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16. Abstract 
This report explains an investigation of controlling factors involved in frost action in frost-susceptible pavement subgrade soils,  
including soil properties, climatic conditions, and elevation of water table. 
 
Beginning in 1952, field tests were conducted in two frost-susceptible soils:  silt from the town of Glastonbury and glacial till from the 
town of Storrs.  Field studies were completed in 1957, resulting in data from five successive winters.   Over the five winters, the 
Duration of Freezing Index at the test sites was from 60 to 120 days each winter.  
 
Both the silt and till were classified as frost susceptible, since 46 percent of the silt particles were smaller than 0.02 mm and 22 
percent of the till particles were smaller than 0.02 mm.  The Corps of Engineers classifies soils as frost susceptible if more 15 
percent of particles are finer that 0.02 mm. 
 
Analyses of frost penetration are based on applications of the Stefan Equation (the form referred to as the St. Paul equation) and 
Modified Berggren Equation for layered systems.  Soil temperature and frost penetration computations are presented and 
discussed.  Average maximum frost penetration depths were about the same in the two test pits. The maximum frost penetration for 
one winter was 38 inches at the test site.  There was fairly good agreement between experimental and computed frost depths, 
where computed values from both equations are larger for the glacial till than for the silt.   Heave and moisture migration consistently 
reflected changes in daily temperature with a time lag of two to three days. 
 
In order to develop design depths of non-frost susceptible materials and to set the elevation of underdrainage, the maximum depth 
of frost penetration at a particular site must be known.  The maximum frost penetration for design purposes should be obtained 
through the use of long range weather records for a particular site.  In some areas, it may be necessary to begin to collect weather 
information for use in future design of pavement structures. 
 
Researchers conclude that the total thickness of pavement structure, including all non-susceptible materials, should be at least as 
large as the maximum depth of frost penetration.  However, researchers acknowledge and identify some techniques that may be 
used to design thinner pavement sections through the use of sand wedges, heat-insulating layers under the subbase, use of porous 
and impervious insulating layers and chemical stabilizers.  
  
Results were applied to specific field problems with highway pavements encountered by engineers in ConnDOT’s Division of Soils 
and Foundations. 
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RESEXRCH REPORT 

S T U D I E S  OF FRCGT ACTION I N  SOI5S AS A FUNCTION OF SELECTED SOIL PROP- 
ERTIES, CLIMATIC FACTORS, A3TU E;ETJATION OF GROUND SATE3 TABU 

la INTRODUCTION 

When a i r  temperatures f a l l  below freezing fo r  a s ignif icant  period 

moist s o i l s  freeze with the  r e s u l t  t ha t  i c e  c rys ta l s  a re  developed and ad- 

d i t iona l  moisture, i f  available, i s  a t t rac ted  from lower elevations, The 

mechanism of moisture t ransfer  i s  exceedingly complwc. However, it is well 

known tha t  where a source of moisture i s  avai lable  i c e  segregation i n  the  

freezing zone of cer ta in  types of s o i l  produces a volumetdc change, or  

*fheaveri, i n  excess of the dimensional change which can be a t t r ibuted  t o  the  

expansion of water on freezing, Furthermore, t he  increased moisture con- 

t en t  of the  s o i l  caused by i c e  segregation r e su l t s  i n  a los s  of bearing 

strength when thaw of the  upper boundary occurs and lower frozen leve ls  

prevent drainage of the excess moisture. To diminish the  detrimental ef- 

f ec t s  of f r o s t  action beneath highways it is  common practice t o  use non- 

frost-susceptible materials beneath the  pavement and a l so  t o  i n s t a l l  sub- 

grade drainage where needed t o  intercept  water o r  otherwise control the  

elevcntion of the ground water table,  

Ideally, the t o t a l  t~i ickness  of nan-frost-susceptible materials - 
pavement, base, and subbase - should be a t  l e a s t  equal t o  t h e  maximum 

depth of f r o s t  penetration. 19th l e s s  than t h i s  idea l  thickness some 

amount of f ros t  action wi l l  occur i n  the  upper part  of a subgrade of 

frost-susceptible material unless there is  no t ransfer  of moisture to t he  

freezing zone, In  same s o i l s  a source of moisture w i l l  not exist within 

cer tain c r i t i c a l  limits. I n  other s o i l s  it may be p s s i b l e  t o  M e r  a 
ground water t ab le  suf f ic ien t ly  by means of  underdrains t o  avoid, o r  limit, 

f r o s t  action i n  the subgrade. The f a c t  t ha t  thermal gradients and dura- 

t i o n  of freezing temperatures i n  the  lower part  of the  f r o s t  zone are gen- 

e ra l ly  smaller than a t  higher levels  i s  also favorable i n  terms of re- 

duced f ros t  act ion i n  the  subgrade, 

For some subgrade s o i l s  with high c a p i l l a r i t y  it i s  not  pract ical  

