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95°F—days to 783°F days. Surface freezing indexes in asphaltic concrete pave-
ments ranged from 59°F—days to 4OO°F—d~ys, and for Portland cement concrete
pavements ranged from 57°F—days to 388 F—days. All freezing indexes were con-
siderably greater during the 1976—1977 winter. Measured maximum frost penetra-
tion depths were compared with computed maximum depths for each of 30 test sites
The modified Berggren equation was used to compute the maximum frost depth at
each site. - Measured maximum frost depths ranged from 20.5 in. to 52.0 in.,
while computed maximum values ranged from 14.0 in. to 61.0 in. The mean dif-
ference between observed and computed maximum frost penetration depths was
3.8 in. -4Maximum frost penetration depths were computed for hypothetical pave-
ments with open—graded drainage at four of the test sites. It was concluded
that open—graded dra inage layers would not significantly change the frost pene-
tration beneath highway pavements In New Jersey. It was recommended that test
pavements be installed to verify the computat ions.
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PREFACE

This report was prepared by Dr. Richard L. Berg, Research Civil
Engineer, of the Geotechnical Research Branch, Experimental Engineering
Division , U.S. Arm y Cold Regions Research and Engineering Laboratory.

Primary funding for this study was provided by the New Jersey
Department of Transportation, Directorate of Research and Development,
Trenton, New Jersey , under New Jersey State Agreement No. 7740,
December 1976 , Improved Drainage and Frost Action Criteria for New
Jersey Pavement Design, Phase II — Frost Action (Data Analysis). This
is the final report submitted by CR.REL on this study.

Secondary funding was provided by the Federal Highway Admini-
stration , Fairbanks Highway Research Station, Washington, D.C. (A.F.
De Millio), under Order No. 5—3—0202 , May 1978, Development of Mathe-
matical Model in Correlating Observed Frost Heave of Highway and Airport
Pavements with Laboratory Predictions.

The technical content of this report was reviewed by W.F. Quinn
of CRREL and by C. Koslov of the New Jersey Department of Transporta-
tion.

Special recognition is given to SP4 C. Espiritu , and R. Godfrey ,
who accomplished most of the computer solutions to the modified
Berggren equation.

The contents of this report are not be used for advertising or
promotional purposes. The citation of brand names does not constitute
an official endorsement or approval of the use of such commercial pro-
ducts.
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given in the conversion tables in the ASTM Metric Practice Guide
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Converted values should be rounded to have the same precision as the
original (see E 380).

Multiply 
—~~~ By 

-— 
To Obtain

inch 0.0254 meter

0.556 (F—32)

Btu/pound 2326. joule/kilogram

pound/cu ft 16.018 kIlogram/cu meter

Btu/sq ft ll356.5~ joule/sq meter

foot 0.3048 meter

cubic foot 0.02832 cubic meter

mile (statute) 1.6093 kilometer
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IMP ROVED DRAIN AGE AND FROST ACTION CRITERI A
FOR NEW JER SEY PAVEMENT DESIGN PHASE II

(DATA AN ALYSIS)

Richard L. Berg

INTRODUCTION

In early 1975 , eng ineers from the New Jersey Department of Trans-
portation (NJDOT) visited CRREL to discuss a program they were embarking
upon with assistance from the Federal Highway Administration . NJDOT
was interested in including open—graded drainage layers in their pave-
ment , but before doing so chose to determine analytically the effect of
frost penetration beneath pavements when using an open—graded drainage
l aye r .  In ear ly  July 1975 NJDOT issued a contract to CRREL to conduct
the study, the principal goal of which was to analytically determine the
impact  of an open—graded drainage layer on the dep th  of f ros t  penetra-
tion beneath pavements in New Jersey.

The f i n a l  repor t  on that  s tudy  (Berg and McGaw 1978) was submitted
to NJDOT in June 1978. In the previous study, the modified Berggren
eq u a t i o n  was used to es t ima te  the maximum seasonal f r o s t  pene t r a t ion
d e p t h s  benea th  several  pavement p r o f i l e s  in New Jersey . Mean and desi gn
f r e e z i n g  indexes were developed for  New t on , Trenton and A l t a n t i c  C i t y ,
New Je rsey , and used in th e  c a l c u la t i o n s .  S u r f a c e  t r a n s f e r  c o e f f i c i e n t s ,
i . e ..  n — f a c t o r s , were de t e rm ined  f rom a i r  and su r face  t empera tu re  da ta
supp l i ed  by NJDOT . They a l so  fu rn i shed  aggregates  fo r  thermal  conduc—
t iv i tv  t e s t s  on base and subbase course m a t e r i a l s  and paving m a t e r i a l s .
Aggregates for the proposed stabilized and unstabilized drainage layers
were also included fo r  the rmal  conduct i v i t y  t e s t s .

The cu r ren t  s tudy  was i n i t i a t e d  in December 1976 and was to extend
through September 1977. In October 1977 the contract was extended to
30 March 1978.

The s tudy  had the fo l lowing  o b j e c ti v e s :

a. To determine the probable magnitude of frost penetration
depths at s p e c i f i c  sites in New Jersey .

b. To compare calculated frost penetration depths with measured
depths to verif y the prediction capability of the modified Berggren
equation in New Jersey, and

c. To determine whether there may be special or unanticipated
adverse a f f e c t s  due to a p p l i c a t i o n  of open—graded dra inage layers .

THERMA L ANALYSI S

In the previous study (Berg and McGaw 1978), pages 23—34 , the
m o d i f i e d  Berggren equation was used to  ca lcu la te  maximum frost pene-
tration depths in selected New Jersey pavement profiles . At the sugges-
tion of CRREL engineers , NJDOT engineers and technicians installed frost
tubes  fo r  m o n i t o r i n g  f ro s t  pene t r a t i on  depths  and access tubes fo r

L __ _ _ _ _ _ _ _ _ _ _
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mon i t o r i n g  s u b s u r f a ce  m o i s t u re  c o n d i t i o n s  with a n u c l e a r  p r o b e .  CRREL ’s
N.JDOT eel leagues collected and tabulat ed data f r o m  the t est  s i t e s  and
sent th~ data to CRREL . The remainder of this report describes Infor-
mation f r o m  the f i e l d  t es t  s i t e s  and g ives  c a l c u l a t i o n s  of f r o s t  pene t ra -
t i o n s  at  the s it e s .

F i e l d  Test S i t e s

E)ur lng  the  1976 suimner and f a l l  NJDOT i n st a l l e d  f r o s t  tubes  and
access tubes for  a nuclear  m o i s t u r e  sensor at  30 l o c a t i o n s  In the
nor thern , central and southern portions of New . lersev .  Fi gure Ia shows
the l oca t i ons  of the tes t  s i t e s .  D u r i n g  the 1976—1977 winter , NJDOT
personnel  measured f r o s t  p e n et r a t i o n  dep ths  and m o i s t u r e  contents at
these  s i t e s  two to three  t imes per week .  The f r o s t  penetr ation and
mois tu r e  con ten t  data  were tabulated by NJDOT personne l and mailed to
CRREL . A t CRREL the data were analyzed and used in the computations of
frost penetration depth. A ll of the frost penetration data were plotted
is were measured moisture contents at selected depths; these are presented
in Append ix  A.

Fi gure lb shows th ree  b eat ions in the state (Rockawav , Bedminster
and Bordentown ) where a i r  and pavement s u r f a c e  t e m p e r a t u re s  were measured
s i m u l t a n e ou sly .  A i r  and s u r f a c e  t e m per a t u r e s  were measured at the same
t h r e e  si t e s  d u r i n g  the 19 7 5 — 19 7 6  w i n t e r  and their r e s p e c t i v e  f r e e z i n g
indexes were reported prev ious ly  (Berg and NcGaw 1978) , pages 5—6 .
Daily maximum and minimum air and pavement surface t e m p e r a t u r e s  were
tabulated by NJDOT personnel and sent to CRREL where freezing indexes
and n — f a c t o r s  were de te rmined . At each of the three sites , surface
t e m p e r a t u r e s  were measured on both a s p h a l t  ic concre te  and !‘or t  land
cement concre te  pavements .

