e s p e c t  t o  f r o s t  i s  no t  t h e  

percentage passing 0.02 mm.  b u t  r a t h e r  t h e  mine ra log ica l  

and chemical na ture  of t h e  f i n e  gra ined  component. 

The Department of Highways of Ontar io  (Townsend 

and Csathy,  1963) analyzed t h e  f i e l d  f r o s t  performance of 

126 highway s u b s o i l s  and a p p l i e d  some of the  most widely 

accepted f r o s t  s u s c e p t i b i l i t y  c r i t e r i a  t o  t h i s  f i e l d  per for -  

mance. The r e s u l t s  i n d i c a t e d  s e r i o u s  l i m i t a t i o n s  of these  

c r i t e r i a .  They found t h e  Casagrande c r i t e r i a  h i g h l y  conser- 

v a t i v e  i n  t h a t  i t  appeared t o  r e j e c t  a r e l a t i v e l y  high per- 

centage (84%) of the  f r o s t  s u s c e p t i b l e  s o i l ,  bu t  accepted 

on ly  a r e l a t i v e l y  low percentage (20%) of the  non-suscepti- 

b l e  s o i l s .  They developed a simple method t o  determine t h e  

pore s i z e  d i s t r i b u t i o n  of t h e  s o i l s ,  u s ing  a c a p i l l a r y  r i s e  



type of test procedure, and established a frost suscepti- 

bility criterion. This criterion rejected 75 percent of 

the frost susceptible soil and accepted 79 percent of the 

non-frost susceptible soil. 

2,2.B Mineral Type 

Grim (1952) analyzed the possible effects of clay 

mineral composition on frost action in soils. He reasoned 

that clay minerals which adsorb a quantity of oriented 

immobilized water on the clay surface, reduce the perme- 

ability and thus the ability of the soil to supply water for 

ice segregation. 

In sodium rnontmorillonite, there are thick highly 

oriented water hulls in which the water is immobile, Such 

clays are essentially impervious and cause little or no ice 

segregation. In montmorillonite carrying calcium, magnesium 

or hydrogen as the exchangeable ion, the water hulls are 

thinner and ice concentration may develop at high moisture 

contents. 

Kaolinitic soils have small surface area and thus 

very little rigid water. At relatively small water contents 

kaolinite soils would contain free water. Since they are 

not particularly impervious, segregation may readily occur, 

Illite soils have characteristics between those of 

kaolinite and those of montmorillonite. Grim considers the 
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i l l i t e s  t o  be c l o s e r  t o  the  former,hence, i c e  segrega t ion  may 

t a k e  place.  

The Corps of Engineers  i n  coopera t ion  wi th  Lambe 

(Line11 and Kapler ,  1959) performed f r e e z i n g  tes ts  i n  which 

c l a y  mineral  and non c l a y  minera l  f i n e s  were added t o  a 

c l e a n  cohes ionless  sand,  t o  demonstrate t h e  in f luence  of 

s o i l  f i n e s  on f r o s t  behavior ,  From t h e  t e s t s  some of t h e  

conclus ions  drawn were: 

( a )  A t  low concen t ra t ions  of f i n e s ,  t h e  c l a y  mine ra l s  

produced h igher  heave than  non-clay minera ls ,  A t  

h igher  concen t ra t ions  t h e  c l a y  minera l  e f f e c t  

v a r i e s  oveT a wide range,  

( b )  Heave va r i ed  cons iderably ,  over a hundredfold,  

wi th  montmorf l loni te  as t h e  s o i l  f i n e s ,  depend- 

i n g  on t h e  n a t u r e  of t h e  exchangeable ion.  

Sodium gave t h e  lowest heave, whi le  f e r r i c  i r o n  

gave the  h i  ghe s t heave. 

( c )  The inc rease  i n  concen t ra t ion  of f i n e s  above a 

c e r t a i n  minimum can r e s u l t  i n  a decrease  of f r o s t  

heave r a t e  f o r  some of t h e  more p l a s t i c  c l a y s .  

2.2.C Density 

The e f f e c t i v e  pore o r  channel s i z e  i s  a major fac-  

t o r  i n  governing f r o s t  a c t i o n  911 s o i l s  s i n c e  it governs t h e  

amount and r a t e  of water a v a i l a b l e ,  t o  t h e  f r o s t  l i n e .  I t  

fo l lows .  t h e r e f o r e ,  t h a t  any f a c t o r  t h a t  a f f e c t s  pore space 



o r  t h e  vo ids  i n  the  s o i l  mass w i l l  a l s o  a f f e c t  t h e  f r o s t  

heave p o t e n t i a l .  

Density i s  one f a c t o r  which a f f e c t s  pore s i z e ,  and 

hence in f luences  t h e  amount of heave. Taber (1930) observed 

t h a t  h igher  remolded d e n s i t i e s  reduced t h e  amount of heave 

i n  a Cretaceous c l a y ,  Winn (1940) made l a b o r a t o r y  t e s t s  on 

a n a t u r a l  sandy c l a y  and on admixtures of t h e  c l a y  with  o the r  

m a t e r i a l s ,  The r e s u l t s  showed a t r e n d  of i n c r e a s i n g  heave 

wi th  inc reas ing  d e n s i t y  u n t i l  a maximum w a s  reached and 

then  a decrease  i n  heave with  i n c r e a s e  i n  dens i ty .  

Johnson and Love11 (1953) r e p o r t e d  a n  i n c r e a s e  i n  

i c e  segrega t ion  with  a n  inc rease  i n  compacted d e n s i t y  f o r  

open system l abora to ry  t e s t s  on a wel l  graded s o i l  contain-  

ing  f i n e  s i z e s ,  The inc rease  i n  i c e  seg rega t ion  increased  

t o  a c r i t i c a l  d e n s i t y  then  decreased,  T h i s  c r i t i c a l  d e n s i t y  

f o r  t h i s  p a r t i c u l a r  s o i l  w a s  i n  t h e  order  of 95% of t h a t  

achieved by t h e  modified AASHO Compactfve E f f o r t ,  I n  inor-  

ganic  s i l t y  s o i l s ,  i c e  seg rega t ion  i n c r e a s e s  up t o  100 per- 

c e n t  AASHO Modified d e n s i t y ,  Uniformly graded f r o s t  suscep- 

t i b l e  sands a r e  l i t t l e  a f f e c t e d  by v a r i a t i o n s  i n  degree of 

compaction. 

The Corps of Engineers  conducted ex tens ive  inves- 

t i g a t i o n s  on t h e  in f luence  of i n i t i a l  d e n s i t y  on f r o s t  heave 

(Line11 and Kaplar,  1959) .  Many d i f f e r e n t  s o i l  types  from a 



c l a y  t o  sandy g r a v e l s  were u s e d ,  The r e s u l t s  showed den- 

s i t y  t o  produce a q u i t e  responsive and v a r i a b l e  e f f e c t  on 

heave depending on t h e  s o i l  type,  With t h e  absence of 

experimental  d a t a ,  it i s  riot r lecessar i ly  obvious whether 

a n  i n c r e a s e  i n  d e n s i t y  i n  a s o i l  should r e s u l t  i n  a n  

i n c r e a s e  o r  a decrease I n  the  r a t e  of f r o s t  heave, o r  t h a t  

s o i l s  of similar g r a d a t i o n  c h a r a c t e r i s t i c s  w i l l  show s i m i -  

lar t r e n d s  of r a t e  of heave ve r sus  d r y  u n i t  weight, 

2.2.D Moisture Content 

S o i l  mois ture  i s  a dumlnatfng i a f luence  i n  d e t e r -  

mining t h e  magnitude of f r e e z l n g  and thawing e f f e c t s .  The 

mois ture  conten t  of s o i l  a t  t h e  l.)eginnfng of f r e e z i n g  l a r g e l y  

determines  t h e  amount of :;eg~.egated foe  and t h e  heaving of 

t h e  s o i l  on f r e e z i n g  (Johnson and Lovei l ,  1953). The in- 

c r e a s e  i n  moisture  conten t  and. change i n  d i s t r i b u t i o n  of 

mois ture  i n  the  s o i l  i n  a d d i t i o n  t o  changes i n  d e n s i t y  and 

s o i l  s t r u c t u r e  a f t e r  i c e  s e ~ r e g a t l o n  determine t h e  amount 

of r e d u c t i o n  i n  load ca r ry ing  c a p a c i t y  a f t e r  thaw. 

The inc rease  i n  moisture  con ten t  i n  a s o i l  dur ing 

f r e e z i n g  i s  dependent on the  initial moisture  conten t .  The 

h ighe r  t h e  i n i t i a l  degrea of ~ x i t u r a t i o n ,  t he  g r e a t e r  t h e  

heave and r educ t ion  i n  load ca r ry ing  capac i ty  on thawing. 

The magnitude of t h e  initial degree of s a t u r a t i o n  

necessary  t o  cause i c e  segrep;,;ation and reduct ion  i n  load 



c a r r y i n g  capac i ty  d i f f e r s  wi th  s a i l  type ,  water a v a i l a b i l i t y .  

and c l i m a t i c  in f luences ,  Meager d a t a  show no d e t r i m e n t a l  

f r o s t  a c t i o n  i f  t h e  i n i t f a l  mois ture  con ten t  i s  l e s s  than  

65 pe rcen t  of t h a t  r e q u f r e a  f o r  s a t u r a t i o n  (Johnson and 

Lovel l ,  1953).  From a survey of subgrade and base moisture  

c o n t e n t s  beneath paved runways and highways, t h e  normal 

moisture  con ten t s  ranged from 50 pe rcen t  s a t u r a t i o n  f o r  

coa r se  gra ined  g r a v e l l y  and sandy s o i l s  t o  a lmost  100 per- 

cen t  f o r  f i n e  gra ined  s i l t y  and clayey s o i l s  (Kers ten ,  1944. 

1945) . 
Closed system tests  by t h e  Corps of Engineers  

(Line11 and Kaplar,  1959) i n d i c a t e d  t h a t  a r educ t ion  i n  de- 

g ree  of s a t u r a t i o n  t o  t h e  o rde r  of 70 percent  does no t  el im- 

i n a t e  i c e  segrega t ion  and heave but  does reduce it substan- 

t i a l l y ,  

2.2.E Pressure  a t  F r o s t  L i n e  

Pressure  a t  the  f r o s t  l f n e  i s  made up of two com- 

ponents ,  t h e  e x t e r n a l  l oad  and c a p i l l a r y  p res su re ,  The 

c a p i l l a r y  p res su re  i s  nega t ive  and a c t s  i n  such a way t h a t  

it t ends  t o  compress t h e  s o l l ,  The e x t e r n a l  load c o n s i s t s  

o f  t h e  weight of overburden m a t e r i a l  above t h e  f r o s t  l i n e .  

Beskow (1935) concluded from h i s  experimental  work 

t h a t  t h e  r a t e  of f r o s t  heaving f o r  a g iven  s o i l  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  square  of t h e  p res su re  a t  t h e  f r o s t  l i n e .  



Surcharge loads  in f luence  t h e  e x t e n t  of heaving 

with a n  inc rease  i n  load caus ing  a decrease  i n  amount of 

heave, The e f f e c t  of surcharge on reducing heave v a r i e s  

with  s o i l  type,  Taber (1930) found t h a t  a r e l a t i v e l y  

small load  which prevented heaving i n  a c o a r s e r  t e x t u r e d  

s o i l  d i d  not  g r e a t l y  e f f e c t  t h e  heaving of c l a y  s o i l s .  

2.2,F S t r u c t u r e  

S t r u c t u r e ,  as i t  p e r t a f n s  t o  f r o s t  a c t i o n ,  n o t  

only inc ludes  a n  arrangement of s o i l  p a r t i c l e s  i n t o  forms 

as blocky, p r i sma t i c ,  e t c .  b u t  inc ludes  l a r g e  i r r e g u l a r  

masses of d i f f e r e n t  s o i l  hor izons ,  

S t r u c t u r e  i n  c layey  s o i l s  may be ev ident  i n  t h e  

form of f i s s u r e s ,  Such f i s s u r e s  provide channels f o r  t h e  

i n g r e s s  of f r e e  water i n t o  t h e  s o i l  mass and hence a i d  

apprec iab ly  i n  i n t e n s i f y i n g  f r o s t  a c t i o n .  

Non uniformity i n  s t r u c t u r e  may a l s o  in f luence  

t h e  amount of heave, Small v a r i a t i o n s  i n  average g r a i n  

s i z e  o r  i n  grading may cause l a r g e  d i f f e r e n c e s  i n  pore vol-  

ume and can inf luence  t h e  water  conten t  before  f r eez ing .  

The r e l a t i v e  d i f f e r e n c e s  i n  pore s i z e s  may inf luence  t h e  

r a t e  of water  movement t o  t h e  f r e e z i n g  zone and thus  r e s u l t  

i n  d i f f e r e n t i a l  heave, The occurrence of t h i n  l a y e r s  of 

s i l t  o r  c l a y  i n  the  order  of one t o  two mi l l ime te r s  i n  

a sand mass, t e x t u r a l  d i f f e r e n c e s  from one s o i l  hor izon t o  



a n o t h e r ,  pockets of sand, s i l t  o r  c l a y ,  c o n t a c t  boundar- 

i e s  between d e p o s i t s  of d i f f e r e n t  t e x t u r e  o r  p o r o s i t y  a r e  

examples where s o i l  s t r u c t u r e  r e s u l t s  i n  d i f f e r e n t i a l  

heave. The occurrence of ledge ,  boulders ,  and stumps i n  

o r  near  t h e  f rozen  zone have been noted t o  produce l o c a l  

and o f t e n  in t ense  f r o s t  a c t i o n  (Johnson and Love11 1953) .  

S t r a t i f i c a t i o n  and lamina t ion  i n  s o i l s  has  been noted t o  

produce h igh  heaves. F i n e l y  laminated s o i l s  can be made 

many t imes more f r o s t  heaving than  a corresponding homo- 

geneous s o i l ,  This  i s  e s p e c i a l l y  t r u e  f o r  t h e  f i n e r  

g ra ined  sediments. The i n c r e a s e  i n  heave was  found t o  be 

g r e a t e r  wi th  a decrease  i n  t h e  th i ckness  of t h e  lamina- 

t i o n s  (Beskow, 1935).  

A few i n v e s t i g a t o r s  have c o r r e l a t e d  f r o s t  heaving 

wi th  pedological  s o i l  type.  Some have noted s o i l  s e r i e s  

which a r e  s u s c e p t i b l e  t o  f r o s t  a c t i o n .  Other i n v e s t i g a t o r s  

have c o r r e l a t e d  t h e  occurrence of f r o s t  heaves according t o  

geo log ic  land forms. Burton and Benkleman (1930) made a 

d e t a i l e d  s tudy of 156 heaved a r e a s  i n  Michigan. They found 

t h a t  65 percent  of heaves occurred i n  moraines. 15 percent  

i n  shal low outurash, 12  percent  i n  till p l a i n  and 8 percent  

i n  l a k e  bed and deep outwash. 

2.2.G Climate 

Climate i s  ano the r  f a c t o r  of cons iderable  import- 

ance  i n  in f luenc ing  t h e  n a t u r e  s f  f r o s t  a c t i o n  and r educ t ion  



in bearing capacity following thaw. The significant elem- 

ents of climate in order of relative importance in their 

influence are temperature, precipitation and humidity, 

sunshine and wind. 

Several investigators have found a relationship 

between climate, magnitude of heave and depth of frost pene- 

tration by expressing temperature and time in terms of degree- 

days or degree-hours (Johnson, 1952). The cumulative curve 

of degree-hours of freezing against time provides a quali- 

tative measure of the increase in heave with time. The extent 

of damage resulting from frost action 1s usually associated 

with a fairly long cold period provided the moisture condi- 

tions in the soil are adequate. 

The increase fn the depth of frost penetration 

results in the frost line approaching the water table hence 

providing easier access of water to the freezing zone, In 

this way greater heaves are often associated wfth deeper 

depths of frost penetration, 

The rate of freezing is controlled to a large ex- 

tent by climate and temperature, Beskow (1935) concluded 

that the rate of frost heaving is, for practical purposes, 

independent of the rate of freezing. Rate of freezing, how- 

ever, effects the distribution of water and consequently the 

bearing capacity of a soil on thawing. A slow rate of freez- 

ing, associated wfth slowly dropping average ground surface 
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t empera tures  r e s u l t s  i n  t h i c k e r ,  more concen t r a t ed  i c e  seg- 

r e g a t i o n  than  a r a p i d  r a t e  of f r e e z i n g ,  On thawing, t h e  

concen t r a t ed  i c e  l e n s  r e s u l t s  i n  a h i g h e r  mois ture  con ten t  

i n  a l e s s e r  t h i c k n e s s  of s o i l  and t h u s  a more u n s t a b l e  con- 

d i t i o n .  

The number of f r e e z e  thaw c y c l e s  i s  l a r g e l y  con- 

t r o l l e d  by s u r f a c e  temperatures .  There i s  complete agree-  

ment t h a t  f r o s t  a c t i o n  i s  more seve re  w i th  a g r e a t e r  i n c r e a s e  

i n  mois ture  con ten t  r e s u l t i n g  from s e v e r a l  c y c l e s  of f r eez -  

i ng  and thawing, The e f f e c t s  of r e f r e e z e  a f t e r  a thaw a r e  

a c c e n t u a t e d  because t h e  first f r e e z e  l e a v e s  t h e  s o i l  i n  a 

more expanded and a n  inc reased  mois ture  cond i t i on .  

Many c a s e s  a r e  c i t e d  by Johnson (1952) i n  which t h e  

most severe  sp r ing  breakup i n  roads  w a s  a s s o c i a t e d  wi th  h igh  

p r e o i p i t a t i o n  t h e  p rev ious  f a l l ,  R a i n f a l l  e x e r t s  a s t r o n g  

i n f l u e n c e  on t h e  q u a n t i t y  of mois ture  i n  t h e  s o i l  and t h u s  

t h e  amount of heave when f rozen .  Another f a c t o r  a s s o c i a t e d  

wi th  r a i n  water  p e r c o l a t i o n  i n  s o i l  i s  t h e  i n f l u e n c e  of t h e  

h e a t  i t  c a r r i e s  and i t s  e f f e c t  on c o n d u c t i v i t y  and d i f f u s i -  

v i t y  due t o  t h e  change i n  mois ture  c o n t e n t  of t h e  s o i l .  