(1) The Corpa of Ehgineers (3.) s t a t e s  tha t  a water supply within 5 f e e t  
of the f ros t  zone i n  frost-susceptible materials may be troublesome. 
Also, when the  depth t o  the  water tab le  i s  i n  excess of 16 fee t ,  a 
source of water f o r  subs tant ia l  i c e  segregation is  u8ualJ.y not pre- 
sent. 



t o  prevent moisture t ransfer  by 1or;e::ing the ground water tab& Thus, 

in  some so i l s ,  moisture can entc .;!le f ~ o s t  gone through cap i l l a r i ty  

from a remote water table. In  o2ds1. t o  study quantitatively and qual- 

i t a t i v e l y  some of the controlling factors (including s o i l  properties, 

climatic conditions, elevation of water table)  involved i n  f ros t  action 

i n  frost-susceptible subgrade so i l s ,  a se r i e s  of f i e l d  t e s t s  and analyt- 

i c a l  studies were carried out a t  the  University of Connecticut over a 

period of several years, (2) Soma principal features and resu l t s  of these 

investigations a r e  described i n  the following, 

2. GENEFULL DESCRIFTIGN OF FIELD TESTS 

The f i e l d  t e s t s  were conducted on two f ros t~suscep t ib l e  s o i l s  - 
silt from Glastonbury, Connecticut and g lac ia l  till frcan the  v ic in i ty  of 

Storrs,  ~annec t i cu t  - (see Figure 1).  Special  So i l  t e s t  p i t s  were in- 

s t a l l ed  on the  campus of the University of Connecticut a t  Storrs,  with 

the  elevation of the  water tab le  fo r  each p i t  subject t o  independent con- 

t r o l ,  Figure 2. I n i t i a l l y  6 p i t s  of 30 inches ins ide  diameter and 6 p i t s  

of 18  inches inside diameter were ins ta l led  with silt in half of each 

s i z e  and till i n  t h e  other half ,  However, it was found ((Figure 3)  tha t  

there was a de f in i t e  s i z e  effect  in the  heave r e su l t s  f o r  the  18 inch 

pits and a f t e r  one year these p i t s  were abandoned. Therefore, t he  re- 

s u l t s  i n  t h i s  report ,  except for  Figure 3, are based on the  30 inch 

diameter pits, 

The pits were ins ta l led  on a bmch of a gentle slope (about 1 i n  6 )  
facing north, The p i t  area was selected so a s  t o  be removed from steam 

lines,  sewer l ines ,  and similar heat sources, The p i t  covers were s e t  

i n i t i a l l y  a t  approximstely the  same elevation, For each s o i l  type, 

depths t o  the  controlled water table ,  Figure 2, of 2,s ft., 4.0 ft., and 

5.5 ft. were used, The water t ab le  elevations were maintained by adding 

o r  subtracting water through the 3/4 inch p la s t i c  pipe i n l e t s  t o  the  re- 

servoirs, f igure 2, A s  a r u l e  daily adjustments i n  the water levels  were 

required during t h e  f r o s t  season, 

(2) Some aspects of the  investigations were described in the  Master 1s 
theses of Leonard (2)  and Cuomo (2), 



A t  the s t a r t  of the t e e t s  the  s o i l  was compacted in  the  pits 

in layers of approximately 2 iylches, with in-place average moisture 

and density values a s  shown i n  Tables 1 and 2. During the  1952 - 
1953 winter, temperature measurements were made i n  the  pi t8  by means 

of thermometers lowered through p la s t i c  tubes t o  s e e c t e d  levsls. 

Friar t o  the 1953 - 1954 winter t h e  s o i l  was removed and elt3ctris 

resis tance moisture-temperature gages(3) were ins ta l led  a t  psedeter- 

mind levels a s  the soil was placed and compacted. The s o i l  in the  

pits was not disturbed a f t e r  the  s t a r t  of the  1953 - 1954 f r o s t  

season u n t i l  the f i e l d  s tudies  were discontinued in 1957. 

TABLE 1 

INITIAL DATA FOR SOILS AND TEST PITS - 1952 
Tfu S i l t  

Pit Number 1 2 3 4 5 6 

Ave, moisture content (%) 8.3 8,8 8,8 

Wet weight s o i l  ( lbs  , ) 1446 2354 3264 

Dry weight s o i l  (lbs, ) 1335 2163 3000 

Dry Density (pcf) 125 126 124 

Cover bearing ~ r e s s u r e ( ~ s f )  91 89 88 

Diameter of p i t  (in.) 29.35 29.38 29*25 

Depth of soil (ft,) 2,27 3-64 5-18 

Depth t o  Water Table (ft.) 2,5 4.0 5.5 

T i l l  S i l t  
Pit Number 1 2 3 4 5 6 

Ave. Noisture content (%) 10,5 11.9 1 0  24.2 1 24.8 
Dry Density (pcf) 119 118 US 97 97 98 

Daily f r o s t  heave readings were taken by measuring the  change 

i n  elevstion of the concrete covers with an engineers level,  Read- 

ings were taken on four r i v e t s  embedded in  each concrete cover, with 

( 3 )  Because of the  low order of discrimination of moisture contents 
near saturation most moisture content readings were deemed un- 
sat isfactory,  



an average computed for  each p i t ,  A permanent base for  t h e  l e v e l  

and a benchmark were provided 5.n tLe p i t  area. 