Six sites were choosen by NJDOT ( 19 7 7 )  f o r  d e t a i l e d  therma l a n a ly s i s
using the  m o d i f i e d  Berggren e q u a ti o n . At these s i tes , d i f t e r e n t  para-
me te r s  in the m o d i f i e d  Berggren e q u a t i o n  were var ied to e v a l u a t e  t h e i r
i n f l u e n c e  on computed f r o s t  depths . After comp letion of these calcula-
t ions , f ro s t  p e n e t r a t i o n  dep ths  were computed  and compared to measured
values for the remaining 24 sites. The s i x  s i t e s  chosen i cr  detailed
analysis were Site Numbers 6, 9, 11. 18. 22 and 29 (Figure l a ) .  The
thickness and properties of various materia ls in the pavement pr o fil e s
are discussed subsequently .

Surface Transfer C o e f f  I c  tents

Berg and McCaw (1978) d i  ~cussed stir f ice t rati s fe r c oeff i c i en t s ,
f a c to r s , which have been observed  in  v ar i o u s  geograp h i c i i  lot-at ions in

the t’ni ted S t a t e s , Canada and Norway . As prey otis lv stated t h e New

I
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J . -r s ey  I ) e p ar t m e nt  of T r a n s p o r t- it  ion  mea s u r e d  s u r f a ce  and a i r  tempera—
t urt-s d u r i n g  the 1975—1976 and 1976—1977 winters.

Data  t o r  t h e 1975—1976 wint er w er e  r e p o r t e d  p r e v i o u s l y  (Berg and

~-lc~~aw l 9 7 ~3 ) ,  and freezing ii~ 1ex~~ and n — f a c t o r s  measured d u r i ng  the
1976—1977 winter are shown in - -ib l&- 1. At all three sites the air
f r e e z i n g  index and length  of the air f r eez ing  season were greater  in the
1976—77 w i n t e r  than in the previous  w in t e r .  The same is true fo r  the
Portland cement and asphaltic concrete pavement surface freezing indexes.

Table 1. Freezing indexes and n — f a c t o r s
1976—1977 winter.

Air Portland cement concrete Asphal:ic concrete
Season Index Season Index n— Season index

Site days ~~~ s da s °F—days factor days ° F—4~~~s fac tor

Bordentown 46 316 41 93 0 .29  44 181 0.57
Bedminster ~i 446 52 388 0.87 52 400 0.90

~~J-~awav 84 783 72 295 0.38 70 304 0.39

Table 2 summarizes n—factors for the asphalt concrete and Portland
Cement concrete pavements during 1975—76 and 1976—77 winters. For
Bordentown and Rockawav the n—factors were generally slightly lower
during the 1976—1977 winter than observed in the 1975—1976 winter. The
exception was the n—factor for the Portland cement concrete test section
at Bordentown which was considerably less during the 1976—1977 winter
than observed during the 1975—1976 winter. Data from Bedminster exhibited
a different behavior. During both winters the n—factor for asphaltic
concrete was considerably higher at Bedminster than observed at the
other two sites. Data from the Bedminster site also indicated that the
n—f actor for the asphaltic concrete pavement was sligh t ly higher dur ing
the 1976—1977 winter than measured during the 1975—1976 winter. Although
the n—factor over the Portland cement concrete pavement at Bedminster
agreed quite well with the observations at the other two sites during
the 1975—1976 winter , it was considerably higher during the 1976—1977
winter.

Table 2.  n — F a c t o r s  f rom New J e r s ey  s i t e s .
Asphaltic concrete Portland cement concrete

Site 1975=1976 1976—1977 1975—1976 1976—1977

Bordentown 0.62 0 .57  0.60 0.29
Bedminster 0.84 0.90 0.54 0.87
Rockaway 0.46 0.11) 0.40 0.38

Use* 0.55 Usc* 0 .45

*Value used in compu t a t i o n  of maximum f r o s t  dep th  us ing  the  m o d i f i e d
Berggren equation if the surface  f r eez ing  index was not measured at
a nearby location .

4
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Air  and su r face  tempera ture  data information from Bedminster show
no anomalous behavior dur ing  e i ther  the 1975—1976 or 1976—1977 winters .
As part  of the current  s tudy , however , a i r  :reezing indexes during the
1976— 1977 f r eez ing  season were computed fo r  several other locations in
New Jersey  (Table 3) .  These data indicate  that  air temperatures t aasured
at Bedminstar  were s i g n i f i c a n t l y  hi gher than those meas’~red in nearby
cot~~unities, thereby cr sing a lower freezing index at Bedminster. Air
f r eez ing  indexes at Long Valley and Somerville averaged 795 degree days
for  the 1976— 1977 winter , whereas the air f reez ing  index measured at
Bedmins te r  was oni; 446 degree days .

The lengths of the f r eez ing  seasons were si g n i f i c a n t l y  d i f f e r e n t  at
the three sites also.

Table 3. Weather ‘tations , air freez ing indexes
and lengths of f r eez ing  season used
in the thermal analysis.

Air  f r e e z i n g  Length of
S i te  Weather  index , f r eez ing  sea—

No st a t ion * Location ** °F—days son , days

6 Trenton 12 ml W 446 51

9 Bordentown at site 316 46

11 Long Valley 9 ml N 800 85

11 Somerville 9 ml SE 790 85

18 Canoe Brook 5 ml SE 771 86

18 Morris  Plains 4 ml NW 764 86

22 Boonton 1 ml S 822 86

29 Newton 7 ml W 1075 86

* Nat ional  Oceanic and Atmospheric Adminstration stations except
Bordentown where temperatures  were obtained by NJDOT.

** Approximate distance and direction from test si te.

At both Long Valley and Somerville the f reez ing  season was 85 days ,
but the season observed at Bedminster was only 51 days.  Using the
average air f reez ing  index (795 °F—days)  from Long Valley and Somerville
wi th  the su r face  f r eez ing  indexes (388 and 400 °F—days)  measured at
Bedminster , the calculated n — f a c t o r s  of 0 .49  and 0 .5° F for  the Bedminster5
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sIte agree much more closely with v;i I nes observed a t  the ot her  two
s i t es .  The effect of var  I at ions In t h e  n—fact ors and the  I n f l u e n c e  t i f

l ie  se v ;u r I a t  Ions were dl uctissed p rev I o t i s  i v ( Ber g  and McCaw 1978)

(:ond I t Ions  used In the  c om p u t a t  I o n s  f o r  each of the s i t e s  are
summarized s u b s e q u e n t l y ,  and the n — f a c t o r  used when the surface temper—
a t t i r e  was not measured near the f i e l d  t es t  s i t e  Is shown in Tab le  2.

Therma l Proper I i t - s

For the cal cii hat ions In  th  i s  report • t i t erm a  1 p roper  t I es we r i  deter—
m i n ed b~’ met hods (II scussed by Berg and Mc(;iw ( 1 9 7 8 )  . M o i s t  t i re  content s
for each ot the t I e Id t e s t  5 i tes  we N- i - s t  I mat ed f r om  m e a s u rem e n t s  made
by NJ1)OT personnel and m m  I sited to C R R E I  - I i i  t :ihti 1 at  ed form . Tue m e l  at  tir e
content and t h e eat [mated deii s I t v  l i i i luence a l l  of the therma l pr t ’l’ crt It-S

therma l conduct lv i  I V , vol ume t r I c  ht ’a t c a p a c - I t v and volume t r Ic
l a t e n t  heat of fusion .