I n s o l a t i o n  i n f l u e n c e s  s o i l  t empera tures ;  f o r  i n -  

s t a n c e ,  under a b lack  a s p h a l t  s u r f a c e  t h e  s o i l  t empera tures  

a r e  h i g h e r  due t o  a b s o r p t i o n  of s o l a r  r a d i a t i o n .  F r o s t  pene- 

t r a t i o n  under n o r t h e r n  exposures  i s  deeper  due t o  t h i s  



23 

inso la t ion  e f f ec t .  Another important c l imat ic  f a c t o r  which 

e f f e c t s  ground temperatures i s  snow cover. A t h i ck  blanket 

of f r e s h  snow a c t s  a s  an Insu la t ion  blanket which slows the  

conductivi ty of heat  from the  ground and d e t e r s  the  f r o s t  

l i n e  from penetrat ing down with decreased a i r  temperatures. 

2.3 Summarx 

The o ldes t  concept of f r o s t  heaving suggested i ce  

segregat ion w a s  due t o  the  expansion of water as it f reezes .  

Subsequent work by Taber and Beskow showed experimentally 

t h a t  i c e  segregation occurs i n  a s o i l  mass and the  i c e  len- 

s e s  so  formed a r e  responsible f o r  the  heaving. 

Taber hypothesised t h a t  a molecule of water drawn 

from the  adsorbed water f i l m  around the  s o i l  p a r t i c l e  t o  

form the  i c e  lens  w a s  replaced by a water molecule drawn 

from an adjacent  water source. It was shown t h a t  pore s i ze  

and permeabili ty of the  s o i l  mass exerted a considerable 

inf luence  on Ice segregation. The more recent  work of Pen- 

n e r  and Martin was reviewed b r i e f ly .  

Consideration was given t o  seven f a c t o r s  t h a t  have 

a n  important influence on the  f r o s t  heaving phenomena. I n  

o rder  of presenta t ion these a r e  g ra in  s i z e  and gradat ion,  

mineral  type, densi ty ,  moisture content ,  pressure a t  the  

f r o s t  l i n e ,  s t ruc tu re  and climate.  Normally the  various 

f a c t o r s  a c t  simultaneously and the  evaluat ion of t h e i r  
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individual  e f f e c t s  i s  d i f f i c u l t .  F ros t  a c t i on  can occur only 

when the  s o i l  type. the  associa ted  water condit ions and the  

temperatures a r e  favorable f o r  a s u f f i c i e n t  length  of time. 



CHAPTER I11 

FIELD INVESTIGATION 

3.1 General 

A subsurface investigation was carried out during 

the spring and summer of 1965 on a number of the differen- 

tially heaved locations on the Canadian National Railroad. 

The first investigation was conducted in mid April just 

prior to ground thaw in order to observe the ice formation 

in a lump.* During the summer a more detailed subsurface 

exploration was carried out in order to determine some of 

the possible reasons for the differential heaving. At Mile 

202, in the Wainwright subdivision in Alberta, a series of 

analyses were conducted on block samples from one lump and 

one dip." supplemented with auger borings in four addition- 

al differentially heaved locations. Finally an extensive 

subsurface exploration by means of auger borings was con- 

ducted in the Telkwa Subdivision in British Columbia. 

3.2 Investigation at Camrose 

This investigation was conducted on April 15, 1965, 

at the time of maximum heave just before thaw of the ground 

at a site located on the southern outskirts of the town of 

"Refer to "Explanation of Termsn 

2 5 



Camrose. Alber ta .  T e s t  ho le s ,  twenty-four inches  i n  diame- 

t e r ,  were bored by means of a d i s c  auger  i n  t h e  c e n t r e  of t h e  

r a i l r o a d  bed, one ho le  loca ted  i n  t h e  c e n t r e  of a two t o  

t h r e e  inch lump, and a second ho le  on a nearby s t r e t c h  of 

l e v e l  t r a c k  with  no d i f f e r e n t i a l  heave. The l a r g e  diameter  

was chosen i n  order  t h a t  a n  observer  could descend below t h e  

s u r f a c e  and note  any i c e  format ion i n  t h e  f r o z e n  zone. 

The i n v e s t i g a t i o n  r evea led  no d i s t i n c t  i c e  l e n s  

format ion i n  t h e  walls of t h e  t e s t  hole ,  I n  t h e  c e n t r e  of 

t h e  lump. a few pa tches  of i c e  were noted which formed i n  

d i s c o n t i n u i t i e s  i n  t h e  s o i l .  Minute c r y s t a l s  of i c e  were 

a l s o  noted by observing t h e  r e f l e c t i o n  of l i g h t  from p ieces  

of f rozen  s o i l  held i n  t h e  sun l igh t .  The f rozen  s o i l  had a 

s t r u c t u r e  c o n s i s t i n g  of very  f i n e ,  s h o r t ,  h a i r l i n e  p a r t i -  

t i o n s  which could be noted i n  p i eces  of t h e  s o i l  when broken 

a p a r t .  I n  t h e  test ho le  on t h e  l e v e l  t r a c k  i c e  was n o t  obser- 

ved. The f rozen  s o i l  from t h i s  l o c a t i o n  d i d  no t  r e v e a l  t h e  

s t r u c t u r e  noted from t h e  heaved s i t e .  

FIGURE 3.1 is a l o g  of t h e  two t e s t  h o l e s  d r i l l e d  

a t  Camrose. The mois ture  con ten t  d a t a  r e v e a l s  t h a t  t h e  

water  con ten t  i n  the f r o z e n  zone i n  t h e  c e n t r e  of t h e  lump, 

test ho le  IS*, was h ighe r  t h a n  i n  t h e  unfrozen zone below 

t h e  f r o s t  l i n e .  A s tudy  of t h e  hole  l o g  shows t h e  moisture  

c o n t e n t  i n  t h e  f r o z e n  zone t o  be 21.1$. Approximately one 

f o o t  above t h e  f r o s t  l i n e  t h e  moisture con ten t  increased  t o  
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27.8% and two and one h a l f  f e e t  above the  f r o s t  Pine t h e  

moisture  conten t  w a s  36.5%. The i n c r e a s e  from 27.8% t o  

36.5% may be p a r t l y  due t o  t h e  increased  organic  con ten t  

of t h e  s o i l .  

Tes t  hole  I T t  on l e v e l  t r a c k  d i d  n o t  show a n  in- 

c r e a s e  i n  moisture  con ten t  i n  t h e  f rozen  zone. 

The r e s u l t s  of t h i s  pre l iminary  f i e l d  inves t iga -  

t i o n  and t h e  a s s o c i a t e d  l a b o r a t o r y  t e s t i n g  i n d i c a t e  t h a t  

t h e r e  was moisture  mig ra t ion  t o  t h e  f r o s t  l i n e  and t h a t  

i c e  segrega t ion  d i d  occur. The i c e  seg rega t ion  was d i s -  

cont inuous and took t h e  form of s m a l l  g r anu la r  masses. 

3.3 Block Sample Analysis  

One 1* inch  lump and 14 inch  d i p  a t  mi le  202 i n  

t h e  Wainwright Subdiv is ion  (approximately 60 mi l e s  south- 

e a s t  of Edmonton) were analysed i n  d e t a i l  f o r  s o i l  proper- 

t i e s .  Tes t  p i t s  were excavated both i n  the  c e n t r e  and of f  

t h e  lump and dip.  Block samples were obtained from t h e  

tes t  p i t s .  These samples were analysed i n  t h e  l a b o r a t o r y  

f o r  moisture  con ten t ,  A t t e rbe rg  Limi ts ,  degree of s a tu ra -  

t i o n ,  d e n s i t y  and void r a t i o .  The d e t a i l e d  procedure of 

t h e  block sampling and l a b o r a t o r y  a n a l y s i s  i s  given i n  

Appendix A. The l o g s  f o r  t he  t e s t  p i t s  a r e  shown on 

FIGURE 3.2. 

FIGURE 3.3 shows t h e  r e s u l t s  of t h e  l abora to ry  
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a n a l y s i s  f o r  t h e  block samples obtained from t h e  t e s t  p i t s  

i n  t h e  c e n t r e  and o f f  t h e  lump. 

The At te rberg  Limi ts  show a l e s s  p l a s t i c  s o i l  i n  

t h e  c e n t r e  of t h e  lump ( p l a s t i c i t y  i n d i c e s  of 4.6% and 8.8% 

a t  3'-10" and 51-4" r e s p e c t i v e l y )  than o f f  t h e  lump ( p l a s -  

t i c i t y  i n d i c e s  of 13.8% and 12.3% a t  31-6" and 5 ' -0") .  S o i l s  

with  a lower p l a s t i c i t y  a r e ,  i n  g e n e r a l ,  more permeable. T h i s  

g r e a t e r  permeabi l i ty  would r e s u l t  i n  a h ighe r  r a t e  of mois ture  

migra t ion  t o  the  f r o s t  l i n e  and hence more i c e  segrega t ion  

which i n  t u r n  would r e s u l t  i n  more heave a t  the  sur face .  

Therefore ,  a t  t h i s  s i te ,  t h e  f r o s t  heaving can be explained 

by t h e  d i f f e r e n c e  i n  s o i l  type as evidenced by t h e  d i f f e r -  

ence i n  p l a s t i c i t y .  

I n  a d d i t i o n  t o  the  p l a s t i c i t y  d i f f e r e n c e s ,  t he  

curves  f o r  dry d e n s i t y  and void  r a t i o  show a n  o v e r a l l  lower 

d e n s i t y  and h igher  vo id  r a t i o  i n  t h e  c e n t r e  of t h e  lump, 

Genera l ly ,  one would expec t  a h ighe r  d e n s i t y  t o  be assoc ia-  

t e d  with  the  lower p l a s t i c  ma te r i a l .  Th i s  t r e n d ,  however, 

i s  reve r sed  when t h e  d a t a  of FIGURE 3.3 a r e  compared. A 

s o i l  wi th  a lower d e n s i t y  o r  h ighe r  void r a t i o  has  a h ighe r  

permeabi l i ty .  Again, a h ighe r  permeabi l i ty  would permit  

f a s t e r  migra t ion  of water  t o  a f r o s t  l i n e ,  and t h u s  t h e  den- 

s i t y  and void r a t i o  a r e  ano the r  f a c t o r  which con t r ibu ted  t o  

more heave i n  t h e  c e n t r e  of t h i s  lump. Fur the r  considera-  

t i o n s  concerning t h e  e f f e c t s  of d e n s i t y  on f r o s t  heaving are 



presented in the portion of this thesis dealing with the 

laboratory investigations. 

Hamilton (1964) conducted closed system freezing 

tests on remolded clay specimens. The results showed that 

expansion or shrinkage can occur depending on the degree of 

saturation. A high degree of saturation resulted in expan- 

sion and a low degree of saturation resulted in contraction. 

The intermediate point at which no volume change occurred 

was at a degree of saturation of approximately 90%. It was 

felt that some of the lumps and dips could be explained by 

a variation in degree of saturation, with the dips having 

a lower degree of saturation in the centre than adjacent 

areas. The reverse would be the case for the lumps. 

From FIGURE 3.3, the centre of the lump had a 

lower degree of saturation than the soil off the lump. 

This condition is contrary to Hamiltonts postulate as 

previously noted. In order to resolve this apparent anom- 

aly, the following reasoning is suggested, Since the water 

table was approximately 6 feet below the top of the ties 

it was close enough for moisture migration to the frost 

line to have occurred, that is, the field condition in this 

particular instance is not duplicated by a closed system 

laboratory test. Hamilton's results are, therefore, con- 

sidered not to be applicable in this case. 

According to Johnson (L952), the degree to which 



a subgrade soil or base coarse is saturated depends on the 

texture and composition of the soil, the nature of the sub- 

grade soil profile, the density and the climatic conditions 

including seasonal effects. These items need to be taken 

into consideration to evaluate the frost susceptibility of 

any soil for any given locality. 

It is felt that little reliance can be placed on 

moisture content and degree of saturation data obtained dur- 

ing the summer in analysing its effect on frost action. Rail- 

roads contain a porous ballast below the ties, through which 

rain can easily permeate down to the subgrade soil. Also, 

most of the existing railroad subgrades which were construc- 

ted many years ago are lower in the centre than at the 

shoulders due to the repeated loading and to subsidence. 

Some of the moisture permeating downward through the ballast 

is trapped by this concave upward surface resulting in a 

high degree of saturation in the subgrade. The moisture 

contents and degree of saturation at the time of sampling 

could thus vary considerably, depending on the length of 

time since precipitation occurred. It is suggested that a 

more appropriate time to obtain moisture content would be 

after a few inches of frost penetration had occurred which 

would prevent further moisture movement downward and upward 

moisture movement due to evaporation. 

In FIGURE 3.4 are shown the results of the 
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laboratory analysis on the block samples from a 1$ inch 

dip located at mile 202 in the Wainwright subdivision, pole 

number 2266.9. The Atterberg Limits did not show a more 

plastic soil in the centre of the dip. The only reason 

for differential heave is indicated by the dry density and 

void ratio curves. A substantially higher density or lower 

void ratio is shown below the five foot depth in the centre 

of the dip. The difference between the centre and off the 

dip increases with depth. A higher density in the centre 

of the dip would result in a lower rate of migration of 

moisture to the frost line due to a lower permeability of 

the soil. This would result in less ice segregation and 

therefore less heave in the centre of the dip. 

The moisture content and degree of saturation data 

is of little value in analysing the effect on heave for 

similar reasons as previously noted in analysing the data 

for the lump. 

3 . 4  AuRer Borings 

3 . 4 . ~  General 

At mile 202, IJainwright Subdivision, four addition- 

al differentially heaved locations were investigated by auger 

borings. This data. together with the results of the pre- 

viously discussed block sampling analysis from the lump. 

indicated that a difference in soil type is an important 

factor in causing differential heave. With the indication 



that a difference in soil type is a predominant reason for 

differential heave, further subsurface exploration by means 

of auger borings was carried out in the Telkwa Subdivision 

to substantiate this. The Telkwa Subdivision is located in 

British Columbia, approximately 150 miles west of Prince 

George, between the towns of Endako and Smithers. and 

includes approximately 120 miles of track. This subdivision, 

in the experience of the CNR. requires the highest amount of 

shimming in Canada. 

The data from the auger borings is presented in the 

form of test hole logs. Some of the visual analyses of the 

soil types are supplemented by laboratory analyses which con- 

sist of liquid and plastic limits, and washed sieve analysis. 

The test holes on FIGURES 3.5 and 3.6 were located at mile 

202 in the Wainwright Subdivision. The remaining test holes 

were located in the Telkwa Subdivision. The height noted for 

each differential heaved location is the maximum height of 

shims installed as logged in the spring of 1965. In the 

Telkwa Subdivision, the location of the test holes is noted 

by pole numbers. One pole length is approximately 140 feet. 

The general procedure in this field study was to 

auger a test hole in the centre of the lump or dip and a 

companion hole off the lump or dip. The following para- 

graphs compare the results of seps of bles and attempt to 

determine the reason for the differential heave at each site 



i n v e s t i g a t e d ,  

3.4.B Tes t  Holes and s Q t  (FIGURE 3.5) 

The c e n t r e  of t h i s  l$ inch  lump, t e s t  ho le  'P I ,  

c o n t a i n s  a low p l a s t i c  c layey  s i l t  till subgrade which must 

be more f r o s t  s u s c e p t i b l e  than  t h e  sandy s o i l  below t h e  

3'-3" depth  i n  t e s t  h o l e  9 Q '  o f f  t he  lump. The s i e v e  analy- 

s is  a t  a depth  of 59-2" i n  t e s t  ho le  ' & I .  shows 31.5 per- 

c e n t  passing No. 200 s i e v e  and t h e  At t e rbe rg  Limits  show 

t h e  so11 t o  be non p l a s t i c .  Th i s  combination sugges ts  t h a t ,  

under normal cond i t ions  t h i s  s o i l  should be f r o s t  suscept-  

i b l e .  It i s  noted t h a t  a t  5 1 - 9 n  t he  t e x t u r e  changes abrupt-  

l y  t o  a c l e a n  uniformly graded medium sand. Th i s  uniform 

sand may a c t  as a c a p i l l a r y  c u t o f f  l a y e r  above t h e  water  

t a b l e  and prevent  o r  d e t e r  mois ture  migra t ion  t o  t h e  f r o s t  

l i n e .  

3.4.C Tes t  Holes 1 R f  and 'St (FIGURE 3.5) 

The c e n t r e  of t h i s  1& inch  d i p  c o n t a i n s  a medium 

t e x t u r e d  sand a t  31-2" which becomes c o a r s e r  with  depth.  

T h i s  sand i s  less f r o s t  s u s c e p t i b l e  than  t h e  c layey s i l t -  

till i n  t e s t  hole  $So o f f  t h e  d i p  and thus  would r e s u l t  i n  

l i t t l e  o r  no moisture  migra t ion  t o  t h e  f r o s t  l i n e ,  r e s u l t -  

i n g  i n  l e s s  o r  no heave i n  t h e  c e n t r e  of t h i s  d ip .  The f r e e  

water  l e v e l  i s  approximately lt-311 h igher  i n  t h e  auger  ho le  

o f f  t h e  d i p ,  which would be ano the r  f a c t o r  c o n t r i b u t i n g  t o  

more heave. 





3.4.D Tes t  Holes WK' and PLr (FIGURE 3.6) 

T e s t  hole  ' L ' ,  l oca ted  i n  the  c e n t r e  of a 1 inch  

lump, con ta ins  a low p l a s t i c  c layey  s i l t - t i l l  below the  

f i l l .  Tes t  ho le  ' K '  ha s  a l a y e r  of f i n e  t o  medium sand 

wi th  some s i l t  from 21-9" t o  59-2". A descending f r o s t  

l i n e  would draw moisture  a t  a d i f f e r e n t  rate  i n  the  d i f f e r -  

e n t  s o i l  t ypes ,  r e s u l t i n g  i n  more heave a t  t e s t  ho le  'L ' .  