The s i l t  used i n  the t e s t s  was from Glastonbury, Connecticut 

and the g lac ia l  till was representative of the  s o i l  occurring i n  t h e  

v ic in i ty  of the University of Con?ecticut in Storrs.  Grain s i z e  

curves, Figure 1, show t h a t  the s i l t  i s  a f a i r l y  uniform s o i l  with 

about 80 percent of the grains i n  the  silt range, On t h e  other hand 

t h e  till has a much more even gradation with grain s izes  ranging 

from clay t o  f ine  gravel, According t o  the  c lass ic  Casagrande (4) 
cr i te r ion  uniform s o i l s  a r e  f r o s t  susceptible i f  they contain more 

than 1@ of grains smaller than 0.02 mm,, and non-uniform s o i l s  a r e  

f r o s t  susceptible i f  they contain mcre than 35% of par t ic les  smaller 

than the 0.02 mm, Therefore, both the si l t  and till a r e  c l a s s i f i ed  

a s  f ros t  susceptible since fo r  the  si l t  46% of t h e  par t ic les  were 

smaller than the 0.02 mm. s i z e  while 2s of the  till par t ic les  were 

smaller than 0,02 mm. The two s o i l s  are  a l so  seen t o  be fro.st- 

susceptible from the  Corps of Engineers (&) Table 3 .  (4) 

TABLE 3 

FRCST-SUSCEPTIBLE SOIL GROUPS - CORPS OF l i X G J [ ~  (L) 

Group Descriptirsn 

F1 Gravelly s o i l s  containing between 3 t o  20 percent f i n e r  
than 0,02-mm, by 1sd5.gll.: ,, 

F2 Sands containing betri;?ei~ 3 azd 1 5  percent f iner  than 0 . 0 2 a .  
by weight. 

F3 (a) Gravelly s o i l s  eontsi~ing n:cr e than 20 percent f i n e r  than 
0.02-ra, by weight. (b) Sands, except very f ine  s i l t y  sands, 
containing more than 15 percent f i n e r  than 0,02-nm, by weight. 
(c) Clays with p l a s t i c i ty  indexes of more than 12, (d) Vanred 
clays existing with unifovm subgrade conditions, 

F4 (a)  All silts including sandy silts. (b) Very f i n e  s i l t y  
sands conteining more than 15 percent finer than 0,02-m, by 
weight, (c) Clays with p l a s t i c i t y  indexes of l e s s  than 12. 
(d)  Varved clays exis t ing with nonuniform subgrade conditions. 

(4) Linell, Hennion, and Lobacz (5) have suggested a modification of 
the groupings shown in  Table 3, 



Additional s a i l  propertlies a r e  l i s t e d  i n  Table 4, and mois- 

ture-tension relationships ffo? ",he two s o i l s  a r e  shown i n  Figure 4, 
Moistwedensi ty  relationchi,sa fcr the till and silt a re  shown i n  

Figures 5 and 6, respectively, 

TABLE 4 
PROPEBTIES OF SOILS IN mT PITS 

Storrs  
T i l l  

Specific Gravity 2.72 

Liquid L i m i t  22 

P las t ic  Limit 19 

Plas t ic  Index 3 
% f ine r  than 0.02mm 22 

Glastonbury 
S i l t  
2*75 
Uc 
20 

4. AIR TEMPERATURES - mZEEZING INDEX 

Since a i r  temperature i s  a controlling fac tor  i n  f ros t  ac- 

t ion  it is  common practice i n  f r o s t  studies t o  calculate  a freezing 

index, based on average, or  mean, dai ly  temperatures, a s  a measure 

of the climatic conditions a t  a s i t e  during the  freezing season, ( 5 )  
A s  defined by the  Corps of Engineers (z), (h), (2) t he  freezing in- 

dex i s  a measure of the  combined duration and magnitude of below- 

freezing a i r  temperatures o c c ~ n g  during any given winter and 

therefore is  related t o  the  depth of f r o s t  penetration. Numerically, 

the index i s  equal t o  the  . r n ~ " ~ y ~ ~ r n ~ ~ r , !  o r d i n ~ t e  of the cumulative degree 
0 