The Vu 1 time t r Ic heat capac t v , i n  R I  ii / c ut I t ° F , I a de i - rn  I ned I r em
t lie t o l l  ~~~ing  eq t i a  t i on

C 
~d 

+ ( 0 . 7 5 )  (w/ l OO ) J  ( I )

where t h e  d ry  ui n  I t  WP I g u t  , I b /cti f t

c -
~ the spec ( l i t .  hie ;i t o I dr v soil , Vtt it / l  hi ° V

w the mo I s t u n -  ( O u t  ( n t  , ,~ ( m V  we I g u t

‘flit - vol time t r I c  hat out lie :u t ot  I us i o n  • I n  l i t  t i / c u  f t , i s  det ~-rm I ne t i
I rem t’q u at  Ion ( ~ ) :

L 14/ u ( w / l 0 0 )

The therm.i I t -onduc I l v i  t v was  dot t ri ll i nod h~ l i i i  
~ 

i t i t t l u  t o  oIl  t 1 I ned

I)V Borg and Mc (;iw (1978):

a . For t he u n k n o w n  sot I • do t erm i nt or e at  i mat 0 t l i i -  d rv tlt -n a  i t  V and
m oisture content by dry we i ght

b . Using t hi ’ t ( i u i ; ~ i o n s  below or F I giures ~ a n d  I I I nd Kerat o n ’s

v a t  u~ ’ of t hit’ m a  1 cot-iduc t. iv i t  v , K 
- 
, I o r - ‘i  I htav I np t lie same dens I t  v

in t l !1() si t i r e  cen t t i l t . 
-
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l o t  unt t’ozen sanity so i l s

K ( 0 . 7 I t o  ( w~~ + 1 . ,  I~ 1 f ) ~ 
. 0! 

il I )

and t o t  f rozen  sandy s o i ls

K — 0.076 (10)~~
01 1

~ d + 0 .0 I ~’ (i( 01 ’
~~~d (w~

whe ri ’ K t lie rma I ~-on t tu ~- t l v  I t  v , lit i i  ‘ sq I t h i t  “ F / I n

I I 
— d ry  deu is  i t  v o t  t l i t -  soil , 11) / i - i l  I t

w — mu I at  t o r e  -oi l  t en t • 
‘
~ di ~ we I gli

c . Enter the approprI.it e curve 101 I-’ i g i u r t -  ‘u or S with ) I hi ’ ~~~~
- —

te nt ,ir,t’ pass t u g  t h e  ‘I)( ) s i -vt ’ t ot’ the Now ~~~~~~ ~oj i  nit! I I n t l  t l i t ’
correspond lug r a t  to of K/K .

d . Mul t I p l y  the Kt’rst en vi i  no’ • K 
- 
, by t ho ’ I I  t I t ’ t i e  t t ’ iill h i t - il I i i  a ( i - l i

c and t he restu  i t  log va liii ’ shun UI be wi  rh~ in + I 0 ’~ of t ho ’ t h~- i-ma I c o t n i t i t ’ —

lv I t v f or  t h e  New ~l e l s e  \‘ So) I i

For t l i i ’ p avemen t  mat  t ’F I a I and t h e  a t  i i i  1 1 :t ’d and u i o s t  at ’ I I  i t ’d

d i i  iiiage layers , t h e i—ma I cond iuc  t i v  i t  v va h i t - s  u i s i ’ tl I i i  t lit ’ c a I t - u I  at  ions
were t liii ~o tict  e rm I med f r o m  t ho’ i-n a I ci’iidtut ’ t I ~ i t  v I .-a t a t ’ t ’ l l t l iR  ted diii’ i i i ~’,

the pro’v (outS studs’ (Berg and Mi-raw I ~ 7 81

F res t  1)t~p t h  ~~ 1 i ~ji,t_I~ ns

T1i 10-knesst- s and r e p re s e nt i t  1 v. t i  liii’s t o t -  t l i i ’ iiio i St  t i l t ’ ce nt  o u t  S i~1
the y i n  I otis p a v i n g  m a t  em L i l a  weri - ob t  .i  I tied t i o n  t i a t  a p r~’~’ I t le i l  by  t hit -

N.II1OT . Densit les for e a t — h of t mui - u n a t o ’ l  i , i l  a wi-t i - ebt a hi~’, l I t o r n  d a t  a u sed
i n  t h e  p u ’o v b u s  St  t u i v  ( l i t ’  rg and ‘t ,~ it, I I  ~~ ‘I • and I i ,sn N,I l~~ F ( 1’) - 8~t -

I i .  -
~~ a i t  h— s and m t i a t  t i r e  t Oi l I t i l t H Sc t O  t i i i i ’d w I t  Ii t h i , ’ not Insis tft ’ a c t  i t t i  ‘ .1

t h ey . - to t ’st  l m : u t t ’  t hit ’  t ho—m i pi’opei I I t a  I en  o S’hi i- to !  I I , i ’ - ’i  e u  I t  a
are shown In Tab i t ’  4 .

As prey louis i v  sI :u t e d  a , !et a I (ott ,in ,I I \ ‘ t  l i t  ‘ I  I lie I u t  I i i t ’ilco of v i i i , ‘ t t a

parameters was pert omnied at  a i x  o f  I lie t i ’ h , ’ , - t  ~‘ti I t ’st  a i t i ’a . I’ , t l t l o ’ ‘ ‘

- o n t  a in s  in  i t  Ia I and t ip p er  h o t i u i d , i r v  t ’ o t i t t  i t  I ou t; used , i t  t t I ’ t; t~ H I  ~ s i l t -S .

Al a.’ ahowii i~ T~~i lo 
‘ t , i  i i -  I)i~ I i , ’ ’;t  Petit ’ I i i t  i on  dt - p t  hit .- t’mpt it i-il i t s  I ii~

tit -l i sot of In i t i i i  intl I , ouiut , !ut v -ou t! I t  b u s  Iti - ‘t i  U n i c t  i t ’t i  w i t  ii t ito t i t  I
and ‘, t v i ’ms ’nt  p r ope ’ u t  I i’S f i ts i ,  in l , t ~ I ’ ’ -

~ Tin- I a t  I ’ , ’ t  i w i  a i i i  , i i  l i t  ot t

u s i n g  t lit’ i f l i l i l i f  I t ’d b i i ’ l -~~~~l- t ’fl e t p i t i t  (~~u i , a cu tu p 1 i ’t 0 expla n t . i on  of wli -h i t

8
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F i g u r e  4. ComparIson of therma l conductivity (K) of New -lerse’v soils
with Kersten ’s values (K) for sandy soils , unfrozen.

I

0 4~ ~ (-I 
I I 7 ~

o 4

~~~~~~t 5’ ~~ 
c

u
e

(iL ~~ I ~~, 1 1 1 u, I
I ,‘ 4 6

1%) Poising Nc 200 Sisv e INJ Mot p ru ols )

F’ I gure S . Compa r I Son of t hernia I c ‘n d u u c  t I V I t  v ( K I  of  Nt ’w .1, ’ i s o  v so t  is
w i t h  Ki’rS ten ‘ s \‘ :l Iuit ’~ (K ~, ‘1 t o u sanity ~t ’ i I s , f i t ’ ~en