3.4.E Tes t  Holes s M s  and 'N' (FIGURE 3.6) 

Very l i t t l e  d i f f e r e n c e  i n  s o i l  type i s  shown by 

t h e s e  two t e s t  h o l e s  on c e n t r e  and o f f  a 1 inch  d ip .  The 

t e s t  ho le  i n  t h e  c e n t r e  of t h e  d i p  has  a s l i g h t l y  l e s s  

p l a s t i c  s o i l ,  however, t h e  d i f f e r e n c e  i s  very small. The 

r eason  f o r  d i f f e r e n t i a l  heave a t  t h i s  l o c a t i o n  i s  a f a c t o r  

o t h e r  than  a d i f f e r e n c e  i n  s o i l  type. From t h e  f i e l d  d a t a  

a v a i l a b l e  f u r t h e r  r easons  f o r  t h i s  d i f f e r e n t i a l  heaving 

cannot be spec i f i ed .  

3 . 4 . ~  Tes t  Holes 1 and 2 (FIGURE 3.7) Telkwa Subdivis ion 

Th i s  p o r t i o n  of t r a c k  is l o c a t e d  i n  a c u t  10 f e e t  

deep,  and i n  t h i s  i n s t a n c e  has  poor dra inage  and a high 

water  t a b l e .  The d i f f e r e n t i a l  heave a t  t h i s  l o c a t i o n  was 

logged as a slope-off  b u t  i t  was no t  noted i n  which a r e a  

t h e  h ighe r  heave occurred.  The two t e s t  ho le s  show a 

marked d i f f e r e n c e  i n  s o i l  type  hence a descending f r o s t  

l i n e  would r e s u l t  i n  a d i f f e r e n t  r a t e  of i c e  segrega t ion ,  

and t h u s  r e s u l t  i n  a d i f f e r e n t i a l  heave. 
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3.4,G T e s t  Holes 4 and 5 (FIGURE 3 ,7 )  

The reason  f o r  t h e  d i f f e r e n t i a l  heave at  t h i s  

l o c a t i o n  i s  no t  apparent .  The c e n t r e  of t h e  lump con ta ins  

a l e s s e r  th ickness  of g r a v e l  which i s  a f a c t o r  t h a t  may con- 

t r i b u t e  t o  h igher  heave. On t h e  o t h e r  hand, t h e  c l a y  loca- 

t e d  below t h e  g r a v e l  i s  more p l a s t i c  and one would a n t i c i -  

pa te  a slower rate of moisture  migra t ion  t o  t h e  f r o s t  l i n e  

and thus  one would a n t i c i p a t e  a d i p  i n s t e a d  of t h e  lump t h a t  

i n  f a c t  occurred.  Some f r e e  water was encountered a t  t h e  

bottom of t h e  p i t  run  g r a v e l  i n  t e s t  ho le  5. T h i s  i s  most 

l i k e l y  water which w a s  t rapped above t h e  c lay .  One would 

expect  t h i s  t rapped water  t o  s a t u r a t e  t h e  c l a y  beneath and 

provide moisture  c o n d i t i o n s  conducive t o  h igher  heave. T h i s  

a r e a  w a s  approximately 30 f e e t  south of t h e  ed@e of a slough 

i n  which t h e  water l e v e l  was 4g-8tr below t o p  of t i e s ,  i nd i -  

c a t i n g  undes i rab le  water cond i t ions  a r e  present .  

F r o s t  s t u d i e s  by Minnesota Highway Department 

showed t h a t  cohesive subgrades seldom develop d e t r i m e n t a l  

heaving (Fordyce,  1963).  The reason  f o r  h ighe r  heave a t  

t e s t  ho le  4 may be due t o  a f i s s u r e d  s t r u c t u r e  d e s p i t e  t h e  

f a c t  t h a t  t h e  s o i l  i s  a dense,  h ighly  p l a s t i c  c lay .  Whether 

a f i s s u r e d  s t r u c t u r e  w a s  p re sen t  was no t  determined i n  t h i s  

i n v e s t i g a t i o n  due t o  method of augering.  

3.4.H T e s t  Holes 6 and 7 (FIGURE 3.8) 

Tes t  ho le  6 ,  l o c a t e d  i n  the  c e n t r e  of a 3.5 inch 
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d i p ,  has a more p l a s t i c ,  dense c l ay  which would permit  l e s s  

moisture  migrat ion t o  a f r o s t  l i n e  due t o  i t s  low permeabil- 

i t y ,  than t h e  more f r o s t  s u s c e p t i b l e .  l oose  c layey s i l t  i n  

t e s t  ho le  7. off t h e  d i p .  

3.4.1 T e s t  Holes 11 and 12  (FIGURE 3.8) 

The d i f f e r e n t i a l  heave a t  t h i s  l o c a t i o n  was a d i p  

on one r a i l  only, The t e s t  ho le s  showed a l a r g e  d i f f e r e n c e  

i n  s o i l  type ,  with a 3s-4n l a y e r  of c l a y  on one s i d e  of the  

t r a c k  and predominately g r a v e l  with s i l t  on the  o t h e r  s ide .  

The h igh ly  p l a s t i c  c l a y  r e s u l t e d  i n  l e s s  heave than  the  

g rave l .  

3.4.5 T e s t  Holes 13 and 14 (FIGURE 3.9) 

These t e s t  h o l e s  a r e  loca ted  on a s e c t i o n  of t r a c k  

which was t r e a t e d  wi th  calcium ch lo r ide  app l i ed  i n  g ranu la r  

form between t h e  t i e s  i n  t h e  f a l l  qf 1964, T e s t  ho le  1 3  i s  

on an a r e a  with  1 inch  l e s s  heave than  t e s t  ho le  14. The 

r eason  f o r  more heave a t  t e s t  ho le  1 4  i s  due t o  a h igher  con- 

t e n t  of f i n e s  I n  t h e  g r a v e l  below 2t-4tl. A wash s i eve  analy-  

s ts  r e s u l t e d  i n  38.6 peroent  passing No. 200 s i e v e  a t  t e s t  

h o l e  14 compared with  25.2 percent  a t  t e s t  ho le  13, I t  has  

been shown by t h e  Corps of Engineex+s (Line11 and Kaplar ,  

1959) t h a t  a n  inc rease  i n  t h e  r a t e  of heave r e s u l t s  from a n  

i n c r e a s e  i n  the  f i n e s  i n  a g r a v e l l y  s o i l .  

3 . 4 . ~  Test Boles 15 and 16 (FIGURE 3 ,9 )  

The reason f o r  l e s s  heave i n  t h e  oen t re  of t h i s  





1$ inch  d i p  i s  appa ren t ly  due t o  a 1'-4" coarse  sand t o  

f i n e  g r a v e l  l a y e r  a c t i n g  as a c a p i l l a r y  cut-off  above t h e  

water  t a b l e ,  as i n d i c a t e d  by a s tudy  of t e s t  ho le  15, 

3.4.L Tes t  Holes 19 and 20 (FIGURE 3.10) 

T e s t  ho le  19 i s  loca ted  i n  t h e  c e n t r e  of a 2 inch 

d ip .  The l o g  shows a much less f r o s t  s u s c e p t i b l e  coarse  

sand t o  f i n e  g r a v e l ,  and clayey s i l t  l a y e r s  i n  t h e  c e n t r e  

of t h e  d i p  compared wi th  a more f r o s t  s u s c e p t i b l e  s i l t  f o r  

t h e  same depth ,  o f f  t h e  d ip .  T h i s  l o c a t i o n  a l s o  has a high 

water l e v e l .  With a descending f r o s t  l ine ,  t h e  coarse  sand 

t o  f i n e  g r a v e l  and c layey  s i l t  would heave much l e s s  than  

t h e  s i l t ,  r e s u l t i n g  i n  a depress ion  a t  t e s t  hole  19. 

3.4.M Tes t  Holes 21 and 22 (FIGURE 3.10) 

Tes t  ho le  21 con ta ins  a h igh ly  f r o s t  s u s c e p t i b l e  

s i l t  i n  t h e  c e n t r e  of t h e  lump, below t h e  2f-41' depth.  Th i s  

s o i l  w i l l  obviously heave more t h a n  t h e  g r a v e l  i n  t e s t  ho le  

22, r e s u l t i n g  i n  a lump at  t e s t  ho le  21. 

3.4.N Tes t  Holes 32 and 33 (FIGURE 3.11) 

Tes t  ho le  32 i s  l o c a t e d  on t h e  h igh  p a r t  of a 

s lope-off  which r e q u i r e d  3 inch shims t o  l e v e l  o u t  t h e  

ab rup tness  of t h e  d i f f e r e n t i a l  heave. It i s  seen t h a t  i n  

test hole  32 t h e  s i l t y  s o i l  has  85.2 percent  pass No. 200 

s i e v e ,  compared with  17.5 pe rcen t  passing No. 200 s i e v e  i n  

t e s t  ho le  33. The s o i l  i n  t e s t  ho le  32 with  t h e  h igh  
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propor t ion  of f i n e s  i s  more f r o s t  s u s c e p t i b l e  and w i l l  

r e s u l t  i n  a h igher  heave. 

3.4.0 Tes t  Holes 34 and 35 (FIGURE 3.11) 

Tes t  ho le  34 i n  t h e  c e n t r e  of a 3 inch lump con- 

t a i n s  a l e s s  p l a s t i c  s i l t y  s o i l  ( p l a s t i c  index 3.0%) than  

t e s t  ho le  35 of f  t h e  lump wi th  a c l a y - s i l t  s o i l  ( p l a s t i c i t y  

index 10.8%). The l e s s  p l a s t i c  s i l t  i n  t h e  c e n t r e  of t h e  

lump would permit a f a s t e r  migra t ion  of water  t o  a f r o s t  

l i n e  due t o  i t s  lower permeabi l i ty ,  r e s u l t i n g  i n  more heave 

i n  t h e  c e n t r e  of t h e  lump. 

3.4.P Tes t  Holes 40 and 4 1  (FIGURE 3.12) 

Tes t  ho le  40, l o c a t e d  on t h e  c e n t r e  of t h e  lump 

c o n t a i n s  a l e s s  p l a s t i c  s i l t  and f i n e  sand with  s i l t  l a y e r  

which w i l l  permit  f a s t e r  migra t ion  of moisture  t o  a f r o s t  

l i n e  than  t h e  more p l a s t i c  c layey  s i l t  o f f  t h e  lump i n  t e s t  

ho le  41. 

3.4.Q Tes t  Holes 44 and 45 (FIGURE 3.12) 

The s o i l  t ypes  from these  two t e s t  ho le s  were used 

i n  t h e  l abora to ry  s tudy,  The f r o s t  room t e s t s  showed t h e  

non-p la s t i c  f i n e  sand and s i l t  i n  t h e  c e n t r e  of t h e  lump 

( t e s t  ho le  44) t o  heave more than the  s l i g h t l y  p l a s t i c  brown 

s i l t  o f f  t h e  lump ( t e s t  ho le  45) .  

3.4.R Tes t  Holes 23 t o  28 (FIGURE 3.13) 

A t  t h i s  l o c a t i o n  i s  a lump which r equ i red  4 inches  
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of shimming t o  l e v e l  t h e  ab rup tness  of t h e  d i f f e r e n t i a l  

heave. I t  i s  a n  a r e a  i n  which the  h i g h e s t  sh immix w a s  

logged i n  t h e  Telkwa Subdivis ion i n  t h e  s p r i n g  of 1965. The 

l o c a t i o n  of t h e  c e n t r e  of t h e  lump was no t  known with cer -  

t a i n t y  hence f i v e  t es t  ho le s  covering a d i s t a n c e  of 140 

f e e t  a long  the  t r a c k  were dug t o  o b t a i n  a s o i l  p r o f i l e .  The 

l o g s  i n d i c a t e  t h a t  t es t  ho le  26 i n  t h e  c e n t r e  of t he  a r e a  

has  a h ighe r  ground water  l e v e l  and t h e  most f r o s t  suscept-  

i b l e  s o i l ,  and one would expect  t h e  c e n t r e  of t h e  lump a t  

t h i s  l o c a t i o n .  I n  any even t ,  t h e  main reason  f o r  t h e  heave 

a t  t h i s  s i t e  would appear  t o  be due t o  t h e  high water t a b l e .  

3.4.S Tes t  Holes 46, 47 and 48 (FIGURE 3.14) 

These t e s t  h o l e s  a r e  loca ted  i n  a n  area of t h e  

t r a c k  t r e a t e d  with  chemicals i n  the  f a l l  of 1964. The t e s t  

a r e a  cons i s t ed  of a l t e r n a t e  35 f o o t  l e n g t h s  of t r e a t e d  and 

u n t r e a t e d  sec t ions .  The t e s t  ho le s  a r e  loca ted  i n  the  c e n t r e  

of t h r e e  un t r ea t ed  s e c t i o n s ,  Survey e l e v a t i o n s  were t aken  by 

CNR personnel  on t h e  t o p  of t i e s  t o  r eco rd  t h e  heave i n  t h e  

s p r i n g  j u s t  before  thaw. The heave i s  shown above each t e s t  

ho le  l o g  i n  FIGURE 3.14. T e s t  ho le  46 shows a c o n t r a c t i o n  

a f t e r  f r eez ing .  A decrease  i n  t h e  s u r f a c e  e l e v a t i o n  may n0.t; 

have a c t u a l l y  occurred because movement of t h e  bench mark w a s  

noted i n  t h e  survey no tes  from a t i e  t o  a similar bench mark 

a s h o r t  d i s t a n c e  away. However, t he  r e l a t i v e  heave between 

t h e  t h r e e  t e s t  ho le s  i s  accep tab le .  T e s t  hole  47 has a 
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d i f f e r e n t  s o i l  type than  t e s t  ho le s  46 and 48, and t h e  

d i f f e r e n c e  i n  heave i s  probably due t o  the  d i f f e r e n c e  i n  s o i l  

type.  Tes t  ho le s  46 and 48, however, have t h e  same s o i l  type 

and r e s u l t e d  i n  a r e l a t i v e  d i f f e r e n c e  i n  heave of 3 inches .  

From t h e  " f e e l "  of t h e  auger ,  t h e  s o i l  i n  t e s t  ho le  49 was 

much denser  than  t e s t  ho le  46. The d i f f e r e n c e  i n  heave i s  

probably due t o  t h e  d i f f e r e n c e  I n  dens i ty .  The Corps of 

Engineers  (Haley, 1953) showed t h a t  a n  inc rease  i n  d e n s i t y  

i n  a n  inorganic  s i l t y  s o i l  r e s u l t s  i n  a n  inc rease  i n  heave, 

A t  t h e  end of each auger  ho le  a s tone  was encount- 

e r e d ,  i n d i c a t i n g  t h e  presence of a g r a v e l  l aye r .  Approxima- 

t e l y  2000 f e e t  west of t h i s  l o c a t i o n  t h e r e  i s  a g r a v e l  p i t ,  

i n d i c a t i n g  t h a t  t h e  area i s  under l a in  by a g r a v e l  depos i t .  

The water level could n o t  be e s t a b l i s h e d  a t  t h e  t e s t  ho le s .  

I n  t h e  g rave l  p i t ,  t he  water level w a s  approximately 10 f e e t  

below t h e  t o p  of t h e  t i e s .  

3.4.T T e s t  Holes 8 ,  9 and 10 (FIGURE 3.14) 

Tes t  ho le  8 i s  loca ted  i n  t h e  c e n t r e  of a 16 inch  

lump and t e s t  h o l e s  9  and 10 a r e  l o c a t e d  o f f  t h e  lump, on 

e i t h e r  s ide .  The t h r e e  t e s t  ho le s  shows a n e g l i g i b l e  d i f f e r -  

ence i n  s o i l  type and water l e v e l ,  and t h e  reason f o r  d i f f e r -  

e n t i a l  heave i s  no t  due t o  these  two f a c t o r s .  A t  t he  3.5 t o  

4 f o o t  depth.  t h e  percent  passing t h e  No. 200 s i e v e  was 

70.5%. 66.6% and 69.9% f o r  t e s t  ho le s  8 t o  10 r e s p e c t i v e l y .  

The reason  f o r  d i f f e r e n t i a l  heave i s  some o t h e r  f a c t o r  than  



a d i f f e r e n c e  i n  s o i l  type o r  depth t o  water  t a b l e  a t  t h i s  

l o c a t i o n .  

3.4.U Tes t  Holes 30 and 4 1  (FIGURE 3.15) 

Te,st ho le  30 i s  l o c a t e d  i n  t h e  c e n t r e  and t e s t  

ho le  31 o f f  a 3 inch  lump. There w a s  no apparent  d i f f e r e n c e  

i n  s o i l  type i n  t h e  two t e s t  ho les .  The p l a s t i c i t y  index i s  

4.4 percent  and 4.3 percent  r e s p e c t i v e l y  a t  t h e  4.5 f o o t  

depth.  The s o i l  type  i s  a h i g h l y  f r o s t  s u s c e p t i b l e  s i l t .  

Except a t  t h e  2.5 f o o t  depth,  t h e  moisture  con ten t  d i f f e r -  

ence w a s  wi th in  1.5 percent  a t  equal  depths  i n  t h e  two tes t  

holes .  The t e s t  h o l e s  extended t o  9 f e e t  and no water w a s  

encountered wi th in  t h i s  depth  a t  t h a t  t ime of t h e  year.  

The d i f f e r e n t i a l  heave at  t h i s  l o c a t i o n  i s  due t o  some 

f a c t o r  o t h e r  than  a d i f f e r e n c e  i n  s o i l  type.  

3.4.V T e s t  Holes 42 and 43 (FIGURE 3.15) 

Tes t  ho le  42 i s  l o c a t e d  i n  t h e  c e n t r e  of a 19 inch 

d i p  and t e s t  ho le  43 o f f  t h e  d i p ,  Again t h e r e  was ve ry  lit- 

t l e  d i f f e r e n c e  i n  s o i l  type i n  t h e  two t e s t  ho les .  A t  49-61! 

and 4s-1" t h e  percentage pass ing  No. 200 s i e v e  was 40.5 per- 

cen t  and 43.1 percent  r e s p e c t i v e l y .  T e s t  ho le  42 i n d i c a t e s  

a water t a b l e  near  4'-10". The reason f o r  d i f f e r e n t i a l  heave 

a t  t h i s  l o c a t i o n  i s  no t  appa ren t  from t h e  f i e l d  d a t a ,  





3.5 - Summary. 