days ( i n  F. ) versus time c m - e  ( F ~ g u r e  7), For any one day the 

number of degree days i s  equal t o  the  difference between the  average 

B ~ x  tunpk-ature and 32'~. The degree days a r e  taken as  posit ive 

when the average temperature i s  below 3 2 ' ~ ~  and negative when the 

average tenperature i s  above 32'~. The cumulative degree days-time 

curve i s  a plot of the  cumulative degree days by days, s t a r t i n g  usu- 

a l ly  with t he  f i r s t  day f o r  which the  average temperature i s  equal 

t o  or below 32'~. The period f o r  which the average dai ly  temperatures 

tend t o  be below freezing and tk cumulative value has a f a i r l y  con- 

( 5 ) ~ v e r a ~ e  da i ly  temperature i s  the  average of the  maximum and minimum 
temperatures f o r  one d2y or  the  average of several  temperature 
readings taken a t  equal time intervals  during one day. Mean dai ly  
temperature i s  the  average of the  average daily temperature for  a 
given day f o r  several  years, 



tfnuous gr-h from minimum t o  maxim-a value i s  termed "Duration of 

Freezing Indextt, f igure 7, ( I ) ,  
Cumulative degree day cul-ves f o r  the Storrs  t e s t  s i t e  f o r  t h e  

years 1952-1951 a r e  shown i n  Figure 8 where the  cumulative values 

a r e  dezived fram the separate plots of average dai ly  a i r  temperatures 

i n  Figures 9, 10, 11, 12, 13. From Figure 8 it can be seen t h a t  t he  

general character of the winters during the t e s t  period varied consid- 

erably with t h e  freezing index ranging from a low of about 220 t o  a 

high of 585 and the Duration of Freezing Index ranging from 60 t o  120 

days. I n  comparison with these values f o r  the  t e s t  period, the Corps 

of Engineers (I.) has found from a study of long term weather records 

tha t  the  "mean freezing f o r  S tor rs  is about 325, d t h  a 

range for  the whole S ta t e  from a low of 100 degree days (along the  

coast) t o  500 degree days ( in  the northwest corner), Similarly t h e  

Corps of Engineers (2 )  has found the  long-term Duration of Freezing 

Index fo r  Connecticut t o  range from about 70 days along the  coast t o  

90 i n  the narthwestern part of the S ta t e  with a value of 80 f o r  

S tor rs  . 
TABLE 5 

First date f o r  
which average 
da i ly  temperature 
was a t  or  below 

Winter 92*~, 

1952-53 Nov, 8 

1955-56 Nov, 19 

1056-r7 Nov, 10 

Beginning da te  
when average da i ly  
temperatures tended 
to be Dalow 320 ----- -... 

De:., .:?, 

Dec, 1 

Dec, 1 

Dee. 17 

Date of maximum Duration of 
positive cumula- Freezing 
tive degree days ~nd.ex(days) 

Mar, 12 90 

Feb, 15 & fir. 10 160 

Apr. 1 120 

Feb, 22 & Mar, 1 2  85 

I n  addition t o  the  difference i n  freezing index for  the winters of 

the t e s t  period there were also differences, as shown i n  Table 5, i n  

the  dates on which the  cumulative degree d a p  were a =ximum and i n  the  

Duration of Freezing Index. Further, as shown i n  Table 5, the date on 

( 6 )  - Mean freezing index i s  based on mean temperetures cornput ad f o r  a 
period of 10 t o  30 years, 



which f ros t  action i n  the s o i l  might be assumed t o  begin t o  build 

up (not s t a r t )  varied from the f i r s t  t o  the  17th of December. %'here 

is a p s s i b i l i t y ,  of course, tha t  some s o i l  freesing takes place 

whenever the a i r  temperature f i r s t  drops bblow 32'~. ( a t  Storrs,  

ordinari ly  i n  October but irohbtimes i n  sekember) 4 However, even 

a f t e r  t he  a i r  temperatwe f i i s t  fa l l s  below 3 2 ' ~  there usually will 

be many days with minimuin dip  temperatdeb above freezing and hence 

freezing temperatures do not penetrate below a th in  boundary layer 

of the  so i l .  Certainly deep penetration of below freezing temperature 

does not occur u n t i l  average dai ly temperature6 are f a i r l y  consistent& 

ly below freezing, This was borne out a t  the  t e s t  s i t e  where ground 

temperatures (Figures 14, 15, 16) show t h a t  freezing a t  a depth of 6 
inches did not occur u n t i l  two o r  more weeks a f t e r  the  date  when 

average a i r  temperatures tended t o  be a t  o r  below 32'~. Over-all, 

the period corr6sponding t o  t h e  Duration of Freezing Index (Figure 

7), when cumulative degree days arein general increasing, would ap- 

pear t o  be the most s ignif icant  period f o r  f ros t  action, 

For design f o r  f ros t  t h e  Corps o f  Engineers (2) u t i l i z e s  a 

"design freezing indextt which i s  the freezing index of the  coldest 

winter i n  the  l a t e s t  lo-year period o f  record or  the average of  t h e  

three  coldest winters i n  the l a t e s t  30 years of record. From a 

s t a t i s t i c a l  study by the  Corps of Engineers (L), (2) of the  relation- 