ii



-~ jt ~~~~~:’~~~ 
— — - -  

~~~‘1 ~ -~

._:~
‘ .__~~~

‘- 
l i i i  l i i i  l i t  I I i i i

‘St 1’
C-)

- - ~~ 4 - -
I I I I t i l l  I I I  I I  i i i

C-i

- ‘-H . . .-  . • . .  . - .  . •

o .—~ C — it’, i-s C C ‘y- C C v c-’ C’ -0 C c’—4
a ‘ - ~~ ‘ r—. ,.—s ‘- -“ -‘ ‘ -c - t  C-’

‘ i - ’--’

— .—. CN — — r’ t — (~-1 — - -

~ - Q i

00 — ,~~‘ —~ 00 i— i C ‘s -~ r — ---i C— c-’ C
I CS c” i-4 (N -~~ -

_ (N “ ( ‘  c’’ c A

C

‘I’
—0 -1 ‘—

.~-, ~~~ *“ ..L~ it t ii-’ c’ ii -

i~. 00 • I I I • i i i  • I I  • • 1
--i 

‘
4-i C’ C C C

- 5’

LI
0 • I-i

It itt itt — Q. C’, ~~ t sc’ ,—. ,—u --i -~ 0
- - -s —, i~. —4 r—. 0 t  i-c’ ~~ ‘ — t  t ,—t C u .—‘ i .0
4--i t r 4 -~J ,t~:: I . . . in I . • • i • . I . :‘
n 00 i--I ~~~ —4 i.. o—u —~ — i--I (—4 - , (‘-‘I ,—, - -
ti s—i 1—. 0:
C. ‘.- •
C “- U i-i .0 L

• i~
0. i~ in
E is-i 0-. 1:

‘ in 1._i 4-i 00 L, (~~ C
- 4-i )~. 00 (ft it ’, ~~ 00 itt itt C’ 5 ~~ ott C’ 00 C L ‘U C C’

- t  ~~~~~ 
. • . . 

~~
- - . . . in . . . 0.,, . . .,.

‘- ‘—‘ C C C ’  C ’ C C — ’  C- C C — ’  0 C — ’  C - - ’ -
-ti ~-‘ Ui

i-i -‘ -4) ,0 on
.0 4-’
in —‘ • C’ C —~ —4 • C C C’ ..-,s • C’ C . . C - ,  . ‘

i--i ) ~~~ i-i C . • • 0. C’ . - .—. C’ . . 
~‘ C- (N

~~ r- 00 r’-’ ~~ 00 c” —c ,s’ C 0 — ~‘
5 -~ 0 - -‘ C — —0 U - --i

— —-4 C C-’
4—I Li- —‘

it ’, • . . . ,_ _‘ . . . . ct • . . ‘L • . 
~ 

. •
-~ C 00 00 00 if) ,i’ 00 -r ‘

-‘ c” ~r ci’ xi . c ‘ -‘ ..‘ c’ - ‘ “
~~~ (N C’) (~~ C—I (N (N (~~I i-c’ c - A  (N c’- ( “ ‘

~ C-’ (N - 1 C--i 0 -1  N — I
.0 i ~-4 ~—4 ~~4 .—4 I 4 —‘ -— ‘ ‘—t i —‘ ‘—‘ — ‘-- —‘ C — “—
—4 i—4 i—I i—i ‘

-‘ .  S
_
S

c_si - - ‘  I
II

~n ’  o C c C
•1-4 I -  L” -
0-. 1) -

c c  ~ ) Li < U Vt ‘It C- •:: to t- o to U
i-i 0 I--s ..1 if ’) .—4 I ~~ -~: c’ —u I -~~ ct —4 H’ C-’ 5 ’  C - ’  If ’)
in 1--~ -‘-S - ---s ~ - “-‘ “ -4 ,

_‘a
C- U’) (I’) ti-u

i i i



_ _ _

a
‘4

-~ ö4 0 (N C • I”
C~~~~~ r~ 0 0 0 r -.

U I I I I I I I
— — — —

a .
4.1

• 0 00
I I  i I I i i

U

a

‘I • 0 0 0 -? .
• 1(1 0

00 -4 — N- — (N (N (
~1 C-’, ‘—4 itto .-4 (N .-i

a
Ii.
0

Li 4.1 ‘5 • . • . 00 r— -4 C-i 00 ~~ ‘ C’ C’t N.
00 00 0~ (S C’ C-S i--i t~~ i-c’ i-si ‘) c-c’ c-c’ i-c’

U

I’
0

-~~ t~’ c’) -S -S —S C-- 00 -S
~ 0-. ilc’ 0’~ (N — if) Itt if) C’)• • • . • I  I I  • I I

~ 

:~
: 

~~ L
~ 0 0 - 4 C C ~ r- t t t 0 O  ‘-u r- o C’ ~i) r — C C

t— 0 • . • • Q . . . .  . • . I..
‘— 

~~ C - I - i(S ~~ 0 0 . -~~~~ - O .—u .-u
p 41)

0 0 ) if4-i 0 41)
a • Ot 0) il ~i • itt ‘,C • Ci if •’, ,-.d

) IsI 0 C • • . 0 0 .~~~~~ . tI C .  • 0.N- .4 0) 4~~ C”, C’) 41) (N C--I — —0. — 0. — —  ~~ —— 0
I-. U— i~ 0

s-i 1 I’. 00 .4

~ ir~ • . . .  (f~
• 

. .• .  . •.a U 0~ 00 if) it’. it) 0) 00 itt if’. it) 0) 00 00 Ci C’ C C’.
~~ ~

. _s — C-’) (N (N (N — i’) (N (N (N (N i-_i (N -S C’) C”)
O $ - — ‘-4 — I ‘-I -l ‘-4 I - -u -4 I .~“ ‘-4 .-4

4-4 — 4 4  I.-4 0-4-~~~o -
C) N- 00 0’.‘S

111 ~~~~~~~~~~~~~~ ~~

• 

~~~~~~~~~~~~~~

U

--



- - - - - -- -. -~~-~~~~-s - — -- ~‘ -
~~ 

--

a
‘-I

C it) 00
I I  - ‘ - 4 N - 0 0  I I I

‘S (N .-4 ,-i

I I  r ’ . t t itt I I I
—4

‘-
U

4-4 • . -

.-t ‘5 Ci -S - ‘.~~ — CS Ci 00
00 00 I I’)0 0 N -

‘S 
CS (N —

a
I-i.
0

U ‘J ‘5 0 N- C’ ~~ — —‘ C (N (N
00 C-t C-) C-) C’) C-) C-c’ i-c’ C’) C’)

LI

a
Ii.
0

N- N- Lf’ i-) Ci N-
I.. it’, it) if) — .-4 it)

• 1  . . • • - I I
00 Ci C — - ~~~~ • 0

4-i
ti-i U

‘S
in
I-i

a .0
Li.
o

00 4.1 C-t O’.
~ I-i N- it) 00 00 o-. — —

I • I - .  • C I •
00 (N (N — ~ (N (N

i-I
‘5 C-)

5— (~‘1it) i f )  C
a 0
41 41 4.1

a ‘5 0’ 00
in N - C  ~ N - Q C C  C 0 0C C

i44 Q. . . C • . . • ,-i .
‘S Ci —4 ~~ Ci —4 - C’) C 0 — C’)a) CO

0 -~.4 (N 4-i
a — • • C • N- C i t ’  CC ut) 0 C i - - -  ~~ C -
‘S ~ , 4  i - ’C 0 ’

.4 0. .-4~~~i ~~- ~~~~~~~

~~~~~~~~~~~



- - ‘~~~

a
4-i

CS ~ to..
.4 4 . 1  $ 1 1 1  I I I  1 1 1 1  1 1 1 1

-I

4--i
—•s~i 4 4  t I l l  I I I 1 1 1 1  i i  I I

U
-S

4_i - . • . - • . . -
~ to. • —5 00 (1-) • -4 C • — C-’) C’ - -? C-’) if)

~ 14 J  C r 0 00  C C - S  C u/) .S- iC’ C 0 ) - S O’
00 -3 -4 0 r — 0 0~~~ u - 4 0 0 0’

U (N (N (N — Ni — — (N — —

if.
0 - • • • • • • . . . . •

C’ ‘-L’ ut~ C-’ C’ Cl C-) C — - C--i 00 C’ — C--
LI i.i ‘5 C-i C-c’ C-’) C-) C-) C-’) C-i C-’ C-) C-’) (‘) (N C-i C-’) (N

00 to.

C-)

Li.
0

N. N- N- -s
ii .’ il” it’. II•’,

— I I I  — i i  • I I i  — i l l
00 C’ C 0 C’

‘4
‘4.

4-i
• o (N - V —7 0” -7 C C-’ 0’ — Ci

C is. 01 C’ -S iN in 00 Ni • 0’ (N Ni 0’- C’. —?
I • • C I - • 41 I • • $ - . -

00 - c-c’ iN (N a. — — — — — • — (N~~~~4

‘5 ‘.0 0. in
C (~ it)
Ni I.. 0-.