The subsur face  i n v e s t i g a t i o n  be fo re  ground thaw 

a t  Camrose i n d i c a t e d  t h a t  some mois ture  migra t ion  t o  t h e  

f r o s t  l i n e  had occurred and i c e  s e g r e g a t i o n  had taken  p l ace  

i n  t h e  c e n t r e  of t h e  lump. The block sample a n a l y s i s  a t  

mi le  202, Wainwright Subdiv is ion ,  i n d i c a t e d  t h a t  a d i f f e r -  

ence i n  d e n s i t y  o r  vo id  r a t i o  i s  a f a c t o r  i n  caus ing  d i f f e r -  

e n t i a l  heave a t  t h i s  s i t e .  The d a t a  de r ived  from t h e  h o l e  

l o g s  and d i scussed  i n  t h e  preceding pages has  been b r f e f l y  

summarized i n  TABLE 3 , l .  From a s tudy  of t h i s  Table ,  t h e  

fo l lowing  t e n t a t i v e  conc lus ions  a r e  suggested:  

1. The causes  f o r  approximately  80% of t h e  d i f f e r -  

e n t i a l  heaves  can be reasonably  d e t a ~ m i n e d  by t h e  simple 

t echn iques  used i n  t h i s  phase of t h e  i n v e s t i g a t i o n .  

2, More than  50% of d i f f e r e n t i a l  heaves appear  t o  be 

caused by a v a r i a t i o n  i n  s o i l  type.  

3 - The r eason  f o r  a lmost  20% of d i f f e r e n t i a l  heaves 

i n v e s t i g a t e d  could n o t  be determined us ing  t h e  procedures  

employed. I t  i s  suggested t h a t  undis turbed  s o i l  samples 

should be ob ta ined  be fo re  f u r t h e r  a n a l y s e s  a r e  conducted. 

4. Other f a c t o r s ,  such as h igh  water t a b l e ,  d e n s i t y  

and n a t u r a l  c a p i l l a r y  c u t - o f f s  account  f o r  some 30% of t h e  

d i f f e r e n t i a l  heaves. 



S e r i a l  

'CAR1,E 3 .1  

SIJMMARY GP' FILLI) IXVESTIGATIO?!S 

T e s t  l jo les  Type of 
D i f f e r e n t i a l  Remarks 
Heave 

A .  C 1*lf  lump Block sampler, l e s s  pla-  
s t i c  and less dense L 

s o i l  i n  c e n t r e .  

F ,C 1211 d  1 p  Block samples. lower 
d e n s i t y  i n  c e n t r e .  

p.Q Iftf lump More f r o s t  s u s c e p t i b l e  
z o i l  i n  lump ( s i l t y  t l l l . )  
c a p i l l a r y  cu t -of f  l a y e r  
o f f  lump. 

R ,S 1;" d i p  More f r o s t  s u s c e p t i b l e  
s o l l  o f f  d l ?  a r e a  
( s i l t y  t i l l) .  

K , L  1" llrnlp More f r o s t  s u s c e p t i b l e  
s o l l  i n  lump ( s i l t y  till) 

M.N 1" d i n  Reason not  apparen t .  

1 .2  ' L ' 3 ,  n l ope-of f More f r o s t  s u s c e p t i b l e  
s o i l  on high s i d e .  h igh I 

water t a b l e .  

4,5 ?lt1 l i l m ~ )  Anomaly. more p l a s t i c  
s o i l  i n  c e n t r e  of  lump. 
perhaps f i s s u r e s .  

6.7 3:" d i r ,  More f r o s t  s u s c e p t i b l e  
and l e s s  dense so i l  o f f  % 

d i p ,  ( s i l t y  s o i l ) .  

11.12 11" ,!t  
:nv!* r n i  l o n l y )  F r o s t  s u s c e p t i b l e  s o i l  

F 
of f  d i p .  

Treated a r e a .  more f r o s t  
s u s c e p t i b l e  s o i l  o f f  d i p  g 

( f i n e s  i n  g r a v e l ) .  

1. ~5 9 1 1.1 , r l c . .  , ,  Cnpl l ln ry  cut-of f  l a y e r .  



TABLE 3.1 Cont. 

SUMMARY OF FIELD INVESTIGATIONS 

Tes t  Holes Type of 
D i f f e r e n t i a l  
Heave 

Remarks 

19.20 2" d i p  More f r o s t  s u s c e p t i b l e  
s o i l  o f f  d i p  ( s i l t y ) .  - 

21.22 l$V1 lump F r o s t  s u s c e p t i b l e  s o i l  
In lump ( s i l t ) .  

32,33 3" slope-of f  More f r o s t  s u s c e p t i b l e  
s o l l  on high s i d e  ( s i l t ) .  

34.35 3" lump More f r o s t  s u s c e p t l b l e  
s o i l  i n  lump ( s i l t y ) .  

40.41 
- 

lqlt lump More f r o s t  s u s c e p t i b l e  
s o i l  i n  lump ( s i l t y ) .  

44.45 18" lump More f r o s t  s u s c e p t i b l e  
s o i l  i n  lump ( s i l t y  
f i n e  sand) .  

lump High water t a b l e .  
h igher  propor t ion  of 
f i n e s  passing #ZOO 
s i e v e  i n  c e n t r e  of  lump. 

46.47.48 heave d i f f e r e n -  Density and s o l l  type 
c e s  from d i f f e r e n c e s .  
survey l e v e l s  

8.9.10 14" lump Reason no t  apparent .  

30 ,31  3" lump Reason not  apparent .  

42.43 1*** d i p  Reason not  apparent .  



5. Judging from s o i l  type  and t h e  p a r t i c u l a r  f i e l d  

environment, i t  i s  f e l t  t h a t  a t  l e a s t  60% of t h e  d i f f e r e n -  

t i a l l y  heaved l o c a t i o n s  noted woilld be improved by sa l t  

t r ea tmen t .  I n  a d d i t i o n ,  t hose  Locations l i s t e d  as "no appar-  

e n t  reasonu would a l s o  probably show b e n e f i c i a l  r e s u l t s  from 

chemical  t r ea tmen t .  Ove ra l l .  some 80% of t h e  d i f f e r e n t i a l l y  

heaved a r e a s  should show improvement a f t e r  sa l t  t rea tment .  

The b e n e f i c i a l  e f f e c t s  of t h e  salts  is based on a cons ider -  

a t i o n  of t h e  r e s u l t s  from f i e l d  trials c a r r i e d  ou t  by t h e  

CMR mentioned i n  Chapter  1 and on t h e  r e s u l t s  of t h e  labora-  

t o r y  work t h a t  forms t h e  second p a r t  of t h i s  t h e s i s .  Th i s  

conc lus ion  is presen ted  a t  t h i s  time i n  o r d e r  t o  complete 

t h e  f i e l d  work p o r t i o n  and a l s o  s i n c e  such a conc lus ion  

appea r s  t o  be more a p p r o p r i a t e l y  inc luded  wi th  f i e l d  consider-  

a t i o n s  than  wi th  t h e  l a b o r a t o r y  study.  

The preceding i s ,  perhaps ,  ove r s imp l i f i ed .  Undoubt- 

e d l y ,  i n  many c a s e s ,  s e v e r a l  f a c t o r s  c o n t r i b u t e  t o  t h e  heav- 

i n g  phenomena. However, it i s  be l i eved  t h a t  t he  major cause 

h a s  been s i n g l e d  ou t .  

The s o i l  t ypes  i n  which d i f f e r e n t i a l  heaving was 

noted  t o  occur v a r i e d  from h i g h l y  p l a s t i c  c l a y s  t o  g r a v e l s .  

According t o  Johnson (1952) .  "F i e ld  obse rva t ions  have d e f i n i t -  

e l y  e s t a b l i s h e d  t h e  f a c t  t h a t  excess ive  f r o s t  heaving i s  n o t  

r e s t r i c t e d  t o  s o i l s  of any p a r t i c u l a r  g rad ing  o r  cha rac t e r -  

i s t i c s .  Heaving w a s  observed t o  occur i n  c l a y s ,  s i l t s ,  ve ry  



f i n e  sands and i n  t e x t u r e s  approaching t h e  grad ing  of 

g r a v e l a f t  I n  g e n e r a l ,  however, t h e  f i e l d  i n v e s t i g a t i o n  of 

t h i s  t h e s i s  showed t h a t  a m a j o r i t y  of t h e  d i f f e r e n t i a l l y  

heaved l o c a t i o n s  were i n  a f i n e  sand t o  a c layey  s i l t  s o i l  

type.  



CHAPTER I V  

LABORATORY STUDY 

4 , l  I n t r o d u c t i o n  

The p resen t  program of t h e  Canadian Nat ional  

Railways d e a l s  p r imar i ly  with l a b o r a t o r y  and f i e l d  exper i -  

ments with inexpensive chemicals which a r e  known t o  reduce 

heave and can be e a s i l y  app l i ed  on t h e  ground su r face ,  To 

d a t e ,  t h e i r  f i e l d  t e s t s  i n d i c a t e  t h a t  sodium c h l o r i d e  and 

calcium ch lo r ide  a r e  h i g h l y  suftabl-e,  Th i s  p o r t i o n  of t h i s  

t h e s i s  d e a l s  wi th  a l a b o r a t o r y  s tudy I n  which t h e s e  two 

a d d i t i v e s  were i n v e s t i g a t e d  t o  determine t h e i r  r e l a t i v e  

e f f e c t s  i n  reducing d i f f e r e n t i a l  heave under c o n t r o l l e d  

l a b o r a t o r y  condi t ions .  Due t;o t h e  many v a r i a b l e s  i n  the  

f i e l d ,  such as s o i l  type ,  d e n s i t y ,  degree of s a t u r a t i o n ,  

depth  of water t a b l e ,  temperature and snow cover,  t h e  

p r a c t i c a l  r e l a t i v e  e f f e c t s  of t h e  two admixtures is d i f f i -  

c u l t  t o  determine. The optimum amount t o  be app l i ed  i n  

t h e  f i e l d  i s  a l s o  d i f f i c u l t  t o  e s t a b l i s h ,  I t  was f e l t  

t h a t  some of these  f a c t o r s  could be more f u l l y  i n v e s t i g a t e d  

under c o n t r o l l e d  cond i t ions  i n  the  l a b o r a t o r y  i n  order  t o  

a s s e s s  more c l e a r l y  t h e i r  e f f e c t s  under f i e l d  cond i t ions  

of f r o s t  heaving. 



Lambe (1956) tested various additives in an effort 

to discover one which would inhibit ice segregation and 

could be economically used in field applications, His 

experiments showed that polyphosphate dispersing agents 

proved to be very promising. This work prompted the inclu- 

sion of a polyphosphate in this program, thus the sodium 

polyphosphate "Calgon" was added as the third admixture. 

The basic scheme involved in the testing program 

may be outlined as follows. The soils selected were compac- 

ted to a densfty determined by a prelimfnary testing program. 

Concentrations of 0, 0 -05, '0.15, 0.25 and 0.50 percent by 

dry weight of soil of sodium chloride, calcium chloride and 

calgon were chosen on the basis of field applications of the 

salts used by CNR. Batches of 24 samples were made up con- 

sisting of soil samples from the lump and off the lump hav- 

ing salt concentrations as noted. Four batches in addition 

to prelimfnary tests were required to include all the com- 

binations of soil type, salt and variatfons of salt concen- 

tration, The details of each batch and each specimen are 

given in Tables 4-2 to 4.8 inclusive. 

4.2 Soils used 

The soils used in this laboratory analysis to 

determine the relative effect of the admixtures were obtain- 

ed from the field from two lumps during June and July. 1965. 

Two soil types were obtained from the test pits on centre 



and o f f  a 1$ inch lump a t  mile  202, pole  l o c a t i o n  2264.7. 

i n  t h e  Wainwright Subdivis ion.  The s o i l s  a r e  des igna ted  

as Tes t  Hole " A n  from t h e  c e n t r e  of lump and Tes t  Hole "CN  

o f f  t h e  lump, These s o i l s  a r e  from the  same test  p i t s  a t  

which block samples were obtained and analysed as previous ly  

shown on FIGURE 3.3. The s o i l s  were obtained from a depth  

between 4 t o  5.5 f e e t  below the  top  of t i e s .  The o t h e r  

two s o i l s  were obtained from a lft inch lump, loca ted  a t  

pole  3014.3, mile  98 i n  the  Telkwa Subdivision.  The s o i l s  

a r e  des igqa ted  T e s t  Hole 44, c e n t r e  of t h e  lump, and Tes t  

Hole 45* of f  t he  lmmp. The s o i l s  were obtained from a 

depth  of 3 t o  4  f e e t .  

The s o i l s  were c l a s s i f i e d  i n  accordance with  s tan-  

dard ASTM procedures except  f o r  t h e  fol lowing d e v i a t i o n s :  

a )  The f r a c t l o n  passing t h e  No. 10 s i e v e  w a s  used f o r  

Atterberg Limits  i n s t e a d  of the  f r a c t i o n  pass ing  

t h e  No. 40 s i e v e ,  

b )  Oven d r i e d  s o i l s  were used, 

C )  The l i q u i d  l i m i t  was determined us ing  the  one p o i n t  

method. 

The m a t e r i a l  passing t h e  No. 10 s i e v e  ( 2  mm. open- 

i n g s )  was chosen f o r  At te rberg  Limit  t e s t s  i n  o rde r  t h a t  t h e  

r e s u l t s  could be considered as r e f l e c t i n g  t h e  p l a s t i c i t y  char- 

a c t e r i s t i c s  of t h e  e n t i r e  sample but  recognizing the  n e c e s s i t y  

f o r  removing t h e  l a r g e r  s i z e s ,  These l a t t e r  p a r t f c l e s  would 



have unduly inf luenced t e s t  r e s u l t s .  Oven d r i e d  s o i l s  were 
65 

used f o r  convenience and s i n c e  t h e  organic  conten t  and t h e  

propor t ion  of c l a y  minera ls  a r e  both reasonably low, it 

was considered t h a t  t he  At te rberg  Limi ts  would no t  be s i g n i f -  

i c a n t l y  inf luenced.  The one p o i n t  method f o r  determining 

t h e  l i q u i d  l i m i t  was a ma t t e r  of convenience and of saving 

t ime . 
The p r o p e r t i e s  of t h e  f o u r  s o i l s  have been summar- 

i zed  on Table 4.1. 

4.3 Laboratory Procedure 

A d e t a i l e d  l a b o r a t o r y  procedure and d e s c r i p t i o n  of 

t h e  equipment i s  given i n  Appendix A. A b r i e f  o u t l i n e  of 

these  procedures i s  as fol lowsr  

Two inch diameter  by f o u r  inch high s o i l  specimens 

were used enclosed i n  rubber  membranes. The samples were 

formed i n  a s p l i t  mold and compacted i n  f o u r  l i f t s  us ing  a 

Standard P roc to r  hammer. Admixtures were introduced i n t o  

t h e  specimens by d i s s o l v i n g  them i n  t h e  moldine; water. A 

f r o s t  box was made i n  which 24 specimens were f r o z e n  a t  one 

t ime under open system cond i t ions .  The w a r m  s i d e  tempera- 

t u r e s  were provided by a cons tan t  temperature ba th  and main- 

t a i n e d  a t  4 6 . 5 0 ~ .  The co ld  s i d e  temperatures  were obtained 

by p lac ing  t h e  appa ra tus  i n  a f r o s t  room. The temperatures  

were lowered i n  decrements every  24 hours from 25% t o  -15'~ 

i n  a one week period.  Heave measurements were taken  t h r e e  



SlJMMARY OF CLASSIFICATION TESTS 

TEST HOLE A C 44 45 

Locat  ion  

D e s c r i p t i o n  

C1a.ssif i c a t i o n  
(Un i f i ed )  

Cen t r e  O f f  Cen t r e  O f f  
Lump L~lmp Lump L m P  

Clayey Clay S i l t y  S l l t  
S i l t  S i l t  F i n e  
T i l l  T i l l  Sand 

Liqu id  Limit  - % 29.9 29.5 Non- 27.8 
P l a s t l c  

P l a s t i c  Limit  - % 21.1 14.7 Non- 22.9 
P l a s t i c  

P l a s t i c i t y  Index - :$ A. A 14.8 N on- 4.9 
P l a s t i c  

S p e c i f i c  G r a v i t y  2.7k 2.69 2.75 2.75 

S tandard  P r o c t o r  109.5 117 109 104.5 
Dry ~ e n s i t y - # / f  t3 

Optim~im Moistrlre 17  13.5 15.5 20 
Content  - % 

Gra in  S17.C - M.I.T. 
S c a l e  



t imes a day with  a moveable .001" d i a l  gauge r e s t i n g  on a 

s t r a i g h t  edge. 

Seven d i f f e r e n t  ba tches  were t e s t e d .  The v a r i a -  

b l e s  between t h e  seven ba tches  and t h e  specimens wi th in  t h e  

ba tches  a r e  o u t l i n e d  i n  TABmS 4.2 t o  4.8. 

4.4 Discussion of Procedure 

According t o  Penner (1958) s imula t ion  i n  t h e  lab-  

o r a t o r y  of the  complex n a t u r a l  f i e l d  cond i t ions  i s  a t  b e s t  

a n  approximation. Many d i f f e r e n c e s  e x i s t  between t h e  labor-  

a t o r y  procedure and a c t u a l  f i e l d  c o n d l t i o n s , i n  t h i s  program. 

The water l e v e l  throughout t h e  d u r a t i o n  of t h e  t e s t  was from 

4 inches  t o  approximately one inch  below t h e  f r o s t  l i n e .  