sh ip  between the mean freezing index, computed f o r  a term of 30 years, 

and the design freezing ind= it appears tha t  the design freezing in- 

dex fo r  Storrs  would be about 800 rri'ch a range of 500 t o  1000 f o r  the  

h o l e  S ta t e  of Connecticut, 



The depth to which freezing ter?;ssratures penetrate i n  a so i l  mass 

i s  a function chiefly of a i r  tempe~a"v.res and thermal properties of the 

eoil. However, other factors including surface cover and exposure con- 

ditions can also affect f ros t  penetration. Froan extensive f i e ld  investi- 

gations of f ros t  penetration under a i r f ie ld   pavement^, the Corps of En- 

g i n e e r ~  (&), (&), (2)  found a good correlation between f ros t  penetration 

and mean freesing index. These investigations produced an empirical curve, 

Figure 17, which was found t o  apply sat isfactori ly to all pavement types 

with bases of non-insulating and non-frostsusceptible materials. After 

further refinements the original curve was presented as a design curve, 

Figure 10, for  t o t a l  thickness of pavement and base as a function of the 

design freezing index. More recently, Linell, Henion, and Lobaca (5) have 

published additional curves for f ros t  penetration as a function of the 

freeaing index and selected s o i l  properties. 

Figure 17 as  presented by the Corps of Engineers is applicable t o  

materials with thermal characteristics fal l ing within a narrow range and 

does not apply for  wet, fine-grained so i l s  for  which f ros t  penetration 

depths generally w i l l  be l ess  tha3 i - I J S  (a-4S.ve by the curve, (l.). There- 

fore, i n  order t o  obtain f ros t  penctras20Ai depths fo r  conditions which 

d i f fe r  from those assumed it i s  necessary t o  u t i l i ae  analytical methods 

i n  which provision can be made for  the conditions which actually exist, 

Two of the principal analytical ~nethoda'~) used in fros t  penetration studies 

- - - - - - - - - - --- - -- - - - - 

(7) A good description of analytical methods fo r  computing f ros t  penetration 
is given by ~ ~ i 8  {e),  Aldrich (9) discusses the Stefan equation and 
gives the developnent of the modified Berggren equation, Additional in- 
formation is contained i n  the references (2) through (u). 



a re  : 

The Stefan Equation: h = , / 4Gy (1 
\ I 

The Modified B a m r e n  Equation: h ,\\/? 

where: h = depth of f r o s t  penetration, i n  f e e t  

k = s o i l  thermal conductivitT(*), in Btu per hour per sq. ft. 
per deg, F per f t .  

L = latent heat, i n  Btu per cu. It. = 1.434 W Yd per hr. (3 

xd = drg- density, lb. per CU. fte 

w = water content, per cent 

F " freezing index, degree days F. 
(9) n = surface correction factor  

= dimensionless correction factor  given by Sanger (a), Figure 21 
and Aldrich (e), Figure 5 ,  as a function of two dimensionless 
parameters a a n d u  : 

vo 
Thermal ra t io ,  a = - = -  

Vs F 

C 
Fusion parameter, p = -- Vs = 

CF 
L 

- 
L t  

0 
and V =mean annual temperature, deg. F rninus 32 F. 

0 

% = surface freezing i ciex, Beg,  B, divided by the duration of freezing 
pcriod, t . (V, = ' ) T 

C = volumetric heat, i n  Btu per cub ft, per deg. F. 
Cf + C - I r - the average of the values for  the frozen and unfrozen s t a t e s  

2 

-- - -- 

(8) Often taken as 1/2 (kf + k ) the average of the values f o r  the frozen 
and unfrozen s ta tes ,  ~ l d r i % '  (2) 

(9) Kersten and Johnson found good agreercent between obnerved and calculated 
values of frost depth witin n = 0.C in a forn cx' the 4 x $ ~ E q u a t i o n *  
(The St. Paul Equations), Sa:lger j ~ z )  refers  t o  st?ii-5 ad ~ r r i c l l  show that 
good re su l t s  a re  obtained for  n = 0.9 i n  the l lodii led Sc,-::grsl Esuation, 



For a l a f e d  aystem the Stefan Equation has been placed in the fal- 

lawing form referred t o  as the St, PaAEsuations by Kersten (1l)r - 
St. Paul Equations: = -- R1 - 

24 2 

where: F = surface freezing index required to  freeee layer 1, degree days F 
1 
3 = latent heat, Btu per cu. ft. for layer 1 

dl = thickness of layer 1 i n  ft. 