(41
41 .0
4_i 4) 4-4

‘
_ 

~ -c’ • if ’ I. if ~ 01 C-’)
~~~~‘5 C t-, .f’) itt C’ 4) C - S C - C  C’ N - C ’ C C  41 0 0 C C - C

‘4. ~~ • - • • • • • z • - - . I.. •
‘S C C C — C) — —4 Ci -~~ — ‘-4 0-’ --’ -’

o ci 0 0
4.4 4.1 4_i

C C C
a . • • . ~ - N - C  0 . i t t C O  -

) p t  O C S C-’ C C - . C - • • C’ - -
‘S Os ~~~~~ 4 - 4  ~ 0 0 C”  Q 0 ) C ( N  

~~
. N - C U)

— 0-. 0-. 14 is-i
4-i
to. • — —

N- N- N. IS

~ Co . • - 00 - . 00 - • - . 00 - -a in U (N Ci 00 00 Ci (N C 00 itt (N Ci 00 CO if ’ (N 00 C-’) 00 00‘— s I ‘4 C-’ (N C-’ I ‘4 (N (N I -4 i--i Ni Ni I C-’ C-’ (N (N
.0 ~ 4 -‘ ‘ 4-4 — — 4-d ~ — — —s-i

C ‘— - - - -0 C-’ 4 it’. ‘C’
U —

5- 
. • -

—S 141 sf 0 ci C C’
Z Z

1 4 4 1
— > 0. 411 U 41) Li LI 41 LI I LI 41) .- I I
.0 ‘5 0 ‘5 Li —C Li Vt 4-J LI ~~ I 4-I LI < C)) I 4.1 LI ,) C- of’
(41 t41 0-. .-4 ~.ii’) -4~~~~ c’ A. —i~~~~ ~~ A s - —i $ ~~ 

--i .< <  I I
1-’ X 0. 1/, Vu U) to to

1~

- ----—---—- ‘-

~ 

—- --- — ------- 



- - ~~r-~~t— -~~- - .- ‘-~- ~~~~- -~~ra.---WVrW -—— — - 
— -- .rc- ~~~

-

I I I  I —‘4 3 ’ .’ - -i $ i l l
2 ‘C ‘~7 — -‘1

5-

-, ‘.-. C’ —S 3’ —7 -
1 1 1 1

4) - - • . • - . -
• 0) (N (N • C’ 3’ 00 • it’s —7 it)

- C’ ‘0 -C ‘C C 3’ 4 3’ 3’ C’ C-’ 0 0 3’
00 3 N. N. itt C’ 3’ 00 -~ (N 0’ ‘3’— — (N — _ 4 _  IN

-
-

- 
00’ C-’ Ni .C-’

LI -~ ~~ (N C-’ C-) ‘ NJ (N (N iN IN IN C-’ ~ ‘

-~~ - t  ( -4 c- ~~ -~~1
, 0- “ — 0 0 0 0 3’

• I $ $ - - . . •  .
00 , C- • C ’ — C ’ C’ C~ C

C
.5

I 
3’ C N- C N. ‘C 1’ .~ 00 C’ ~~

‘
• C - t N -’  0 0 ’ ’’ C  1

- ~‘ I • • • —. i - - . • ‘.-~ I
- -‘~ c--i N ~‘- c’, ’ — — — —. ‘S — (N —- C -t

C-
5- C-’ -)

I-

—~~ 1. 00 3’ -
-C’ s— - 00 C C- C N- .‘ C’ C’ “ 3’ C’ C’ C’

- 
C’ — — —~ C’ C —. —4 —. 

- 
C’ — — —

C’-

— • -N ,f’ - . “ -‘ — ‘ - r s-C -C’
C’ - • • C’ - . . . . - -‘S .~ 0 0 - ’ - ‘ ‘“  ‘ - ‘ -~~

- — 0. t —~~~~3

N- N- • ‘ . -  N- .

- 00 - ‘ - • 00 V -V it’ C’ - -V V C’ C
— t’ U (“-1 00 V - ‘ 00 ‘ i - ‘ ‘ -i “ “ -

~~~~~~ 
-s ‘

-

1-i — •‘. -
— 4

- I

— - ., —. 3 )  -
-‘ .-‘ - • -  < I L  ‘5 - t L  I I , ‘ )  )

3 .  — -. ~~~~~~~~~~~~~~~~~~~~ - . - - I
0 -  Cl’ - . ‘ C-’ C- - - -

L _  --



- 
—

a
4-_i 

-C—’ 3 to— • 00 0 (NI I I  l i i i0 0 3
U

- O C N- C t o .
I $ i $ 1 1 1  -3_ itt-s00 C ,

— — •Ci..  • C ) ’.C • N - ’ . QNi
4.i 0 0 0  (N 0 .-4 ’4 N- 0 - 4 0) 0000 3 C 0’. (N r- 00 ‘0 00 N-c—i — —I — — ‘-I — —
H :

0 C-’. -~ 0 00 C — 0 — - 0’U C’) C-’) C- 1 Ni c’) C’) C-) C-) C-’. Ni

0 I- ~ N- N- N . C o’ 4 ( ’ )3 1 .  ‘5 itt it’.
3 • i  I - I I I  - • •

00 - C 0 0
is-- CI 

a
1. 4.1
3

— I 0
3 0

0 i.-. 00
‘ C r —I N. Q

~ C-) ‘ 0 0 0 03 1., .-4 3’ - it) Ci ‘—4 0’. 0’ 00i-i~~~~ 0 I - - 4i  I • - • I . - .00 0-i 41) — ,-4 .—4 - .—4 _-4 —4) 4-. 41 00
- C— 0-’ 00. 4) ‘3

U)
(41 4-)
is-i C ‘4— 0’. itt $4 C-’.C N -C O  in N - C - C C -  ~~ 0 0 -0 0 0t.. 0 • -  X

‘S ‘4 Ci - — 0-4  .4) -4 - 0 -4 ~~4) 0
in 4_I 4)
0-i 14
41 • c-’) N- 0 • ‘-0 N- —7 -< 00 it’. 0’.)~~—( —~ C - -  C • • - C- • - -5- 4) — 0 0. ‘.0 0” Ci 41) 00 0 0”U —— E ‘ I”U Cd 0a (41 I.,

4_i
‘4_4 — —

N- • • - C-’- • • - - N- • • -3 00 0 0 0 i r .  00 0 0 0 u n ut) Co O O u t t utia Li (N ‘4 Ni (N NJ -4 (N (N (N (“1 -4 C-) Ni (N~ ~‘ ~~~ I 4 1 — I 4 4  4 4 
‘ 4 ‘ 4.0 I-I ~~4

4_i -4
C *0 0 — NiU (N NJ Ni‘S

-4 1 4 1 4 )  0 0 014 Z Z Z41) 1 4 4 )  Li
— 4 1 0 .  41) U I 4) U 4) U ~~~ X.0 4-J O 4) U~~~~X ‘I Q~~ $ ‘5 U~~ I I(41 (4 1-i . .—l $ .-4 

~ ‘.-4 U U  .4 O. , - 4 V u v )I-’ X 0 .  Vu Vu Vu Vu

L



— —- _r~~~~~,-n-~~~~~ ~~~~~~~~~~~~~~~ 
— 

-~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

i-i

I I I  $ 1 1 1  I I  I I  I I I I I
00 3

Li
‘S

a
4-i

— 3 ’ —
I I I  I I  I I  1 1 4 1  I ( I I I

0 0 3
LI

a4_i - - - - • - - • - -3 1 4 .  - 0 --S • C - ’ . ’ C 0 0  - C - ’ s - C ’ 0 0
4) 0 (N 0” C’ (N —7 00 C’ IN 4 0 0  C r— 00 C it’
00 3 . 4  C’) 4 N- C’ 4 N- C 3’ 00 IN

U (N NJ —C — C’) ,-i — C-’)

r.i.
0

3 - - • . . • - - - • •
LI 4) s-i C C’) ‘,~ C’ C’ C’ c--i C’ C C’ IN 00 3’ ‘C 00 00

00 14., C’) C’) C-) • C-” C-~ C-’ C-” - ‘ C- 3’ C-” 7-4 IN IN -N 7)
C
C

Li ‘5 -
5- C

ci 4.a C Ct
00

0
N. - N- N- 4

3 4 .  it ’. 41 itt it ’. it’.
- I I  3 - I I I  - I I I  cC - 1 1 1 1

00 • C C C’ - CI it C’
4-I N. 41 ‘C’ C
14. 00 —S -C)

‘S (N s-I
I ‘C) C

4-4 41 ‘5
a — C

4. ‘4-. 4-, C E
• C is-.