This  i s  a severe  c o n d i t i o n  which normally does  no t  e x i s t  i n  

t h e  f i e l d .  F r o s t  room temperatures  were v a r i e d  from 2S0F t o  

-15OF i n  a one week pe r iod  b u t  such a temperature range i s  

no t  uncommon i n  t h e  i n t e r i o r  p a r t s  of Canada. However, t h i s  

temperature  drop w a s  imposed over a f o u r  inch specimen, 

r e s u l t i n g  i n  a very  high temperature  g r a d i e n t  which i s  no t  

p resen t  under f i e l d  cond i t ions .  The samples were remolded 

and t h u s  t h e  s o i l  s t r u c t u r e  o r  t h e  pore s t r u c t u r e  may o r  may 

n o t  be comparable t o  t h a t  of t h e  same s o i l  i n  t h e  f i e l d .  The 

l a b o r a t o r y  t e s t  cond i t ions  a r e ,  i n  g e n e r a l ,  more severe  than  

those  encountered i n  t h e  f i e l d ,  However, t h i s  may be used 

t o  advantage i n  t h a t  d i f f e r e n c e s  i n  f r o s t  a c t i o n  w i l l  be more 

pronounced and t h e r e f o r e  more e a s i l y  measured. 



TABLE 4.2 

BATCH NO. 1 VARIABLES 

Compactive E f f o r t  - 14,100 ft.#/ft.3 
Specimens 1 t o  8 - Open System 
Specimens 9 t o  12 - Closed System 

Specimen 
NO. 

T.H."Att 

T.H."Ct' 

T.H. 44 

T.H. 45 

T.H. 45 

T.H. 44 

T.H."At' 

T.H."C" 

Molding 
Moistrrre 

% 

20.2 

20.1 

15.4 

1 9.7 

19.7 

15.4 

20.1 

19.3 

Molded Dry 
Density 
# / f t . 3  

106.7 

107.8 

106.6 

107.6 

108.6 

107.2 

107.2 

106.4 

Sat .  Dry 
Densit  

# / f t  .l 
105.4 

107 5 

106.8 

107.6 
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Rubber membranes were used t o  enc lose  t h e  s o i l  

specimens, r a t h e r  than  l u c i t e  r i n g s  o r  a greased c y l i n d e r  

as have been used by o t h e r  i n v e s t i g a t o r s ,  One advantage of 

us ing  rubber membranes is t h a t  w a l l  f r i c t i o n  i s  overcome. 

Also heave i s  not  confined t o  any s p e c i f i c  plane such as i n  

t h e  immediate v i c i n i t y  of t h e  j o i n t s  i n  l u c i t e  r i n g s .  One 

disadvantage of us ing  rubber  membranes i s  lateral expansion. 

I n  n a t u r a l  ground t h e  s idewise expansion i s  prevented by 

a d j a c e n t  s o i l  pressure .  The amount of expansion was checked 

by measuring t h e  diameter  before  and a f t e r  f r e e z i n g  of a 

number of specimens i n  each batch.  The average i n c r e a s e  i n  

diameter  f o r  t h e  s o i l  t ypes  from t e s t  ho le s  44 and 45 was 3% 

and 1% r e s p e c t i v e l y .  The average i n c r e a s e  f o r  t h e  s o i l  

t ypes  from t e s t  ho le s  "A" and ttCu w a s  0.5%. Th i s  i n c r e a s e  

i n  diameter  i s  small and has  been considered t o  have a negl i -  

g i b l e  e f f e c t  on v e r t i c a l  heave of t h e  specimens. Most of t h e  

i n c r e a s e  i n  diameter  was subsequent ly  found t o  be due t o  a 

t h i n  coa t ing  of i c e  t h a t  formed between t h e  membrane and t h e  

s o i l .  

Except f o r  Batch No. 7 ,  two o r  t h r e e  d u p l i c a t e  

samples were made f o r  each v a r i a b l e  t e s t e d .  Accordin8 t o  

Love11 (1957).  t h e  p r e p a r a t i o n  of samples t o  achieve a g iven  

mois ture  d e n s i t y  wi th  p r e c i s i o n ,  t o  achieve a uniform mois- 

t u r e  d e n s i t y  throughout t h e  sample and t o  reproduce a uniform 

mois ture  d e n s i t y  cond i t ion  between a number of samples i s  a 

problem t h a t  has  never been completely solved6 I n  o rde r  t o  



reduce the effects of this problem great care was used to 

assure uniformity among samples, All the specimens were 

compacted and stored in the moisture room to avoid evapora- 

tion before placing in the frost box. Each lfft of soil was 

weighed before compacting in the mold, to provide a uniform 

thickness of lifts. With this procedure dry densities 

varying by only one pound per cubic foot were obtained among 

specimens for the same soil type and compactive effort. Des- 

pite these precautions the occasional sample showed an erratic 

behavior as evidenced by a substantially higher or lower rate 

of heave, Luck (1953) mentions Occurrences of similar, unex- 

plainable erratic heave of some samples, Individual speci- 

mens which displayed an erratic behavior inconsistent with 

the average trends were disregarded. In general duplicate 

specimens displayed a similar behavior. 

A low surcharge equal to 0.15 psf consisting of a 

2 inch diameter by 1 inch aluminum disc was used on top of 

each (specimen. This is much less than the estimated field 

surcharge of up to 5 psi assuming a frost line depth of 5 

feet, A high surcharge could not be used because the speci- 

mens were only supported laterally by rubber membranes and 

zonolite insulation, hence a high surcharge might have 

caused the specimens to flow laterally or to shear. A low 

surcharge results in a higher rate of heave (Beskow, 1935). 

Three thermocouples were Inserted in each of two 



specimens i n  each batch.  The thermocouples d i d  n o t  appear  

t o  a f f e c t  heave s ince  no c o n s i s t e n t l y  h igh  o r  low heave was 

recorded f o r  these  specimens. 

Most of t h e  a r e a s  i n v e s t i g a t e d  as o u t l i n e d  i n  t h e  

previous chap te r  had a f a i r l y  h igh  water t a b l e .  i n d i c a t i n g  

t h a t  t h e  f i e l d  cond i t ions  more c l o s e l y  approached t h e  open 

system r a t h e r  than  c losed  system condi t ions .  The l o c a t i o n s  

from which t h e  s o i l  t ypes  were obta ined  used i n  t h e  f r e e z i n g  

tes ts  came from a r e a s  of h igh  water  t a b l e .  Therefore ,  t h e  

open system cond i t ions  as used i n  t h i s  i n v e s t i g a t i o n  a r e  

f e l t  t o  be acceptab le .  

The c a p i l l a r y  s a t u r a t i o n  t o  which some of t h e  speci-  

mens were subjec ted  p r i o r  t o  f r e e z i n g  ( s e e  Appendix "AM f o r  

d e t a i l )  r e s u l t e d  i n  a n  o v e r a l l  i nc rease  i n  moisture  content .  

I n  Batches No. 4 t o  7 (exc luding  Batch # 6 )  a reasonably  con- 

s t a n t  mois ture  conten t  a f t e r  s a t u r a t i o n  was a t t a i n e d  by t h e  

d i f f e r e n t  specimens. (Refer  t;o TABLES 4.5 t o  4.8).  The 

degree  of s a t u r a t i o n  a t t a i n e d  va r i ed  from 93 t o  98 percent  

f o r  t e s t  holes"A" and tICt1, and 90 t o  99 percent  f o r  t e s t  

ho le s  44 and 45. Batch No. 6 ,  wi th  Calgon as t h e  admix, 

d i sp layed  d i f f e r e n t  d e n s i t y  and moisture  c h a r a c t e r i s t i c s  due 

t o  t h e  d i s p e r s i n g  e f f e c t  of t h e  a d d i t i v e .  Th i s  w i l l  be d i s -  

cussed subsequently I n  t h i s  chapter .  

An inc rease  i n  moisture  conten t  caused t h e  samples 

t o  swel l  dur ing  s a t u r a t i o n .  Th i s  g e n e r a l l y  r e s u l t e d  i n  a 



decreased dry density as shown in TABLES 4.2 to 4.8, The 

silt, and silty fine sand in test holes 44 and 45 exhibited 

very little swell compared with the more clayey soils in 

test holes "An and f fC" .  In a few cases the specimens from 

test holes 44 and 45 showed an increase in dry density after 

saturation, due to contraction. 

Some additional specimens for the soil from test 

hole f fC"  were made up and saturated for an additional two 

days beyond the standard 24 hours to check the change in 

density, moisture content, and degree of saturation. The 

data showed an average decrease in density of 0.3 lb. per 

cu. ft., an average increase in moisture content of 0.7% 

and in degree of saturation of 3.5%. When compared to the 

standard test they indicate that these changes were almost 

complete during the first 24 hours, and little change result- 

ed with the additional saturation. 

4.5 Presentation and Discussion of Mboratory Data and 
Results 

4 . 5 . ~  Temperature versus Time 

FIGURE 4.1 is a typical plot showing the frost 

room temperatures used and the advance of the 32 degree iso- 

therm in the specimens. The frost room temperatures shown 

were kept constant for Batches No. 4 to 7 in which admix- 

tures were used. In general, the temperature was lowered 

from 250F to 1 7 O ~  in two decrements during the first 40 hours, 





then lowered in approximately 8 degree decrements every 24 

hours to -15OF. 

The lower curves on FIGURE 4.1 show the location 

of the 320F isotherm above the bottom of the specimen. The 

points for the curves were obtained from three thermocouples 

spaced one inch apart in two specimens in each batch. The 

temperatures were recorded by a continuous "Brown" recorder. 

The location of the 3Z0 isotherm was obtained by interpola- 

ting the temperature between the thermocouples assuming a 

linear distribution, and correcting for heave between thermo- 

couples, 

The penetration of the 320 isotherm, generally 

followed the frost room temperature decrements. With a 

decrease in temperature. there was a more rapid rate of 

downward movement at the start, decreasing to a lower rate 

of penetration or stationary location of the 32' line to- 

wards the end of the 24 hour interval before the frost room 

temperature was again lowered. The ice formation in the 

specimens appeared to follow the fluctuations in rate of 

frost line penetration. Thicker and more concentrated 

bands of ice were observed in the specimens when the rate 

of frost penetration was slow. 

The fluctuations in the lower curves illustrate 

the occurrence of supercooling. The 32 degree isotherm, 

after penetrating some distance into the sample, suddenly 



receded  before  readvancing.  A similar occurrence has  been 

observed by t h e  Corps of Engineers  (Halay and Kaplar ,  1952) .  

T h i s  phenomenon i s  due t o  t he  r e l e a s e  of t h e  l a t e n t  h e a t  of 

f u s i o n ,  a f t e r  t h e  water  i n  t h e  s o i l  po re s  has  been cooled 

below t h e  f r e e z i n g  po in t .  It was noted t h a t  t h e  heaving of 

specimens began about; t he  time when t h i s  supercool ing  e f f e c t  

occurred.  I n  g e n e r a l ,  supercool ing  and t h u s  t h e  beginning of 

heave d i d  n o t  occwr u n t f l  t h e  f r o s t  room temperature  w a s  lower- 

ed t o  1 7  o r  9 degrees  Fah renhe i t ,  The s o i l s  from t h e  c e n t r e  

of  t h e  lump tended t o  heave sooner t h a n  t h e  s o i l s  o f f  t h e  

lump, The a d d i t i o n  of sodium c h l o r i d e  and calcium c h l o r i d e  

tended t o  d e l a y  t h e  s t a r t  of heaving wl.th a n  i n c r e a s e  i n  con- 

c e n t r a t f  on. 

The d a t a  shovm i n  FIGURE 4 , l  when a p p l i e d  t o  sub- 

sequent  sample obse rva t ions  i n d i c a t e  t h a t  heave d l d  n o t  com- 

mence u n t i l  t h e  f r o s t  l i n e  had pzne t r a t ed  approximately  1 t o  

1,s inches  below t h e  t o p  of t h e  sample, Th i s  upper 1 t o  1.5 

inches  of t h e  specimens were homogeneously f rozen ,  Prom 

measurements a f t e r  removing t h e  specimens from t h e  f r o s t  

box, a n  average  of 1 i n c h  of t h e  bottom of t h e  specimen was 

unfrozen.  Thus i c e  s eg rega t ion  took p l ace  i n  on ly  a n  average 

l e n g t h  of 1.5 t o  2 inches  of t h e  specimens, 

b.4,B Heave v e r s u s  Time P l o t s  

Batch No. l was e s s e n t i a l l y  in tended as a p i l o t  

t e s t  t o  check t h e  s u i t a b i l i t y  of t h e  appa ra tus ,  The f o u r  



s o i l  t ypes  were compacted u s i n g  a cons t an t  compactive e f f o r t  

c l o s e  t o  t h a t  used i n  t h e  Standard P roc to r  t e s t .  The spec i -  

mens f o r  t e s t  ho l e s  "A"  and " C n  were compacted a t  approxima- 

t e l y  t h e  f i e l d  mois ture  con ten t .  The specimens from t e s t  

h o l e s  44 and 45 were compactsd a t  a mois ture  con ten t  near  

optimum. E igh t  specimens were t e s t e d  under open system condi- 

t i o n s  and f o u r  specimens under c lo sed  system c o n d i t i o n s  i n  

t h i s  batch.  The heave v e r s u s  tfme r e s u l t s  a r e  p l o t t e d  on 

FIGURE 4.2. The r a t e  of heave curves  shown a r e  n o t  represen-  

t a t i v e  of t h e  curves  f o r  t h e  o t h e r  ba tches .  T h i s  i s  be l i eved  

t o  be due t o  a d e f e c t i v e  thermos ta t  as desc r ibed  i n  t h e  f o l -  

lowing paragraph.  

A t  93  hours  t h e  thermos ta t  s e t t f n g  had t o  be  changed 

t o  r a i s e  t h e  temperature  from 44,3 t o  4 6 . 5 O ~ ,  which was t h e  

w a r m  s i d e  temperature  which had t o  be maintained f o r  a l l  t h e  

ba tches .  Th i s  i n c r e a s e  i n  temperature  must have r a i s e d  t h e  

f r o s t  l i n e  and melted some of t h e  p rev ious ly  formed f e e  l e n s e s  

r e s u l t i n g  i n  a dec rease  i n  heave du r ing  t h e  subsequent 16 

hours .  T h i s  exper ience  Ind ica t ed  t h a t  heave of t h e  specimens 

is ve ry  s e n s i t i v e  t o  i n c r e a s e s  i n  t h e  w a r m  s i d e  temperature .  

Since a l l  t h e  specimens were f r o z e n  under t h e  same 

c o n d i t i o n s ,  t h i s  d a t a  i n d i c a t e s  t h e  r e l a t i v e  f r o s t  suscept-  

b i l i t y  of t h e  f o u r  s o i l  t ypes  a t  t h e  p a r t i c u l a r  d e n s i t i e s  

andcompaction mois ture  c o n t e n t s  f o r  t h e  open system ccndi-  

t i o n s .  From t h e  d a t a ,  it i s  seen  t h a t  t h e  Telkwa s o i l s ,  
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t e s t  ho le s  44 and 45, a r e  more f r o s t  s u s c e p t i b l e  than  the  

Wainwright s o i l s  represented  by t e s t  ho le s  I ~ A ~ ~  and "Cue A l l  

t h e  s o i l s  from the  c e n t r e  of t h e  lump heaved more than  t h e  

s o i l s  o f f  t h e  lump t h u s  l a b o r a t o r y  observa t ions  a r e  broad- 

l y  s i m i l a r  t o  those  i n  the  f i e l d .  

The specimens t e s t e d  under t h e  c losed  system con- 

d i t i o n s  r e s u l t e d  i n  a r a p i d  heave a t  t h e  s tar t  and tapered  

o f f  t o  a low r a t e  of heave. The t o t a l  heave under c losed 

system w a s  much smal le r  t han  under open system cond i t ions .  

This  i s  considered due t o  t h e  lack  of a cont inuous supply of 

water  t o  t h e  f r o s t  l i n e  under the  c losed  system condit iorls .  

Tes t  ho le  45. of f  t h e  lump, showed a h igher  heave than  t e s t  

ho le  44, on the  c e n t r e  of t h e  lump whfch i s  no t  r ep resen ta -  

t i v e  of f i e l d  cond i t ions .  The specimen f o r  t e s t  ho le  45  

was molded a t  a moisture  con ten t  of 19.7% compared wlth 

15.4% f o r  t e s t  ho le  44. T e s t  ho le  45 r e s u l t e d  i n  more heave 

due t o  t h e  h igher  i n i t i a l  mois ture  conten t .  Samples from 

t e s t  ho le  "ATf and "C" were molded at  moisture  c o n t e n t s  of 

19.3% and 2 0 ~ 1 %  mthich r e s u l t e d  i n  a similar amount of heave 

f o r  both s o i l s .  

The d a t a  from Batch No. 1 indicated t h a t  open 

system cond i t ions  a r e  more r e p r e s e n t a t i v e  of the  heave 

occurr ing  under f i e l d  cond i t ions ,  Therefore ,  t h e  subse- 

quent  ba tches  were t e s t e d  under open system condi t lons .  

FIGURE 4.3 i s  a p l o t  of heave ve r sus  time f o r  t h e  
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specimens t e s t e d  i n  Batch No. 4. T h i s  p l o t  i s  t y p i c a l  of t h e  

cu rves  ob ta ined  f o r  t h e  o t h e r  Batch Numbers 2 t o  7 i n c l u s i v e .  

The admix used i n  Batch No, 4 was sodium c h l o r i d e .  The num- 

b e r s  bes ide  t h e  cu rves  a r e  t h e  percentage of admixture i n t r o -  

duced based on t h e  dry weight of s o i l .  Two s o i l  t ypes  from 

t h e  c e n t r e  and o f f  t h e  lump were t e s t e d  i n  t h e  f r o s t  room i n  

each ba tch  under t h e  same w a r m  and c o l d  s i d e  cond i t i ons .  