S 
dl =thermal resistance of layer 1 = - 
k1 

kl =thermal conductivity of layer 1, in Btu per sq. ft, per deg. F 
per ft. per hr, 

Aldrich (2) has given the following form of the Modified Ber~gren 

Equatiog for layered systems: 
+------- 

L 
Wflare: (i;) effective 

+ L2d2 + . * a *  fh4 ) 

h = estimated depth of frost penetration = d l  + d Z  + ... % 

cwt 
= weighted value of wlurcetric heat 

Cldl + C2d2 + b b 4 b b endx 
t 

h 
(10) 



S= weighted value of la tent  heat 

6. FROST PEXJ3TRATIllN CWUTATIONS 

A. Soil Temperature Measurements 

At the Storrs t e s t  s i t e  the maximum observed depth of 8o i l  f'reeeing 

(taken a t  32'~) varied from a minimum of 12 inches for the 1952-53 winter 

to a maximum of 38 inches for the 1956-57 winter, For the three winters 

1953-54, 1954-55, 1955-56 for which ground temperatures are shown in 

Figures U, 15, 16 the average maximum depth of freering temperature was 

26 inchelp, For these same three winters the average a ir  freezing index was 

510 degree days F and the average duration of freeaing index was 95 days, 

B. Frost Penetration Cornputatis 

Zhe computed depth of frost  penetration in the soil p i t s  for the 

tkree wints~6, Z953-54, 1954-55, 1955-56, for which the foregoing averages 

of observed values are given, can be obtained as follows: 

Average Air Freezing Lqiex: 510 degree days F 
Average Duration of F L > e ~ z e :  95 days 
Mean Annual Air Temperature: 47'~ 
l.+ inch concrete cover (2): k " 0.54 Btu/sq* fL/dee.~/ft*br. 

C = 30.0 l3tu/cu. ft./deg,~ 



Data for  the till and silt is as follows: 

Dry density, r d ,  poi  

T i l l  - 
118 

Moisture Content, w, percent: 16 

Thelma1 conductivity('*), Btu/sg. ft./dag. ~ / f t . /hr .  

Unfrozen soi l ,  kU : 1.17 

Frozen s o i l ,  kf : 

1/2  (ku + kf : 

Volumetric heat, C. Btu/cu. ft./deg. F 

Latent heat, L. Btu/cu. f t  . 

S i l t  - 
97 

27 

(10) Values given are  estimated from charts prepared by Keraten (1 ). For 
both the till and the silt a value of 1.0 ~ t u / s q .  ft, /deg, F f t  ./hr, 

and frozen states.  

74 
was obtained by t e s t  as the average of the valuee for  the unfrozen 



1. Example8 of Fro& Penetration Cornnutations U s i w  St. Paul Eauations 

For Layered Sgatm: 

4 inch concrete cover = layer 1 
T a l l  or  s i l t  = layer 2 

- - - ,  

From equations (7), if 4 ' 0, F1 - 0 
For a surface correction fac tor  of n = 0.8, F2 510 x .8 - 40t 

Penetration i n  W: 

d2 
= 2.31 f t .  and h 0.33 + 2.31 " 2.64 f t .  from top 

of cover t o  bottom of f r o s t  in till 

Penetration in S i l t :  

d2 = 1.75 f t ,  and h 0.33 + 1-75 = 2.08 f t .  from top 
cover to bottom of f ros t  in silt* 

2. Punples  of Frost Penetration Computations Using Modified B e r m e n  

Eauations f o r  Layered Systeg: 

Penetration i n  Tii3.: 

To start with, it is necessary t o  make some estimate of 

the f roe t  penetration t o  use i n  Equation (9). For Storrs  the mean 

f r e e d n g  index, as mentioned earlier i n  the  report, is about 325 and 

from Figure 17 the depth of f r o s t  i n  non-frost-susceptible material8 

would be about 27 inches or  2.25 f t .  In f ine  grained moist s o i l s  the 

f ros t  depth would be leaa and a value of 2.0 f t ,  can be assumed f o r  
L 2 0.33 

h (d2 = 1.67 ft.). From equation (91, ( i;) - 3 [ a;sl; 



= 2260 from Equation (11) = a10 x - 
2 

from Figure 21 in Ref. &) or Figure 5 in  Ref. (P), A - 0.71 

from Equation (8) h = 0.71 48 * 9  510 = 1.94 ft. frcin top of J 29% 
coverto bottom of frost in till. 

Penetration In Silt 

a 1.57 ft. from top of cover to  bottom of froat in silt 



, 
SUMMARY OF FROBT PENETRATION 3TPl'HS OBTAINED FOR TEST PITS BASED 

Method Soil - 
nu - - S i l t  

Based on measured so i l  temperatures: 2.16 ft. 2.16 f't. 

(&puted from St. Paul Equations : n " 0-8 2.64 2.08 
n 0.6 2.26 1.78 

Computed fi.bmr Modified Berggren Equations : n4.9 1.94 1-57 
n ~ l . 0  2-05 1.65 

Corps of Engineers (Fig 17) value for non-frost-suaoeptible material 2.25 Pt. 