0’ — >~ C — (N C’ — - ‘C’ (N ‘C’ V’
3 4. ~~ — C-’. 00 00 C’ C’ 00 00 C 3 N- C’) ‘it it)

~1 4 ) C  C I • - I - - • s-i I - - ‘
~ I - -

00 C’) — C —i - IN C — (N — ,‘.
4_i 4-_i C
14- C

‘S 4,_i 0. 2 C
I-’ E C A-
O (41 it
C 4-. 0.

- ‘0 it) I’ C 7’ IN
4_i 4.1 N- 0 0 - r- C C C’ - N- C’ -C’ C’ 4. 7-’ —i C’ -C’ C’

s-i-. in • • - - • - ‘v • • - • ‘—
0 — C C’ —‘ — — C C’ — — — C’ C’ — — —C C’ it

E C C
(41 2 2a is-. • it’ C-’ - ‘C’ N- ‘C’ ‘C’ N. LI I. - 3’ 3’ N-

C - - C C -  - • ,z C’ - • • C’ - -
s-I 4 C-’) 4.1 N- 3’ ,_

~ N- 3’ ,‘- “ ~t C- LI N-
--4 —4 3 — C —

C C -
a (fl it
4.) —

-
C’- • - - N- . • - • N- • - -

3 00 C- 00 it) 00 C C if’. CC-’ 00 C’ C’ iC- it) s- -V 00 .~~‘ - ‘ i’a LI NJ —S (N (N (N ‘-S C-’ IN -N - ‘-1 -1 C-’ C’) IN 7’ C-’ ‘-C IN -N-v ~~
- — I ~~l ~ -4 —4 I .—‘ —~ ‘-‘ — I —‘ — -~~ —‘ C —‘ — — —‘

.0 1—4 4-I -‘ A
4-I
C 5- - -
C C’) I- ” LI
Li (N C’) IN

—4 ~- ‘ . - - -
‘4 141 4.) 0 0 2

—4 is. Z Z
41 14 41)

— 4 1 0 .  41) LI C/i -C) U LI I I I
.0 4-i 0 4) Li -‘~ I Li < I I Li -~~ LI LI ~~(4 1. —4 0. —4 -~-1 0. i 71 11) 0. ~i’ C/I ‘-4 ‘l — I
I—. ~~ 0. (/1 LII ff1 (IC & - ‘ (11

I’

L _________________



-- - —----— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a -
‘5 0 0 - . 1 - 0 0 0 0

.4 4) 1 1 1 1 1  O ’ . O_  I I I  I I
0 0 0

I.)
‘S

a • - -i_i - - N i - - -3’ ’4
— 3 14. O O i t i s . 0 I I I I I

. 4 4)  1 1 1 1 1
0 0 3  _.4 -4 .-I

<./
‘S

a
4_I — • — • — • — — —

3 14., - C-’. - 4 0 0 - $  - — 4 0 0
.4 4) C - i t t C - - N J N J  000’C-) Ni

00 3 — C’— 00 C’) C’) (I’. ‘.0 0 0 Ni 00
U — ‘~ —

‘S

0
3

U 4.1 4) 0 0 0’  it) ‘C 1’) 0 0 0 0  .—4 0’% 0 00 0’ N- 0 0 ’0
~~ 4-. (N C- - 1( NN i (N (N Ni C-) NI C’) C--J r--I (N (N NJ

3
LI

a

• 4-i
-4 3 ~4 —7 -7 0’. 0 -7 —7

3 1. it) Li 0-. iC-I itt Ni 0 0 it)
— I I I I — I I I I

00 C i-I 00 . - 4 .-4 .--4 - 0
4,_i U .4 (41
‘i-i 0 $4 1.1

5- 4. 41) 4.
‘S (41

• 4) 0-
a 41) ~ 4_I f/i
Li. C C 41)
o - (4 0 — -

a C’) ’.0 0” Ni — ‘-4 0. it) N. C’) 0. (N-S 0 00
3 4.. — 0’ ‘0 ‘.0 C_i 4~i — 4 ’ 0  N. fi 00 C_~ -4 NJ

C~~~4 ) . 0  — I - - - • ~~ (4 0 I I  • -  Cd I - - -
00 —4 —4 0 Ci 0 U ~~4 U Ni ~~4 ~~4 4. .—4 ~-4 —

4_i 4-. 3 3 C
4--i U ‘4 4)

‘S C 4) 4-. (41 * $4
‘S 144 tJ Ci 41)

0 ui C”. 0’
a 4) C_i C’- 0 N i C - ’ . i n O O  41) N- L t ) i t’.00

C ‘0 ’ . O O O O  v C 4_i 4-,
14- (4 C ~ C 0 0~~ - ’ ( N  4) 0 0 0 — 4 C’)
5- ..4 0 0 —~~--4 ’0 41) - 0

- 0 0-
-~~ .0 0
U 4) -~ 1 411a 3 - 0 0 C - ’ . s -00 4. , 4  • ‘ O i t ) Ci U ( N0 0 0) N-
1. 0 - - . -  0 ‘.0 ‘-4 0 0  C 0 - - - -

5- 4.1 it) -4 -‘7 — C C_i N- 00 0’ -‘-4 it) if’. ‘0 - 4- - 4~I  -
a if”. if ’.  (4 it) it)
4~l .-4 ..4 —
‘4- -~~4) ii) U 4) 41
3 4.) 00 00 it) if )  if)  4_i Q 4.1 4-_i

a ~~1 U 3 C’) C_i Ni Ni Ni 3 ~ 00 00 00 it) If) 3 00 00 it) it) if)
-v ~

- —. 0 ‘-4 ~—4 ‘— 4 ‘-4 .-4 0 0 C-i C_i C_i C—i <N 0 C’) I_i C-) ( N C ’)
.0 -4 .-4 ’-4 —4 ~.4 ~~ ‘-4 ~~~~~~ —4 .—4

i~a
C ‘S ‘ -  -
0 N- 00 0’ 0
U C-I Ni NJ C’)
‘S

-4 .
-4 ( 4 4)  0 0 0 0

.4 4.. Z Z Z
41 1. 4 1  X

— 4 ) 0 -  4) I I I  4) 4) I 41) I I
.0 4 0  4) Q - < V u V u V u  4-) ‘5 Q U < U V u  ‘5
(4 (~ 4. ,4 ‘<U’) I I I ,4 .

~~~ ‘< iP’. ,-4 I -‘--4 < iI ’. ,- I
I-’ X 0 .  Vu C/i C/i Ci C/i Li

17

~

--- --‘-- .-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-- - ~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ —-.~~~~~~~~~~~~~
‘-“
~~~~ “ ‘ ‘

~~~~~~~
“-

~~~~~ 
— ‘ 1~~~ri - ~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ ‘
~~~~

3

:4

-f~

4.
‘-7 0
—1’ 4-i
—. C

:i ~) CO
I N -~--4

~3 C CO
—.4.. 4)

a ’ .4 14-i .0
CO-I 4._i

C
— 4 4 1 0  41)

-C N C  4.
- N C  (41

C- 8-. CO C.
, . 4’ 4 ’ 4

N C
.4 . 1 4 .  4

C
N (41 3

‘ 5 , 0( 1 )) 0
C; 4 . ’ 4  .0

41) (1)
~ -1

C41 ( 1 ) V Q  CO
‘4

(41
4.

4 1 4 1 )  0 3)
4.1 4_i 41) 4_i

> , C O ( 4 1 Ii C 41)

3 4 1
4)

~~~~~~41) 4.1 0-.
U) 1 . 4- u is~ (41

C O O C  C.
a ’ 5  C. C.
a’. C U)