From FIGURE 4.3 it i s  seen t h a t  t h e  heave f o r  t h e  

d i f f e r e n t  c o n c e n t r a t i o n s  and s a i l  t ypes  showed a n  approximate 

l i n e a r  r e l a t i o n  wi th  time. The f a c t  t h a t  r a t e  of heave i s  

e s s e n t i a l l y  independent of t h e  r a t e  of f r o s t  p e n e t r a t i o n  o r  

f l u c t u a t i o n s  i n  t h e  c o l d  s i d e  temperature  h a s  been experimen- 

t a l l y  shown by Beskow (1935) ,  Some i r r e g u l a r i t i e s  a r e  noted 

i n  t h e  curves  of FIGURE 4.3. T h i s  w a s  probably caused by a 

non-homogeneous s o i l  d e n s i t y  of t h e  specimens i n  t h e  v e r t i -  

c a l  d i r e c t i o n  due t o  compaction i n  l i f t s .  The e f f e c t  of a n  

i n c r e a s i n g  concen t r a t i on  of t h e  admix i s  t o  decrease  t h e  

s lope  of t h e  curve o r  t h e  r a t e  of heave. The dec rease  i n  

r a t e  of heave i s  much g r e a t e r  f o r  t h e  s o i l  from t h e  c e n t r e  of  

t h e  lump, The graphs  a l s o  i l l u s t r a t e  a n o t h e r  e f f e c t  of t h e  

salt  a d d i t i v e ,  t h a t  i s , a n  i n c r e a s e  i n  s a l t  concen t r a t i on  

showed a t r end  toward clelaying t h e  t ime of s tar t  of heave. 

T h i s  d e l a y  i s  most l i k e l y  due t o  a dep res s ion  of t h e  f r e e z -  

i ng  p o i n t  of pore water  by t h e  presence of t h e  sa l t .  

The p l o t s  of heave ve rus  t ime as shown i n  FIGURE 



4.3 f o r  Batch No. 4 a r e  r e p r e s e n t a t i v e  of curves  ob ta ined  f o r  

t h e  o t h e r  Batch numbers 2 t o  7 i n c l u s i v e .  These curves  a r e  

inc luded  i n  Appendix B. An approximate l i n e a r  r e l a t i o n s h i p  

r e s u l t e d ,  I n  Batch No. 2 ,  t h e  curves  showed many more i r r egu -  

lar i t ies .  Th i s  i s  be l i eved  t o  be due t o  t h e  d e f e c t i v e  thermo- 

stat c o n t r o l l i n g  t h e  warm s i d e  temperature  which f l u c t u a t e d  

w i t h i n  t h r e e  degrees .  In  t h e  ba t ches  wi th  Calgon as a n  admix- 

t u r e ,  t h e r e  w a s  no f r e e z i n g  po in t  lowering e f f e c t  a s  was noted 

i n  t h e  specimens wi th  sa l t  as a n  a d d i t i v e ,  The specimens 

wi th  d i f f e r e n t  c o n c e n t r a t i o n s  of Calgon s t a r t e d  t o  heave a t  

approximately  t h e  same time. I n  Batch No. 3, a n  i n c r e a s e  i n  

d e n s i t y  showed a s l i g h t  t r e n d  i n  de l ay ing  s tar t  of heave,  

similar t o  t h e  e f f e c t  of s a l t ,  except  t o  a sma l l e r  e x t e n t .  

T h i s  probably i l l u s t r a t e s  t h a t  t h e  f r e e z i n g  temperature  of 

t h e  wate r  dec reases  as t h e  s i z e  of t h e  vo ids  dec reases .  

4,h.C Heave v e r s u s  Dens i ty  

When remolded samples a r e  used,  t h e r e  a r e  t h r e e  

f a c t o r s  which a f f e c t  t h e  amount of heave when t h e  specimens 

a r e  sub jec t ed  t o  f r e e z i n g  with  a cons t an t  surcharge ,  These 

a r e  d e n s i t y ,  mois ture  c o n t e n t  du r ing  compaction and t h e  degree  

of s a t u r a t i o n .  Batches Nos. 2 and 3  were an  a t t empt  t o  s tudy 

t h e  e f f e c t  of t h e s e  v a r i a b l e s  on heave, I n  o rde r  t o  i n v e s t i -  

g a t e  t h e  e f f e c t s  of t h e s e  v a r i a b l e s  t h e  fo l lowing  samples were 

prepared from t h e  m a t e r i a l  from a lump a t  mile  202, Wainwright 

Subdivision; 



a )  Specimens 1 t o  8 and 13 t o  20 were compacted a t  optimum 

mois ture  oonten t  bu t  a t  v a r i o u s  compactive e n e r g i e s *  

T h i s  would a l l o w  assessment  of d e n s i t y  v a r i a t i o n .  

b )  Specimens 9 t o  12 and 21 t o  24 were molded a t  a mois- 

t u r e  conten t  h ighe r  t h a n  optimum bu t  u s ing  a compact- 

i v e  e f f o r t  nea r  Standard P r o c t o r  e f f o r t .  T h i s  would 

a l l o w  assessment  of a n  i n c r e a s e  i n  mois ture  con ten t .  

C )  Specimens 7. 8 ,  19 and 20 were compacted nea r  optimum 

mois ture  con ten t  and us ing  a compactive e f f o r t  near  

S tandard  F r o c t o r  e f f o r t .  

A l l  t h e  even numbered samples were s a t u r a t e d  f o r  24 

hours  by a l l owing  t h e  bottoms of t h e  specimens a c c e s s  t o  water .  

The odd numbered specimens were sub jec t ed  t o  f r e e z i n g  i n  t h e  as- 

compactea cond i t i on .  

The r e s u l t s  of t h i s  t e s t  a r e  p l o t t e d  on FIGURE 

For  t h e  specimens compacted nea r  optimum mois ture  c o n t e n t  by 

v a r y i n g  t h e  compactive e f f o r t ,  t h e  s o i l  from t h e  c e n t r e  of t h e  

lump showed a n  i n c r e a s e  i n  heave wi th  dec rease  i n  d e n s i t y .  

The more p l a s t i c  s o i l  o f f  t h e  lump showed a s l i g h t  i n c r e a s e  

i n  heave wi th  i n c r e a s e  i n  d e n s i t y  up t o  108 l b s .  per  cu.  f t . ,  

t h e n  a decrease  i n  heave above t h i s  d e n s i t y .  

The specimens compacted a t  a mois ture  con ten t  above 

optimum showed a much lower heave f o r  bo th  s o i l s  on c e n t r e  

and o f f  t h e  lump, The reason  f o r  t h i s  marked dec rease  i n  
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heave may be expla ined  by r e f e r e n c e  t o  work by Seed (1959) 

on compaction and s o i l  s t r u c t u r e .  Seed noted t h a t  c l a y  s o i l s  

compacted wet of optimum have a d i spe r sed  s t r u c t u r e ,  and a 

f l o c c u l a t e d  s t r u c t u r e  when compacted d r y  of optimum mois- 

t u r e  con ten t .  Since a d i s p e r s e d  s t r u c t u r e  r e s u l t s  i n  a more 

impermeable s o i l ,  t h e  specimens compacted wet of optimum 

r e s u l t e d  i n  l e s s  heave due t o  a lower r a t e  of mois ture  migra- 

t i o n  t o  t h e  f r o s t  l i n e .  

The e f f e c t  of c a p i l l a r y  s a t u r a t i o n  on heave w a s  

q u i t e  v a r i a b l e .  Nearly a l l  t h e  s a t u r a t e d  samples f o r  t h e  

c e n t r e  of t h e  lump s o i l  showed a h ighe r  heave. Th i s  d i f f e r -  

ence w a s  h i g h e s t  a t  t h e  maximum compactive e f f o r t  as shown 

by specimens 7 and 8 ,  FIGURE 4,4, The samples compacted a t  

a mois ture  c o n t e n t  above optimum showed a small d f f f e r e n c e  

i n  heave due t o  s a t u r a t i o n .  These samples would have a n  

i n i t i a l l y  h ighe r  degree  of s a t u r a t i o n  and t h i s  i s  probably 

t h e  reason  why s a t u r a t i o n  showed a smal le r  d i f f e r e n c e  i n  

heave,  For  t h e  specimens o f f  t h e  lump, t h e r e  w a s  l i t t l e  o r  

no d i f f e r e n c e  i n  heave due t o  s a t u r a t i o n  f o r  specimens 1 3  

t o  18 and a lower heave f o r  t h e  remaining s a t u r a t e d  samples, 

When t h e  u n s a t u r a t e d  samples a r e  placed i n  t h e  f r o s t  

box, t hey  w i l l  ab so rb  water and swell be fo re  heave commences. 

r e s u l t i n g  i n  a n  unmeasured d e n s i t y  bu t  which is known t o  be 

l e s s  t h a n  t h e  molded va lue .  When p l o t t i n g  t h e  heave f o r  t h e  

unsa tu ra t ed  specimens on FIGURE 4.4, t h e  d e n s i t y  of t h e  



s a t u r a t e d  d u p l i c a t e  specimen w a s  used. 

From t h e  d a t a  i n  FIGURE 4.4 a compactive e f f o r t  

was chosen which r e s u l t e d  i n  a d ry  d e n s f t y  of t h e  remolded 

specimens c l o s e  t o  f i e l d  va lue  as determined from t h e  block 

sample a n a l y s i s  r epor t ed  i n  FIGURE 3.3. T h i s  compactive 

e f f o r t  w a s  10,400 f t .  l b s ,  per cu. f t .  and i s  rep resen ted  

by specimens 6 and 18 i n  FIGURE 4.4. Th i s  compactive 

e f f o r t  w a s  maintained throughout t h e  remainder of t h e  

t e s t i n g  program. A l l  t h e  specimens were s a t u r a t e d ,  

The preceding i n v e s t i g a t i o n  was repea ted  f o r  t h e  

Telkwa Subdivis ion s o i l s .  FIGURE 4.5 i s  a p l o t  of heave 

v e r s u s  d e n s i t y  f o r  t e s t  ho le  numbers 44 and 45, showing 

t h e  e f f e c t  on heave of d e n s i t y ,  molding moisture  conten t  

and s a t u r a t i o n .  A s  before ,  specimens 1 t o  8 and 13 t o  20 

were molded near  optimum moisture  and t h e  compactive e f f o r t  

v a r i e d .  specimens 9 t o  12  and 21 t o  24 were compacted a t  a 

h ighe r  than  optimum moisture  conten t  and a t  t h e  compactive 

e f f o r t  of specimens 7,  8 ,  19 and 20. The unsa tura ted  

samples a r e  noted on FIGURE 4,5, 

The s o i l  o f f  t h e  lump showed an inc rease  i n  heave 

wi th  a decrease i n  dens i ty .  For compaction a t  h igher  mois- 

t u r e  c o n t e n t s  t h e  Telkwa s o i l s  d i d  n o t  r e s u l t  i n  a marked 

dec rease  i n  heave as d i d  t h e  illainwright c layey till d i s -  

cussed previously.  The two unsa tura ted  samples r e s u l t e d  

i n  a h ighe r  heave than t h e  s a t u r a t e d  samples. 
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From FIGURE 4 .5  it w i l l  be noted t h a t  t h e  s o i l  

type from t h e  c e n t r e  of t h e  lump a t  Telkwa r e s u l t e d  i n  a 

cons ide rab le  s c a t t e r  of t h e  p o i n t s  hence no s p e c i f i c  t r e n d  

i n  heave could be e s t a b l i s h e d  f o r  t h e  d i f f e r e n t  d e n s i t i e s .  

The m a j o r i t y  of t h e  specimens from t h e  c e n t r e  of t h e  lump 

showed l e s s  heave t h a n  t h e  s o i l  o f f  t h e  lump. Subsequent 

t e s t i n g  of Batches  Nos. 1 and 7 .  which conta ined  u n t r e a t e d  

specimens of s o i l  from t h i s  lump, showed t h e  s o i l  from t h e  

c e n t r e  of t h e  lump t o  heave more than  t h e  s o i l  o f f  t h e  

lump. Th i s  anomalous behavior  of Batch No. 2 may be expla in-  

ed by a d e f e c t i v e  thermos ta t  which f l u c t u a t e d  w i t h i n  3 

deg rees  Fahrenhe i t .  Th i s  f l u c t u a t i o n  may have a f f e c t e d  t h e  

s i l t y  f i n e  sand from t h e  c e n t r e  of t h e  lump more t h a n  t h e  

s l i g h t l y  p l a s t i c  s i l t  o f f  t h e  lump, g i v i n g  t h e  erroneous 

r e s u l t s .  

4,k.D Heave v e r s u s  Admix Concent ra t ion  

Since i t  appeared d e s i r a b l e  t o  determine a concen- 

t r a t i o n  of t h e  proposed admixtures  t o  be used i n  subsequent 

comparative t e s t s ,  a t e s t  was c a r r i e d  o u t  t o  enable  a s u i t -  

a b l e  concen t r a t i on  t o  be chosen,  Th i s  t e s t  comprised of 

specimens con ta in ing  percen tages  of admix ranging  from 0 t o  

0.5% by weight of d r y  s o i l .  The r e s u l t s  of t h e s e  t e s t s  a r e  

p l o t t e d  i n  FIGURE 4.6 which shows t h e  r e l a t i v e  e f f e c t  of t h e  

t h r e e  admixtures  on heave f o r  t h e  s o i l s  from t h e  c e n t r e  and 

o f f  t h e  lump a t  mi l e  202 i n  t h e  Wainwright S l ~ b d i v i s i o n ,  A l l  

t h r e e  admixes were more e f f e c t i v e  i n  reduc ing  t h e  heave Pn 
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t h e  s o i l  from t h e  c e n t r e  of t h e  lump, t h a t  i s , d l f f e r e n t i a l  

heaving i s  reduced. The most e f f e c t i v e  a d d i t i v e  i n  reduc ing  

t o t a l  heave and d i f f e r e n t i a l  from t h i s  d a t a  h s  sodium ch lor -  

i d e .  An i n c r e a s e  i n  c o n c e n t r a t i o n  of sodium and calcium 

c h l o r i d e  added inc reased  t h e  e f f e c t i v e n e s s  i n  reduc ing  

d i f f e r e n t i a l  heave, however, a n  'optimum' i s  i n d i c a t e d  a t  

0.15 pe rcen t ,  wi th  c o n c e n t r a t i o n s  h ighe r  t h a n  t h i s  va lue  show- 

ing  a l e s s e r  e f f e c t  i n  dec reas ing  heave. The break i n  t h e  

cu rves  i s  probably due t o  physical -chemical  i n f l u e n c e s  whose 

exp lana t ion  is beyond t h e  scope of t h i s  t h e s i s ,  

The l a t e s t  f i e l d  t e s t s  conducted by t h e  Canadian 

Nat iona l  Railways i n  t h e  Mountain Region c o n s i s t  of a n  a p p l i -  

c a t i o n  of a concen t r a t ed  sal t  s o l u t i o n  on t h e  s u r f a c e  of t h e  

r a i l r o a d  b a l l a s t  by means of a t r a c k  mounted spray  t r u c k  i n  

a r e a s  of ex t ens ive  d i f f e r e n t i a l  heave. The r e s u l t s  i n  FIGURE 

4.6 i n d i c a t e  t h a t  a c o n s t a n t  a p p l i c a t i o n  w i l l  n o t  complete ly  

e l i m i n a t e  t h e  d i f f e r e n t i a l  heave on t h e  lumps, and some shim- 

ming may s t i l l  be r e q u i r e d .  Th i s  a p p l i c a t i o n  of t h e  labora-  

t o r y  r e s u l t s  i s  based on t h e  assumption t h a t  f i e l d  t rea tment  

w i l l  r e s u l t  i n  a d i s t r i b u t i o n  of t h e  sa l t  throughout t h e  

dep th  of f r o s t  p e n e t r a t i o n .  

A method of t r ea tmen t  which may e l i m i n a t e  d i f f e r e n -  

t ia l  heave,  i s  by t r e a t i n g  t h e  heaved p o r t i o n  of t h e  lump 

only .  An a p p l i c a t i o n  of 0 ~ 1 5 %  of sodium c h l o r i d e  on t h e  

c e n t r e  of t h e  lump would appear  t o  e l i m i n a t e  t h e  d i f f e r e n t i a l  



heave, as indicated in FIGURE 4.6. The concentration of salt 

used is important. This indicates a disadvantage of spot 

treatment which will present difficulties during field 

application. Too high a sodium chloride concentration will 

result in a dip and too low an application will result in a 

lump. The optimum quantity will be difficult to estimate and 

will vary with each location due to differences in soil prop- 

erties. Also the correct concentration the first year, which 

will eliminate differential heave, may change the following 

years due to a possible decrease in concentration by leaching. 

Other types of differential heaves in railroads are 

dips and slope-offs. From the logs of shimming occurrence in 

the spring of 1965 in the Telkwa Subdivision, the data showed 

that 60 percent of all differential heaves were dips, 34 per- 

cent were lumps and 6 percent were slope-offs. The majority 

of the dips required shim heights of 1s) inches or less. From 

the field investigation in the previous chapter, it was shown 

that a dip or the lower part of a slope-off generally contain- 

ed a less frost susceptible soil or a higher density. It is 

inferred from this laboratory data that a uniform application 

of salt will decrease the differential heave due to dips and 

slope-offs; however. some differential heave will still re- 

main which may require some shimming. The only feasible 

method of treatment with admixes to eliminate a11 the shim- 

ming is by applying an increasing or tapered concentration 

of salt on either side of the dip or on the high part of the 



s lope -o f f ,  t o  provide a g radua l  r e d t ~ c t i o n  i n  heave t o  t h e  

d i p  o r  lower p a r t  of t h e  s lope-off .  

The polyphosphate admix t~ i r e  d i sp l ayed  a d i f f e r e n t  

e f f e c t  on heave f o r  t h e  s o i l  o f f  t h e  lump. Up t o  a  concen- 

t r a t i o n  of 0.15%. a s l i g h t  i n c r e a s e  i n  heave r e s u l t e d ,  t hen  

a r a p i d  decrease  i n  heave t o  a lmost  ze ro  a t  O,j%. The be- 

h a v i o r  of Calgon f o r  t h e  s o i l  from t h e  c e n t r e  of t h e  lump 

w a s  similar t o  t h e  sodfum and calcium c h l o r i d e .  