Comparison af frost penetration values for the pits, obtained f rom 

average conditions over 3 years Table 6 ,  shows fairly good agreement between 

experimental and computed frost depths. Computed values are in  each case 

larger for the till than for the silt, However, temperature measurements 

in the till and silt indicated that the average h u m  frost penetration 

depths were about the same! i n  the two soils. In this connection it should 

again be nuted that the maxirum obazwed frost penetration for me winter 

was 38 inches a t  the tes t  eite. 



3. Application t o  Highways 

A t  the t e s t  s i t e  the 4 inch co-~crete cover rested direct ly on the 

potential subgrade materials and f ros t  penetration computations were 

carried out for a two-layered system. However, a highway pavement pro- 

f i le  usually consists of several separate layers. For example, the profile 

might consist of: 

3-1/2 in. bitrrminoua concrete 

3 in. penetration macadam 

4 in, broken stone base 

10-1/2 in. sub-base 

12 in. selected subgrade material 

the subgrade 

Using known climaticfactors and tabulated or  laboratory values of 

the thermal characteristics of the several layers, the f ros t  penetration 

could be computed, The design depths could then be varied depending on 

the ground water conditions, t r a f f i c  characteristics, and other factors. 

7, FROST HEAVE AND. MOISTURE MIGRATION 

Throughout the period of teet,records were kept on both the verti- 

calmovernent of the covers and the amount of water which entered or l e f t  

the mil from the controlled level  reservoirs (11 (Figure 2). The daily 

changes are plotted ae heave and moisture migration for  the five winters 

1952-1957 i n  Figures 19-@. Pi ts  1, 2, 3 contained till with depths t o  

t he  water table of 2.5 ft., 4.0 f t ,  and 5.5 f t .  respectively. P i t s  4,5, 

6 contained silt with depths t o  the water table of' 2.5 f t . ,  4.0 ft., and 

5.5 ft., respectively. Equilibrium was not reached i n  1952-53 =d 1953-54 

(11) Bath p i t s  2 and 5 developed leaks as can be seen from the moisture 
migration cu=.ves for  these pits. 



- 17 - 
prior t o  frewing and the moisture vsrriations for  theee two winters do 

not depend simply on temperature c h z . , ~ ~ s ,  For the other years moisture 

equilibrium i n  the  so i l  generanj  VLLO reached before freezing eccurred. 

Figures 19-48 show that hsave and moisture migration are closely 

related, with daily fluctuations i n  one value f a i r l y  consistently re- 

flecting the daily fluc%uations i n  the others. Further, comparison of the 

day t o  day variations i n  heave and moisture migration with the w&at ion8  

i n  average daily t empera t~~~es ,  Figures 9-13, shows that heave and moisture 

migration consistently reflect  changes in average daily temperature with 

a time lag of from one t o  two or three days. Thus, a decrease i n  average 

daily a i r  temperatures on a given day consistently produced a moisture 

migration t o  the s o i l  a day or  two later .  Conversely, an increase in aver- 

age daily a i r  temperature on a given day led t o  a moisture transfer back 

t o  the water reservoir (Figure 2 )  a day or two later .  Usually both the 

cumulative heave and cumulative moisture migration t o  the s o i l  in a p i t  

were maximum near the date of xaaximwn cumulative degree days for  a winter. 

An exception was h e n  cumulative degree days were maximum in la te  winter. 

For a given depth of ground water table the net moisture migration 

during the main period of f ros t  ac.i,ic::? tcndad t o  be larger i n  the till than 

in the silt. On the other hand, tke  muSnum cumulative heave tended t o  

be slightly larger i n  the silt. In general, the net moisture m'rgration 

increased with an increase of depth to  the water table. However, there 

was not a clear variation of heave with depth t o  the water '~a3Le, possi- 

bly because of the high susceptibility of both soi ls  t o  frost acticfi, 

Figure 49 i l lus t ra tes  the influence of the duration end zagnitude 

of below freezing temperatures, as me:.s~~:ed by the a i r  ,"::eesSlq Ln.dexg on 

the average maximum heave of the o c i l  i;l t:ic pits, ?he anrage  mxbuin heave 

was computed as  the average of the rn2xhu'~. heaves f o r  a l l  bix p i t a  in a 

given year, The period covered, 1~53-1956, corrssponda t o  the period dur- 

ing which the s o i l  i n  the p i t s  was not disturbed. 



8, CONCLUSIONS FhCGi4MENDATfCrJS - - --- 
A, Both the g lac ia l  till azd siit used i n  the f ros t  studies 

exhibit characteristics o l  s o i l s  highly susceptible t o  

f ros t  action. Thus both s o i l s  heave during periods of 

freezing with a migration of moisture upwards which resul t s  

i n  increased moisture contents i n  upper regions of the so i l s ,  

remaining even a f t e r  l a t e  winter warming se t s  fn. In  prac- 

t i c e  the detrimental effects of these characteristics i s  

found i n  non-unifarm heaving during winter and decreased 

bearing strength during the l a t e  winter and e2rly spring 

when thaw occurs. 