‘4
0 ’ 0 0 4 41) .0

4) UC 4~
5- 4-) — 4._i is-i

(41 0 { 4 1  I-i-.
C U c 41 C _ —~ C

4.1 (4-. 1)~~ D~~ 1) 41)
CO ,-4 C C C  3
4-4~~’ 3 -~ -4 -.-4 -~-4 ,-4

4_i 4 1 ) O E E E  4 1 .
~~~E 3 3 3  > 4 1 )

W E  C O U ) CO
a C C i s 4 1(1I U) 4 1 ) 0
it) C--I C a O O ( 4 ( 4 1(4 . 0 . 0

> 0 )  - • a ifl O. C. 1-~~~41
41~ ( 4 1 >  NJ ,-I C-’J Lt’ - 3 3 4 1 4 1 4 1

(4 ‘S 5-5-  • (N 4-_i 4. 4.. C
(4 0. C--i 5- ‘~~ ‘3 3 3 3 3

4) — 4_i ,_4 ‘S 41) 41) 4) 4.1 4.1 4.1 C
4. 4,1 4) 4) ,—4 41) C O C 1 ) C O C O C O C O  C . 0
4) > ‘ 4 > > -, ~~~~c41 (4 -.4 -.-4 -.-4 4 1 (1)

4_i 1 4 4 1 )  (4 a C O C 4 (4 L i . 0 0 00 0  ‘5(41 U 1 4  4.. (N 1.1 .-i C E E C  C U )
E C U 04 a a - a 00 U a a is_i )- >-, 0 —C C a a a  if’. C - — C C  C - i~’ 4~i 4.l —i .-. .--~~a U  (41
00 U 0 C-) Ni NJ - - ‘ - -I  - <41 • - ~~~ ‘4 —~ ‘4 ‘4 ‘4
C U - . - C C _ i  NJ C” C C ~~4 (N C > > C C C ) 4 14 .
‘4 4) ~~i — — (4 5 -  ‘S 5-”3 (41 (4~~~~’ ’S  (41 -.-~~~~ (II CO ‘it (N 4. 41)
3 C 4~I’S 5-’S ’  a ~

j 
C 4) 4~I I 3 4_i

o W C NJ -v >- ~~ “3 (4 4) 4) 4~C ” 3  ‘3 U U u-_i ‘-i-a is- 3 4.1 (41
— E 4 1 ’v ’v ’v • E 1 4  ,—4 c ’ : C C O - 4 — . - ,C C 3 3 C 0 C -,-~~ C 1 ) E

-4 4)~~~~~E C C . — i (41 .--. a . 4 1 4 ( 4  ‘ 4 ’ 4 ’ 4 (4 ( 4 ”3”3 ‘4
O U W ( 4 ( 4 1 ( 4 1 5 - ’ C O U N i  C O 0 0 U ) ,C U ) C O C O C O C O C C 4 ) 4 ) 4 )  “3C C ;

44) U C O C O ( 0  4-_i
U W . 0 . 0 c ’ J . 0 . 0 . 0 — 4.0 . C C . 0 . 0  U U 4 ) 4 1 )41) ’ 4-1

41 “3 > )- >~-
4 4) 4 ) 5-  4 ) ’ 5 4 ) ) 4 ) 4) 4 ) 4 ) 4 )  . 0. 0 . 0 - I  C

.0 ~ ‘ E — — (4 -,-4 -C4 — 4 ’ 4  r ~-4 ~-4 --4 r4 ‘r 4 — — “7 41) ‘4-4
4~i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4) 4) E E C C C  C

a 4-. .0 ‘5 > > > 4.’ 4-’ 3 ‘3 “3 >-, > “3 ‘3 >-. -~ ‘5 ~— 4-~ 41) 41) 41) II ~~ .00 0 . 1 . ( 4 ( 4 ( 4 -’ 3 - 4 - 4 ( 4 C C C ( 4 ( 4 C C (4 - 4 - 4 4 1 4 ) 4~C 4 ) 4 . .  ‘4-i C)
14-4 C O O 1 . 1 4 1 4 4 )  4 . ( 4 C~~~ Cj .-4 4. ( 4 ’ . - . 4’4 - ,. 4. 0 . 0( 4 ( 4 ( 4  CN C 141

‘5 CO 4. 0 4 0 4 00 14 CO CO 410 0) UI UI U O C U )  (II U CO UI 4 ) ’ 5~~ -4 .--. .--. .4 3C
0 4-.

C’: I I I I U I N N I I I II I U 4 I I II I I I  II Il li 11 1) 1) II
CO

-7 — O O < < O V u C, ) Q O L I i Z Q V u T ,Q L) Z C/i~~~ CO~~~ .4 —‘ (N 3
0 -‘~~U u”. --4 --4~~~~~ I I 1 1 1 1 1 1 1 1  I~~~~ .4.4

4) .0 0.
— I I I I  I
.0 X (i C/I C/i Z
(4 (I)

4-’. -~

18



—~~-. ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,,_~~~::~~— -, — —

~~~~~~~~ ~~~~~~~~~~~~~

‘0 0 -4’ it) 0)
-4 — • -7 1_i 

~~ .4 C-i
C’) .—4

— ‘0 0 -4’ U’)
—4 -4’ - - 4 ’  (~‘1 ~~ ~~ 4

-7 —

(4- O 0 o —~ U’) CO C--i
— 0 - - s  ~ ‘. ~~-

~ 
N. —

I.

> - C 0 - i /)  0) 00I C - ~~ .4 C”.
C ‘0 —4

-J
I-.

I ‘0 C -.7 4-’. 0) C”.
C- -7 ‘ 7 C”. ~~ .4 C”

I -7 ‘-‘
I. -

(4 ‘.0 0 - S it’. 0) 00
‘.4 • .4 C”. ~~ .4 (N

I.. C-’. —

-K
I-~~ -K 0

-j ‘0 it’. -.7 it) (N Ci C-’. - -s in N-IC ’-
C -4 - -4 C_i 

~~ .4 C-’. 0’ 4 C’) ~~ .4

- ~-I C-

4 1 1 0 )
C — i  ‘K- 4”. C’
-- ‘.0 it) -4 it’. — 0’. C-’. - ~7 U”.

1 — ‘.7 - 4 (_i 
~~ .4 (N 0’. C-’) 

~~~ .4 —
- 70

C
il_I C’(4 ‘ ‘0 it) —7 if’. CO —I C- - V” • - ‘.t) 0)

—~~~~~ -7 C - ‘ -I~ C-) 
~~ .4 C’) C 0’. -4 C_i 

~~ . 4 . 4
-.7 0 .4

i.C .C 00 0
C’)

C ii- ’
N ‘.0 0’. ‘-7 -t’ 0) It) N ‘C’ it”. —4’ ljt) CO 0

C; C-i -7 - ,4 C” ~~ .4 (_i ,-l - ..7 C”. ~~ .4 (N
.0 —7 Ci .0 ~ ‘ C
4,1 4-,
C.

3 ’.’ 41) 41)
-‘3 it’. “3 it)

s- ”3 ‘0 it’. .4 it) 0) 00 ‘.0 ~4 ii ’. 0) CV
—I Ni 4.1 -.7 - .7 C-i ~~ .4 C--) 4.’ i—I - .41 C_i .4 —

0) —7 0 0) C”. C
C 0 0
C C  14 4.

444
> it) -IC -k

5’. — ‘V ‘.0 ii) -.7 .7 0) U’-’. ‘v C”. 0 -s i i) ~ 4
4 . 0 4  — 4) —7 • --7 1/i ~ .4 — 4) 0~’ • . C’.. ~ ,) —14 b-I .41 ~~ 1. — 4)_
~~~ 0) 4) 140 ) 4 1  0) 0) 04 3
3 4)  (4 ‘4 0) 4-I
0 —  4) 4) ‘4 (4

0 0 4 1 )  X X N
4) 4)
4) 0-

• 4-I
if’. 0) 

~ , 0 )  41)
5-, 3’, 4-

C; (4 4)
—‘ C -v • U - —.0 0 ‘0 0 4 1  0’. 1 4 1  ‘V(4 —4 C~~. C C4-’ 4_I - — e  0 - - I-. o C • C