LRmbe (1956) d e s c r i b e s  t h e  mlchanism by which polg- 

phosphate d i s p e r s i n g  a g e n t s  reduce f r o s t  heave,  Be pos tu la -  

t e s  t h a t  a c a t i o n  exchange and a n  an jon  a d s o r p t i o n  of t h e  

polyphosphate wi th  t h e  s o i l  m ine ra l  s u r f a c e ,  expands t h e  

d i f f u s e  double l a y e r s  around t h e  s o i l  c o l l o i d s  which increa-  

s e s  t h e  i n t e r p a r t i c l e  r e p u l s i o n .  A d i s p e r s o n  of s o i l  p a r t i -  

c l e s  r e s u l t s  from t h i s  i n c r e a s e  i n  i n t e r p a r t i c l e  r e p u l s i o n ,  

hence it permi t s  them t o  be o r i e n t a t e d  i n t o  a more o r d e r l y  

and dense s t r u c t u r e .  T h i s  r e s u l t s  i n  a h ighe r  d e n s i t y ,  

lower pe rmeab i l i t y  and h ighe r  s t a b i l i t y  i n  t h e  presence of 

water. The a l t e r a t i o n  of t h e s e  s o i l  p r o p e r t i e s  r e s u l t s  i n  

a change i n  t h e i r  f r o s t  s u s c e p t i b i l i t y  c h a r a c t e r i s t i c s .  

D i spe r san t s  a l s o  tend  t o  lower t h e  f r e e z i n g  temperature  of 

s o i l  mois ture  by d e c r e a s i n g  t h e  s i z e  of s v i l  vo ids .  

FIGURE 4.7 i s  a p l o t  which i l l u s t r a t e s  t h e  e f f e c t  

of calgon on t h e  d e n s i t y  of t h e  so91  from t e s t  h o l e s  "An and 

"Cn.  A l l  specimens were molded near  optimum mois ture  c o n t e n t  
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us ing  t h e  same compactive e f f o r t .  They a r e  t h e  specimens 

used i n  t h e  f r o s t  room t e s t s  f o r  Batch No. 6. The p l o t  

i l l u s t r a t e s  t h e  d i f f e r e n t  e f f e c t  of calgon on t h e  d e n s i t y  

of t h e  two s o i l  t ypes .  An i n c r e a s e  i n  calgon concen t r a t i on  

r e s u l t e d  i n  a n  i n c r e a s e  i n  d e n s i t y  f o r  t h e  s o i l  from t h e  

c e n t r e  of t h e  lump. The s o i l  o f f  t h e  lump showed a n  oppo- 

s i t e  e f f e c t  of a decrease  i n  molded d e n s i t y  wi th  i n c r e a s e  i n  

calgon concen t r a t i on .  A f t e r  s a t n r a t i o n ,  t h i s  s o i l  showed a 

dec rease  i n  d e n s i t y  t o  0.25% c o n c e n t r a t i o n  and then  a n  i n c r e a s e  

i n  d e n s i t y  t o  0.5% concen t r a t i on .  The specimen a t  0.5% ( t e s t  

h o l e  "C") showed a much sma l l e r  i n c r e a s e  i n  mois ture  con ten t  

d u r i n g  s a t u r a t i o n  than  t h e  specimens a t  lower c o n c e n t r a t i o n  

i n d i c a t i n g  t h a t  t h e  calgon imparted hydrophobic c h a r a c t e r i s -  

t i c s  t o  t h e  s o i l  p a r t i c l e s .  

The dec rease  i n  heave with  i n c r e a s i n g  calgon con- 

c e n t r a t i o n  f o r  t h e  s o i l  from t e s t  ho l e  "A" i s  p a r t l y  due t o  

an i n c r e a s e  i n  d e n s i t y  due t o  t h e  calgon.  The dec rease  i n  

heave being only p a r t l y  due t o  d e n s i t y  can be shown by compar- 

i n g  t h e  change i n  d e n s i t y  from FIGURE 4.7 with  FIGURE 4,4 a n d :  

n o t i n g  t h e  r e l a t i v e  dec rease  i n  heave. I t  may be noted t h a t  

t h e  dec rease  i n  heave due t o  calgon as shown i n  FIGURE 4.6 

is much l a r g e r  t h a n  can be a t t r i b u t e d  s o l e l y  t o  d e n s i t y .  

The ve ry  low heave f o r  t h e  s o i l  from t e s t  h o l e  " C n  

a t  0.5% calgon concen t r a t i on  i s  probably due t o  t h e  hydro- 

phobic n a t u r e  imparted by t h e  calgon,  caus ing  t h e  s o i l  t o  



have a repulsion to water and decreasing its upward migration 

from the water source. 

According to Lambe (1956). the mechanism by which 

sodium and calcium chloride reduces frost action is by lower- 

ing the freezing temperature of the water in the soil pores. 

From FIGURE 4.3, the data shows that an increasing concentra- 

tion of salt also alters the rate of heave. This indicates 

that some other mechanism in addition to lowering of freez- 

ing point, must be taking place. In a discussion on a 

publication by Woods and Yoder (1952). R.  M, Hardy notes that 

the effect of calcium chloride was to eliminate migration of 

water to the frost line rather than to lower the freezing 

point of the soil water. 

FIGURE 4.8 is a composite plot showing the effect 

of varying concentrations of admix on heave for the Telkwa 

soils (test holes 44 and 45). Only sodium chlorfde and cal- 

gon were evaluated with these soils in one batch. The sodlum 

chloride was more effective in reducing heave than calgon. 

Also a uniform concentration of sodium chloride is more 

effective in reducing differential heave at high concen- 

trations than calgon. At a low concentration of sodium 

chloride. differential heave may be eliminated by treatment 

of the heaved portion only. The calgon showed a slight in- 

crease in heave at low concentration for the soil off the 

lump. No trends of an increase or decrease in density were 
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noted wi th  i n c r e a s e  i n  ca lgon  c o n c e n t r a t i o n ,  as f o r  t h e  

c l ayey  s o i l s  from t e s t  h o l e s  **A** and "CSt prev ious ly  d i s -  

cussed,  Th i s  d a t a  a g a i n  shows t h a t  t h e  polyphosphate admix 

i s  l e s s  e f f e c t i v e  i n  reducing d i f f e r e n t i a l  heave than  sod- 

i u m  c h l o r i d e .  

4 ,4 ,E  Admix Migrat ion 

One of t h e  d i sadvantages  o f t e n  quoted when u s i n g  

sodium and calcium c h l o r i d e  as a n  a d d i t i v e  i s  t h e i r  imper- 

manence due t o  l each ing  by mois ture  mig ra t ion  i n  t h e  s o i l .  

The movement of t h e  salts i n  a number of specimens was 

checked i n  t h i s  l a b o r a t o r y  program by t h e  c o n d u c t i v i t y  

method. A d e t a i l e d  procedure of t h e  method used i s  g iven  

i n  Appendix A. 

The a p p a r a t u s  i s  a n  e1ect ; r ical  dev ice  which 

measures t h e  conductance of a s o l u t i o n .  The conductance 

r ead ing  i s  p r o p o r t i o n a l  t o  t h e  i o n i c  s t r e n g t h  o r  t h e  salt 

c o n c e n t r a t i o n  i n  t h e  s o l u t i o n ,  F IGURE 4,9 i s  a p l o t  of 

c o n d u c t i v i t y  r ead ings  of a f i x e d  volume of water  wi th  a 

f i x e d  q u a n t i t y  of s o i l  i n t o  which i n c r e a s i n g  q u a n t i t i e s  of 

salt were added, as a percen tage  of t h e  d r y  weight of s o i l .  

A l i n e a r  r e l a t i o n s h i p  r e s u l t e d  between c o n d u c t i v i t y  and 

pe rcen t  sal t .  Thus t h e  r e l a t i v e  sa l t  d i s t r i b u t i o n  can be 

determined by s l i c i n g  a specimen h o r i z o n t a l l y  and immer- 

s i n g  a f i x e d  weight of t h e  oven d r i e d  s o i l  from each s l i c e  

i n  a  f i x e d  volume of water  and o b t a i n i n g  t h e  conduc t iv i ty  

r ead ing ,  
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FIGURE 4.10 is a combined plot showing the migra- 

tion of calcium chloride in specimens molded at three differ- 

ent concentrations. An initial movement of calcium chloride 

resulted from the lower to the upper part of the specimen 

due to upward movement of water during saturation. The amount 

of salt that migrated increased as the initial molding salt 

concentration increased. Further movement of salt from the 

lower to the upper part of the specimens resulted as water 

was drawn to the frost lfne during freezing, After freezing. 

all three concentrations showed approximately the same con- 

ductivity in the unfrozen part of the specimen and also a 

residual unleached salt content is indicated. The actual 

amount of added salt remaining in the unfrozen part of the 

specimen cannot be determined accurately by the conductivity 

method. As shown by the curve with no admix after freezing. 

the existing total salts in the specimens also migrate. The 

apparatus measures the conductivity of the existing total 

salts and the salts added and therefore the actual quantity 

of the added salts that migrate is not known. 

FIGURE 4.11 is a plot showing the migration of sod- 

ium chloride in the same soil (test hole " C " ) .  Only speci- 

mens with two salt concentrations were checked in this case. 

This plot indicates that similar to calcium chloride, sod- 

ium chloride also displays a high amount of mfgration in 

the pore voids of the soil due to saturation and ice segre- 

gation. The 0.15% concentration of sodium chloride showed 
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a similar migration and distribution in the specimens as the 

calcium chloride. 

The 0.5% concentration of sodium chloride showed a 

higher salt content at the lower part of the specimen than 

calcium chloride, indicating that sodium chloride tends to have 

a lower rate of migration at high concentrations. Slesser 

(1943) showed that calcium chloride tends to migrate more 

readily in soil than sodium ehloride. 

The conductivity method has a number of disadvantages 

which make its use unsuitable for the accurate determination of 

the migration of salt admixtures in a soil, in laboratory as 

well as under field conditions. It cannot be used with a soil 

having a natural high content of total salts. A low concentra- 

tion of added salt does not produce a significant increase in 

reading with these soils. 

As an example, the soil in the centre of the lump 

(test hole clan) has a high total natural salt content equal to 

4,900 micromhosper square centimeter. From FIGURE 4,9, an in- 

crease in sodium ehloride concentration of 0.15% would increase 

the conductivity reading approximately 200 micromhos per sq. 

cm. This increase is very small compared with 4,900 and the 

increase can hardly be read on the logarithmic conductivity 

scale of the apparatus. 

A migration of pore water results in the migration 



of the salt additive and the original total salts in the soil. 

Since the conductivity apparatus measures the content of both 

the original salts and the salt added, the net movement of the 

additive only is not known. 

If an accurate analysis of the migration of salt 

admixtures is required, some means other than the conductivity 

method is necessary. Slesser (1943) describes a method of 

pore water extraction and chemical analysis to determine the 

calcium and sodium content. 

Unlike the salts, the presence of calgon did not show 

a significant increase in conductivity with an increase in cal- 

gon concentration in the sofl. Henee the migration of calgon 

in the specimens could not be determined by the conductivity 

method. 

4.4.F Literature Review Concerning Migration of Salts 

The migration of sodium chloride and calcium chlor- 

ide has been studied by a number of investigators, Slate 

(1942) conducted field studies by application of calcium 

chloride in 6 inch deep pockets in the road surface. He con- 

cluded that calcium chloride will migrate laterally but is 

slow for silty clay soils under pavements. In the laboratory, 

Slate studied the effect of height to water table, rainfall 

and evaporation on migration sf calcium chloride in a silt 

soil, He found that a high water table caused faster migra- 

tion, When calcium chloride was carried upward by evaporation 



or  downward by r a i n f a l l ,  there  was very l i t t l e  l a t e r a l  move- 

ment of the  s a l t .  A simulated 8 inches of r a i n f a l l  washed 

away 80 percent of the  s a l t  o r ig ina l l y  present  i n  the  s i l t .  

S lesse r  (1943) s tudied the  migration of sodium and 

calcium chloride under f i e l d  and labora tory  conditions. He 

found tha t  under the  influence of c a p i l l a r i t y  and evapora- 

t i on ,  sodium chloride tends t o  move upward and c r y s t a l l i z e  on 

the  surface and may be l o s t  by being washed l a t e r a l l y  by ra in-  

f a l l ,  Calcium chloride dPd not accumulate on an  unpaved road 

surface i n  t h i s  manner. A high ground water t ab le  acceler -  

a t e s  the  downward movement of the  salts, with calcium chlor- 

ide  being more e f fec ted  than sodium chloride.  He found t h a t  

the  important va r iab les  a f f e c t i n g  the  movement of water solu- 

b l e  chemicals i n  s o i l  a r e  evaporation, s o i l  t ex ture ,  percola- 

t i n g  water and s o i l  cover. The deple t ion of sodium and 

calcicm chloride i n  s i l t y  s o i l s  by percolat ing water i s  very 

rep3 d , 

On an experimental t e s t  sec t ion i n  a highway pro- 

j e c t  i n  Massachusetts, calcium chlor ide  was incorporated i n  

t h e  surface of the  subgrade ( loder ,  1955). The pavement 

surface of t h i s  road was noted a s  being s u f f i c i e n t l y  porous 

t o  permit water t o  percola te  t o  the  subgrade. There was 

a l s o  hor izonta l  flow of water which caused add i t i ona l  leach- 

ing  of the  calcium from the  subgrade. The e f f e c t i v e  l i f e  of 

the  calcium chlor ide  was noted a s  3 years,  No calcium 



chloride remafned in the subgrade after 6 years on the exper- 

imental test section. 

The Canadian National Railways conducted surveys in 

five subdivisions in Northern Ontarfo to evaluate the effect 

of salt treatment on frost heaving of track (Yalcin and Peck- 

over, 19641, The data showed salt to be effective in reducing 

shimming in all. cases and in a number of cases the shimming 

was completely eliminated by the salt application up to 4 to 

6 years after treatment. Generally. treatment was most 

effective up to 3 years, after this showing a decreased 

effectiveness. In a few cases in clay and muskeg areas, the 

treatment had little effect. 

Rowat (1939) described the use of salt in the preven- 

tion of heave on railroad traeks. He noted that the length of 

time over which treatment continued to be effective cannot be 

predicted accurately, since soil conditions vary from place 

to place. He concluded from records kept that two years is 

the minimum expectation of effectiveness. 

Smith (1952) noted that permanency tests on chlor- 

ide treated aggregate bases showed that after a period of 5 

to 10 years. one-third to one-half of the chemical origin- 

ally placed still remained, Almost all the loss occur~ed 

during the first five years. 



4.6 Frozen Structure of Specimens 

A number of specimens were split open after removal 

from the frost box to note the ice formation, The upper part 

of the untreated specimens from approximately 1 to 1.5 inches 

were homogeneously frozen and revealed no ice lensing or ice 

segregation. Below this portion, ice crystals and ice lenses 

were formed to a level approximately one inch above the bot- 

tom, The ice generally formed in three or four bands or 

clusters, with the spacing between the bands decreasing to- 

wards the bottom of the samples. This banding is considered 

due to the lowering of the frost room temperature in approx- 

imate 8'~ decrements. Each time the frost room temperature 

was lowered, the descent of the frost line was rapid at the 

start and then gradually diminished to a lower rate of pene- 

tration or to a stationary position. At the low rate of 

penetration a higher concentration of ice formed, The occas- 

ional sample in a batch showed no banding, the ice formation 

being uniformly dispersed except that these specimens gener- 

ally terminated in a thick ice lens at the bottom. Samples 

that displayed this behavior showed a high heave, This is 

interpreted as indicating a uniform penetration of the frost 

If ne. 

In the soils from test holes "Au and UCM,  the ice 

oecurred as many hairline lenses separating soil granules, 

These lenses were approximately parallel to the surface and 



increased i n  thickness toward the  bottom of the  sample. The 

more p l a s t i c  s o i l  of f  the  lump ( t e s t  hole "C91) showed th icker  

i c e  lenses spaced f u r t h e r  apa r t  than the  s o i l  i n  t e s t  hole 

"Av .  The s i l t  s o i l  i n  t e s t  hole 45 showed a  similar s t ruc-  

t u r e  t o  t e s t  hole "A". The f i n e  sand with s i l t  from t e s t  hole 

44 had a  d i f f e r e n t  s t ruc tu re  and consisted of a  more homogen- 

eous mixture of i c e  and s o i l ,  with no l aye r s  of i ce .  

4.7 Summarx 

I n  t h i s  chapter  a b r i e f  descript iori  of the  labora- 

t o r y  procedure and apparatus i s  given. The proper t i es  of the  

four  s o i l  types used i n  the  f reezing t e s t s  a r e  described. They 

var ied  from a c lay  s i l t  till t o  a s i l t y  f i n e  sand. Although 

the  laboratory condit ions a r e  considered severe and not  

d i r e c t l y  comparable t o  the  f i e l d ,  the  laboratory condit ions 

may be used t o  advantage t o  show more c l e a r l y  the  r e l a t i v e  

e f f e c t  of the  admixtures on heave. Density i s  shown t o  have 

a var iab le  e f f e c t  on heave depending on the  s o i l  type, The 

amount of heaving showed a n  approximately l i n e a r  r e l a t i onsh ip  

with time, The e f f e c t  of the  salt  add i t ives  was t o  decrease 

the  r a t e  and amount of heave and t o  delay the  onset of heav- 

ing with a n  increase i n  salt concentratfon. The r e s u l t s  show 

t h a t  the  three  admixes inves t igated  a r e  e f f ec t i ve  i n  reducing 

d i f f e r e n t i a l  heave. With the  s o i l  types used, sodium chlor- 

ide i s  the  most e f f e c t i v e  add i t ive  i n  reducing t o t a l  and 

d i f f e r e n t i a l  heave. The da ta  ind ica tes  t h a t  a  uniform 



appl ica t fon  of the  admixture on and off a  lump may not elimin- 

a t e  d i f f e r e n t i a l  heave. The da ta  f u r t h e r  suggests reduction 

of d i f f e r e n t i a l  heave by t r e a t i n g  the  heaved portfon of a  lump 

only. 

Migration of sodium and calcium chlor ide  i n  the  s o i l  

specimens was checked by conductivi ty measurements. The da t a  

ind ica tes  t h a t  s a l t s  a r e  very mobile and migrate r ead l ly  with 

moisture movement i n  the  s o i l .  