1. Within the limits studied, the elevation of the ground water 

table has almost no influence on the possible detrimental ef- 

f ec t s  of f ros t  action i n  g lac ia l  till and silt. Thus, there 

was l i t t l e  difference i n  the heaving of t h e  s o i l s  f o r  depths 

t o  the ground water table of 2.5, 4, and 3 feet ,  Frobably, 

greater depths t o  the  water t ab le  - a t  l eas t  within p r a c t i c d  

W t s  - would not eliminate the  f ros t  effects  in  the  two 

soils.  

C. Since both till and silt are  highly susceptible to f r o s t  ac- 

tion and, as a pract ical  matter, lowering of the ground water 

table does not provide re l i e f  from f r o s t  action, the so i l s  

should be replaced by non.sfr.,st.-susceptible materials when 

they occur within the  fi-as t ;J~n?$ration zone beneath a pave- 

ment, 

D, Non-frost-susceptible matei-ials within the  f ros t  penetration 

gone should be kept f r ee  of moisture, Therefore, i n  a l l  

cases underdrains should be provided t o  intercept s ide h i l l  

drainage and in general t o  lower the elevation of ths  grqund 

water table  below the  frost penstration zone, 

E. I n  order t o  develop design depths of non-frost-susceptible 

materials and t o  s e t  the elevation of underdrainage, t he  m a s  

imum depth of f ros t  penetration a t  a par t ic~cl la~  s i t e  mst be 

kr.otm, Good correlatic-.~ was obtained between mcasur eL and 



camplted values of f r o s t  ps:;.;t~ation a t  tho t e s t  s i t e  from 
both t h e  S t ,  Paul &ua.ti c:-.:, for Layered Systems and t h e  

Modified Berggren EqcaLior-F-; far Layered Systems. The maxi- 
mum f ros t  penetration fo? des gn purposes should be obtained 

through t h e  use of long rmge weather records for  a particular 
s i te .  Actual measurements of f r o s t  penetration f o r  one year 

or even a few years a r e  useful t o  provide a check on ana ly t ica l  

methods, 

There i s  a consi.c!eila!>le v a ~ i a t i o n  i n  climatic factors through 

the  S ta t e  of ?ct;mfctic-aLe .Therefore, i n  order t o  apply analyt- 

i c a l  methods t o  tho  determination of design f ros t  penetration 

defihs for  different  areas of the  s tate ,  required information 

muet be developed from exis t ing weather records, In same areas 
of t h e  s t a t e ,  it may be necessary for  t h e  Highway Department 

t o  begin t o  col lect  weather information which i n  coming years 

w i l l  be useful i n  the  design of pavement structures,  

Different $udgernents ex i s t  on the  re la t ion  between depth of  

f r o s t  penetration and the  depth of non-frost-susceptible mat- 

eri&ls t o  use over s o i l s  such as till or  si l t ,  Erickson (u) 
reparts t h a t  i n  t h e  western s t a t e s  two s t a t e s  use one-half of 

the f ros t  penetration f o r  t h e  t o t a l  thickness of pavement 

s t ructure unless the  s o i l  strength c a l l s  fo r  a greater  thick- 

ness, I n  addition, Colorsdo fiss a t a b l e  of factors which deter- 

mines thickness r equi.r~unc.d .& d r,pe;iding upon the  f r o s t  penetration 

and moisture conditions .. 

Ideally the  t o t a l  thickness of pavement structure,  including a l l  
non-frost-susceptible materials should be a t  l eas t  as h r g e  as  the  

maximum depth of f r o s t  penetration, However, for  reasom of econ- 

oay it may not be prac t ica l  t o  provide the  idea l  thfckiless partic- 

u la r ly  where s o i l  bearing s tTergth does not contl-01, Rcl,?ma~k 

(2.6) has reported on ae-reral. measure8 used i n  Sweden i n  f r o s t  

areas t o  reduce detrimental f r o s t  action. Thase measures include: 



inser t ion of sand wezge:: i n  areas of transaction from 

racks t o  frost su~cey;i,.!.f?le soil; inser t ion of heat- 

inaulation layers  met;. the sub-base('*); use of porous 

and impervious insulating layere; chemical s tabi l izat ion,  

(12) Rengmsrk (&) comments on the  longitudinal f r o s t  cracks 
developed along the center l i n e  of newly b u i l t  roads 
early i n  the f r o s t  period as the  r e su l t  of a greater  
depth of f r o s t  penetration a t  the  center than a t  t h e  
sides, where snow provides insulation, Thorough snow 
clearing a t  t h e  s ides  or  use of a 'nc3%-ii?s*Acting iayer 
at t he  center is recommender! t o  eliminate the  cracking 
i n  cases where non-f ros t~su~cept ib le  mater ial  cannot be 
povided over the  full f r o s t  depth, 
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