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 General 

A f i e l d  inves t iga t ion  was conducted i n  a n  attempt t o  

more c l e a r l y  def ine  some of the  reasons f o r  d i f f e r e n t i a l  heave. 

A laboratory study was ca r r ied  out pr imar i ly  t o  determine t h e  

r e l a t i v e  e f f e c t  of three  admixtnres on d i f f e r e n t i a l  heave. I n  

t h i s  chapter ,  some of the  conclusions and recommendations a r i s -  

ing from t h i s  study a r e  presented. Remolded labora tory  speci- 

mens and only s o i l  types from two lumps were used hence the  

r e s u l t s  a r e  not f u l l y  representa t ive  of a l l  f i e l d  conditions. 

5.2 Conclusions 

From the  r e s u l t s  of the  f i e l d  and laboratory study 

on which t h i s  t h e s i s  i s  based, it appears t h a t  the  following 

conclusions a r e  j u s t i f i e d :  

1. Based on the  ana lys i s  of one lump. the re  i s  moisture 

migration t o  a f r o s t  l i n e  and i c e  segregation i n  the  

frozen zone of a lump. 

2. The major f a c t o r  i n  causing d i f f e r e n t i a l  heave i n  

r a i l r o a d s  is a d i f fe rence  i n  s o i l  type. A d i f f e r -  

en t  s o i l  type w i l l  possess a d i f f e r e n t  pore s t ruc-  

t u r e  and moisture condit ions.  A f r o s t  l i n e  pene- 

t r a t i n g  a subgrade under these  s o i l  condit ions w i l l  



result in a different rate of moisture migration and 

thus a different magnitude of heave. 

3 A difference in density of soil deposits and variable 

depth to water table are also factors which result in 

differential heave. 

4. Calcium chloride, sodium chloride and calgon are 

effective in reducing differential heave. 

5. An increased concentration of the admixtures tested 

results in an increased effectiveness. However, the 

reduction in differential heave is more pronounced at 

lower concent;rations and lesser decrease in heave 

occurs at higher concentrations, 

6. For the freezing tests conducted in this laboratory 

program, heave showed an approximate linear relation- 

ship with time. 

7. Of the three admixes evaluated using the specific soil 

types, this laboratory program shows that sodium ohlor- 

ide is the most effective in reducing differential 

heave, with calcium chloride and calgon following in 

order of effectiveness. 

8. The effect of an increasing concentration of salt in 

laboratory speoimens is to delay the time at which 

start of heave occurred and to decrease the rate of 

heave. Calgon showed a decrease in the rate of heave 

only. 



9.  Salts migrate very readily in the pores of a soil 

due to moisture movement. 

5.3 Recommendations 

From the field and laboratory study comprising this 

thesis, the following recommendations are offered: 

1. Based on the results of this test program, which was 

carried out on remolded soil samples from the centre and off 

a lump, and assuming that these results are also applicable 

to dips and slope-offs, it is recommended that a uniform brine 

treatment be applied on the surface of the ballast by means of 

a track mounted spray truck. This procedure will be most 

effective on those portions of the track having a porous bal- 

last, This method of treatment may not eliminate shimming but 

should reduce it considerably. 

2. In order to ascertain the effectiveness, economics 

and duration of a treated section of track. it is recommended 

that records of amounts and location of shimming be maintain- 

ed for subsequent analysis. 

3. Based on the data presented in FIGURE 4.6, it is 

recommended that consideration be given to selective treat- 

ment 6nf heaved locations. The reason for this recommendation 

is that FIGURE 4.6 indicates that treatment of this particular 

lump with an admix concentration of approximately 0.15% sodium 

chloride (based on dry soil weight) results in a heave that is 



in the same order of magnitude as the heave of the untreated 

soil off the lump, that is differential heave is virtually 

eliminated. 

4. In order to obtain further information regarding the 

general depth of the heavlng zone, it Is recommended that rec- 

ords be kept concerning the time (day, month) of lnstallatlon 

of the shims. This is based on the generality that a deeper 

heavlng zone will heave later in the season. It is recognized 

that other factors, for example climate, will influence the 

observations but a consistent pattern may be observed. 

5 It is reoommended that subaurfaoe soil data be obtain- 

ed in order that the most value may be derived from heave obeer- 

vatlons. Suoh data is essential when dealing with causes, effe0- 

tiveness of treatment and migration of salts. 

6, There is some question as to whether or not the dips 

are duo to shrinkage or a lesser amount of heave. It is reoom- 

mended that a series of levels be maintained to determine 

absolute movements of the traok. These surveys should be tied 

into deep benoh marks that are unaffected by frost penetration 

into the ground. 

7 During the field studies it was observed that several 

heaven were associated with high water tables, hsnoe it is reo- 

ommended that surfaoe drainage be improve& where feasible. 



8. Since the permanence or migration of salts in the 

soil mass appear to have a pronounced effect on heaving, it 

is recommended that field checks be made over a period of years 

to ascertain the distribution of the salts. Such information 

may be obtained by laboratory analysis of soil samples taken 

in the field. 

9 From the log of shimming occurrence in the Telkwa 

Subdivision, 60 percent of the differential heaves were dips, 

with a majority of these located in fill sections, and having 

shim heights of l+ inches or less. In the field investigation 

no dips in fill were analysed since none of these were marked 

and thus could not be accurately located in the field. It is 

recommended that a number of these dips in fill be investiga- 

ted to establish if they are similarly caused by a difference 

in soil type. 

10, As was noted in Table 3.1. a number of differentially 

heaved locations were investfgated that showed little or no 

difference in soil type and/or depth to the water table. and 

at this time the causes of differential heave at these loca- 

tions is unknown. Therefore, it is recommended that some of 

these locations be investigated in more detail by sub-surface 

exploration of the soil on the centre and off the lumps or 

dips. A laboratory analysis for Atterberg Limits and grain 

size distribution should be performed on samples obtained at 

one foot intervals. A check should be made for variation in 



density on undisturbed block sczrnples 2'01- cohesive soils or 

by an in-place method for cohesionless soils. A record 

should be kept of the depth to water table during the pene- 

tration of the frost line on the centre and off the lump or 

dip. An analysis of mineralogical and natural salt content 

should be obtained to check for any differences which may 

cause differential heave. 

11. Lambe (1956) indicated that polyphosphates have a 

low mobility. hence. if they are more permanent than salts 

in the soil, they may be a more economical admixture to use. 

It is recommended that the mobility of polyphosphates in 

soil samples be investigated in the laboratory, Since the 

conductivity method cannot be used, other chemical or physi- 

cal tests must be employed. One suggested test may be based 

on leaching duplicate samples for equal lengths of time and 

comparing the difference in heave after leaching from freez- 

ing tests. 

12. It is recommended that oonsideration be given to a 

laboratory program designed to provide more basic information 

on the role played by physical chemical phenomena in frost 

action. Such a program may take the form of investigating 

the effects of specific cations. such as sodium and calcium, 

and anions, such as the carbonate or sulphate radical, on 

heaving. In addition the sol1 types may be analysed for clay 

minerals and cation exchange capacity. 
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APPENDIX A 

DETAILED PROCEDURES 



A . l  Block Sample Analysis 

a) Fie ld  Procedure 

The t e s t  p i t s  were dug by spade t o  required depth t o  

obta in  the  des i red  block samples and the  bottom of the  p i t  was 

level led .  A t  f i r s t  the  s o i l  was scooped out with the  spade t o  

the  bottom of the  block sample, excavating an  a r ea  approxima- 

t e l y  four  inches l a r g e r  than the  required surface  a r ea  of t h e  

block sample. The remainder of the  s o i l  w a s  c a r e fu l l y  trimmed 

with a kn i fe  and a small scoop t o  the  required surface area .  

The bottom of the  sample was cu t  with the  kn i fe  and ca re fu l l y  

l i f t e d  out of the  p i t ,  The sample was f u r t h e r  trimmed and 

t i g h t l y  wrapped with t h r ee  l aye r s  of flSaranfl polythene wrap. 

The f i n a l  surface wrap w a s  made with about two l aye r s  of paper 

towels dipped i n  hot wax. The samples were t ranspor ted  and 

s to red  i n  a moisture room u n t i l  t e s t i ng .  

b )  Laboratory Procedure 

The wrap was removed, and the  ex t e r io r  of the  

sample trimmed t o  remove any disturbed surface s o i l .  The 

weight of the  sample was obtained. The sample was then 

dipped i n  wax, and t h e  sample plus wax w a s  weighed. The 

buoyant weight was then obtained of the  sample p lus  wax. 

The wax was then removed and the  s o i l  sample placed i n  a 

drying oven t o  obta in  the  moisture content.  Knowing the  

u n i t  weight of the  wax, the  moisture content,  and spec i f i c  

g r av i ty  of the  s o i l  s o l i d s ;  the  dry densi ty ,  degree of 



saturation and void ratio were calculated for each block 

sample. 

The speciffc gravity of soil solids was determined 

for a representative sample from each test pit. ASTM pro- 

cedures were used as outlined in Designation ~854-54. 

A. 2 Auger Borings 

From the auger borings, disturbed samples were ob- 

tained and placed in two polythene bags to prevent loss of 

moisture, The samples were analysed for moisture content. 

liquid and plastic limit, and/or wash sieve analysis. The 

plastic limit was determined in accordance with ASTM Desig- 

nation D 424-54T, except that it was run on the undried soil 

sample. The liquid limit was determined using the one point 

method as outlined by Eden (1959) on the undried soil samples 

from their natural state. The value of tan B used was 0.1. 

The wash sieve analysis was performed by first determining 

the material finer than No. 200 sieve in accordance with 

ASTM designation C 117-49 and then performing a sieve analy- 

sis on the material coarser than the No. 200 sieve. In 

gravel soil, only the fraction passing the one inch sieve 

was analysed, 

A . 3  Laboratory Frost Room Tests 

a) Apparatus 

The apparatus used in this laboratory program is 
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shown i n  FIGURES A . 1  and A . 2 .  A c ros s - sec t iona l  drawing of 

t h e  f r o s t  box i s  shovni on FIGURE A,3, 

The specimens were compacted i n  f o u r  l i f t s  i n  a 

two inch  diameter  s p l i t  mold, us ing  a s tandard  P roc to r  ham- 

mer. Rubber membranes were used t o  enc lose  t h e  specimens. 

An aluminum cap was placed a t  t h e  t o p  and a wooden per fora-  

t e d  p l a t e  a t  t h e  bottom of each specimen. Volume measure- 

ments a f t e r  molding and s a t u r a t i o n  were made wi th  c a l i p e r s  

and . O O l l *  d i a l  gauges, The specimens were placed i n  a 

f r o s t  box which he ld  24 samples a t  one time. The w a r m  s i d e  

temperature w a s  provided by a cons tan t  temperature ba th .  

Blue M. Model No, MV 1130 and was maintained a t  E°C k 0.5'. 

Th i s  temperature was chosen as r e p r e s e n t a t i v e  of ground 

water  cond i t ions  (Jumikis ,  1956).  The e x i s t i n g  cons tan t  

temperature ba th  thermosta t  would no t  f u n c t i o n  a t  t h i s  low 

temperature and a F i s h e r ,  C a t .  No. 15178 f l a n g e  head type 

thermosta t  was adapted t o  c o n t r o l  t h e  w a r m  s i d e  water 

temperature ,  The co ld  s i d e  temperatures  were obtained by 

p lac ing  t h e  appa ra tus  i n  t h e  f r o s t  room. Temperatures were 

measured with i ron -cons tan t in  thermocouples and a continu- 

ous "Brown** reco rde r .  Heave measurements were taken  by a 

moveable 0.001" d i a l  gauge mounted on a n  angle  bar  s t r a i g h t  

edge. 

b )  Mate r i a l s  

The s o i l s  used have been desc r ibed  i n  Chapter I V ,  



[A] CONDUCTIVITY APPARATUS 

[B] MOLDING EQUIPMENT 

[C] VOLUME MEASURING EQUIPMENT 

FIGURE A. I LABORATORY APPARATUS 
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[C] MEASURING HEAVE 

FIGURE A. 2 FROST ROOM EQUIPMENT 
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FIGURE A.3 CROSS SECTIOh DRAWING O F  FROST BOX 



The admixtures used were sodium chloride, calcium chloride 

and calgon, All admixtures were oven dried before intro- 

ducing into the soil to eliminate water of hydration, 

c) Specimen Preparation 

1. The oven dried soils were ground in a motorized 

mortar and pestle to pass the No, 10 sieve. Pebbles retain- 

ed on the No. 10 sieve were discarded. 

2, In each batch a number of variables were investi- 

gated, such as admix concentration and molding moisture con- 

tent, The different variables and the number of specimens 

for each variable are listed in Tables 4-2 to 4.8. The dry 

soil required for the specimens for each variable tested was 

weighed separately. The molding water was also weighed and 

thoroughly mixed with the dry soil, When admixtures were 

used, these were dissolved in the molding water. All mixing 

and specimen preparation was done in the moisture room to 

reduce loss of water by evaporation. After mixing, the soil 

was placed in polythene bags and stored in the moisture room 

for a minimum of 24 hours. 

3 .  The wet soil was then forced through a No. 4 

sieve to break up the agglomerations and to yield a more 

uniform soil-water mixture. 

4. The soil for each lift was weighed, introduced 

into the oiled mold and compacted. The top of each lift was 

scarified to break up the compaction planes, A representative 



sample of s o i l  was taken from d i f f e r e n t  p a r t s  of the  poly- 

thene bag f o r  a molding moisture content determination. 

5. The top c o l l a r  of the  mold was removed and the  

surface trimmed with a s t r a i g h t  edge. The specimen w a s  

removed from the  s p l i t  mold and weighed. Two measurements 

t o  0.001 inches were taken of length  with the  c a l i p e r s  and 

s i x  measurements of diameter with an.OOln d i a l  gauge adap- 

t ed  t o  measure diameters, 

6 ,  The membrane and aluminum top cap were i n s t a l -  

l e d  and a l l  th ree  items were weighed, Three readings were 

then taken of the  diameter a t  marked loca t ions  on the  mem- 

brane. The bottom perforated p l a t e  was i n s t a l l e d  and the  

ove ra l l  length,  including perforated p l a t e ,  sample and cap 

was observed and recorded. 

7. After  a l l  twenty-four specimens were molded. 

measured and weighed, they were sa tura ted  f o r  a minimum 

period of 24 hours, by immersing the  porous p l a t e  i n  water. 

A space was provided a t  the  top  of each specimen by i n se r t -  

ing a match between the  cap and the  membrane, t o  al low 

escape of a i r  during c a p i l l a r y  sa tu ra t ion .  Some of t h e  

specimens were not sa tu ra ted  i n  Batches Nos. 2 and 3 ,  a s  

noted i n  Tables 4.3 and 4,b. 

8. After  s a tu ra t i on ,  measurements were made of d i m -  

e t e r  a t  the  marked loca t ions  and length. These measurements 

were necessary i n  order t h a t  the  new densi ty  a f t e r  satura-  

t i o n  could be ca lcula ted .  The bottom perforated p l a t e  was 



removed, and the  sample, membrane and top  weighed t o  det -  

ermine the  increase i n  moisture content due t o  sa tu ra t ion .  

The perforated p l a t e  was replaced and the  samples were then 

ready f o r  placing i n  the  f r o s t  box. 

d )  Frost  Room Procedure 

1, The constant temperature bath was f i l l e d  with 

t a p  water so t h a t  the  l eve l  was approximately 0.1 inches 

above the bottom of t h e  specimen a f t e r  they were i n  place,  

The temperature of the  water was lowered t o  approximately 

46.5O~ with ice .  

2. Three thermocouples were inse r ted  i n t o  each of 

two specimens i n  each batch, Three holes were made i n  the  

s i d e  of each specimen spaced a t  1 inch i n t e r v a l s  above the  

bottom, The thermocouples extended approximately 3/4 inch 

i n t o  the  specimens, 

3, A l l  twenty-lour specimens were placed i n  the  f r o s t  

box, Loose f i l l  "zonoli te"  i n su l a t i on  was used around the  

specimens t o  the  l e v e l  of the  top  of the  top  caps. An in i -  

t i a l  zero reading was recorded f o r  heave measurements. The 

f r o s t  room f r eeze r  u n i t  was turned on and s e t  f o r  an  i n i t i a l  

temperature of 25'~. 

4, The f r o s t  room temperature was lowered every 

morning. Measurements of heave were taken th ree  times a day. 

The water l e v e l  was checked once a day and water was added i f  

necessary. The dura t ion of the  t e s t  f o r  each batch was 160 

hours . 



fI.4 Conductivity Measurements 

a) Apparatus 

A Conducto-Bridge Model X50 was used for conduct- 

ivity measurements, (Refer to FIGURE A-1 for a picture of 

the apparatus). A high speed dispersion mixer was used to 

dissolve the soil salts, and salt additive in the water, 

b) Procedure 

1, The calibration of the meter was the first step. 

From preliminary checks it was found that 20 gms. of dry 

soil in 200 c,c. of water gave readings at a sufficiently 

low range on the meter scale, To 20 gms. soil and 200 C.C. 

of water, weighed quantities of salt were added, mixed with 

the dispersion apparatus, arkd conductivity readings were 

taken, From thisa graph of conductivity versus salt concen- 

tration was plotted, (Refer to FIGURE 4.9) 

2, Extra specimens were made at the time the speci- 

mens for frost room testing were being molded, These speci- 

mens were used for determining the salt distribution after 

saturation, At the end of the saturation period. the extra 

specimens were cut into four or five equal segments. Each 

segment was oven dried. After drying and cooling in a 

dessicator, each segment of soil was ground and thoroughly 

mixed. Twenty grams of this soil were dissolve& in 200 COO. 

of water by mixing with the high speed dispersion apparatus 

for a minimum of one minute, The temperature of the soil 



All 

and water mixture was talren and the meter set for this temp- 

erature, The soil and water was further stirred with the 

meter probe until a constant reading was attained. This 

reading was recorded. This procedure was repeated for the 

other segments of soil and for different specimens. 

3 ,  For determiqation of salt movement due to water 

migration after freezing, the frozen soil specimens removed 

from the frost box were cur, into segments. The segments 

were oven dried and the same procedure used for determining 

the conductivity as previously outlined, 
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