3 0 N U 4) 0 4) L I ”  C
‘l  Z 4 1 - 1 4  Z CI) - 14 -<0 4 ) 4 4 0 0 )  0 0) ~. —4
CI) ~ 1 . 4 1 4 ) 3 .0 ( 4 ’ 5  • 41) 4-1 41 4-I > , o  ( 4 4 )  - C

4_i 
~~~~~~~~ CI (4 C C  ~ I O ’ V  CI (4 C C (4C (4 -IC 4. 4) ..-4 ‘.4 0) (4 -w • 4 - .  4) -.-~ 41

C/I 14 4-4 14-. 4- 41) 4J Vu 0-. 4-4 t~~ 4- 4) 4.1
‘4 I - -< ,0) (4 - ‘P4 I < . 0( 4

0 ) 4 )  X l -  ,—) > -~~ C 4_i X I-’ .4 -IC

19

_ _ _ _ _ _ _  
- - 

-~.-‘~ - -- ~-- - 



— — ~~~ --- —P- - — - -—--

Ni
-4

-4
—-4

0
—-4

0’

Cv

-k
00 0 it) in f_i’. ~-4 in

N- 00 - . 4  C”. ~~ .4 C-i
C-i —

-IC
00 0 NJ it’. (N -4 00 in N) in C--I 00

‘.0 00 • N. C-’. ~~ .4 C”. ‘0 in ~~ C”. .4 in
C”. —4 N-

-IC in
00 0 Ni in - ~~4 Cv) in (N U’) ,—I N-

“1 00 • N. _i ~~ ,-41 C’) ‘0 • N- C’) ~~ .4 ‘4
C’) -~ C’- 0

- -K - in
0) 00 Ci <‘1 in CO .—4 in 0) 00 in (N in )fl —4 (N

.7 -P4 00 - N. C”. .4 C”. ‘4 ‘0 - N. C’) ~~ .4 in
C’) ,—4 N- C-

00 N-
C-i C’)

II -K II it’.
00 0 Ni in 0) (N 00 —7 (N in 0)

C’) .0 00 - N- C-’. ~~ .4 C”. .0 ‘.0 - N -  C”) ~~ . 4 - 7
4.1 C’) ,-4 4._i N. C
C. C.
4) 41)

_ ‘3 “3
-IC in

4~I 00 0 in in U) —7 1.1 CO ‘.0 NJ in 01 0’.
(N In 00 - .7 C”. ~~ .4 C’) In ‘0 - N- C”. ~~ .4 -‘7

0 C-’. ,—4 C N- C
4-. 4--I

‘4-_ I 14-i

“3 -K “3 in
41) 00 CI it) ,—4 01 0 4) 00 If’. NJ it’. U) ‘4

‘-I 4-. 00 - .7 in ~~ .4 (N 4-. ‘.0 - r—. C”. ~~ . 4 . 7
3 C’) ‘—4 3 N - C -
II) UI
(4 <4
4) 41)
X

-~~- 00 (4) (4)
“3 0 ) 3 .4 - .4 (41 (41
‘5 0) —4 N ’ 3  • aD ‘3C 0 — 4 ) 1  “3 ‘—4 0 0 1  “3
0 .4 0)~~, 0)
U - 4-4 0 0 - -~ 4 0  0 -
5- ~ C 4~, U ‘5 0 N 0 4)

‘—4 Z 00 Z 4 1 ) -  is-.
it) 0 4)~~ 0 0) ~~., ‘-4 0 ( 4 ) 3 .  ,—4

VI 41) U O,) 4) 3 . 0  14 4.1 - U ) - i 4 1  ‘5 3 .0  ( 4 4 _ i
4) 4-I ( 4 ’ 3  g C 0) 4-’ 3.”3 U C’: C C

‘-4 ‘4-i 0) ( 4 1 ’ 3  - 4 - - C  4) -P4 -,-4 C < 4  ‘3 - 4 .  41 -’.I
.0 Vu 4-. 4-4 ‘_i—. E-4 4) 4-I C/I 4--i I- -I U- f- 41) 4.’
(4 3 I -~~ .0) (4 ‘ -P4 I - .0 (41
4- Ct) 0)~~~-’ X 4-’ .4 -‘x 0 ) 4 )  >‘~ 4—’ .4

20

-  ______ -



- ‘
~~~~~~~~ 

‘
~~~~

~~~~~~~~

C” .0) 1’-) • -‘7 C”. ~~ .4 .0 N. ‘-C r’- C’) .4 in 0) ~~4-) 00 C’ IJ C’ - ‘— 41’
0- 0. ‘—i C’ •- ‘ I.-
4) -1) .1) “ ‘~ 

Ii-
0 ) -  C’.

in ~)~~~< 41’ cl)
4-I (N it) (N it) (I) C-— I-i .‘.‘. it’. C’ i’. U) 0’ ‘41.) ~~ 41’. — :‘

(N 01 N-I - N- C_i 
~~ .4 C’) 41) N. ii’. N- C”) ~~ .4 -‘7 14) “3 11 It’.

0 00 C’ 0 C’ - , — 0 )  0) ’—’. 41) :o .‘—i
is-. 4-’ ‘—4 C, C’: -.-C 0’ . 0 . 0
‘-4-. 14-, 4-. ‘.- I

~~~~~ ‘- I -  4 - ’-v in 4 ) 0 )  -
~~ ‘~4) (N .7 (N it’. (I) -$ .41) it’. it) C’ 0’ U) C’-) -‘--C In 4) ~ ‘—

,—4 4. (N - C’-. 1_i .4 C-’. 4., N- It’. C’-, 4 ~ .4 C”) 4. N 4) - ‘-4 , ‘
00 C’ ~ C’ • 0 .1) 3 il-i -I~’ c’ c’

0) 01 ‘-i C’ 4-’ 4) ~—4 “-‘ . — ‘  ‘-
(4 (4 ‘41 ‘~1
.1) 4) <4 4~ 1’ 0 ~1 - 1  - ‘  - ‘

~~ ‘.: - f  - ‘
I 4.. LI) I- ’ - ‘ .  - ,
0 ) - P 4  4)

‘0 I.’ 41’ is II 41
‘.1’. (0 I’ i’

(4) 41) ..-: 
~~‘ .- ‘ ‘.‘ ~~- . -- I - ‘

4-. 3. .- ‘ .~~: • -~ ‘. ‘ , :  -~~
C’: ‘4 *

0) (N - 0’ - ‘.: ‘.‘ 411c: 0 (N 00 4 ‘Cj C--I 00 I ~i’ is: -- ‘
C. -,-i 0) L. 0) (41 I-i.. 0) ,. ‘.1 - ‘ .  • -4

4) - - --C o 0 • - .40 0 - c , :  U’ It’.
N L) 4~

) ‘.‘. N L’. ~-‘ ~~~~ ‘.‘ ~.. ~~.
- ‘  ‘~~ .1) • I-. ~1T -‘~ ‘I) • 4- 00

~~~~~~~~~~ it’. is ’ ‘V 4~ 0 U) ~~ ,-i .1) )- ‘.‘ Ci’. ~~, ,—4
c_I-’. 41) 4 . 4 1  4 - ’ .  3 .’ ,  ‘4 1.1 - 4) 4 . 4 1  “ ~~ (4 4--’ - - -

. 1.-. ”3 C <4 0) 0) 0) is-’ is- -v ~ - <4 0) (41 0)
-C - C ‘0 - 4 - .  4) -‘-4 -P4 0) tI -tI - 4-, 41) ‘.4 1,)
1~

) (1) 4., I—i ‘-I.. 4—. 411 4.1 1f f 4- i—C ‘4—. I - .1) 1- ’ 4

~~~~~~~~~~~ :. ~~~~~~~~~ ~

_ _ _ _ _ _ _ _ _ _- - - -,- --



iv~’n On pages ~ ~—2 ‘~ in the t’ ,I  r l i t ~i ~- t udv l-.v Pa-rg and M1’1~aw (1 978) - A t
S i t  i’S 9 and 11 su r f a - t ’ t i’Inpe’ra t t i  res Wt’  nis ’ m ’asur t ’d thus sur fact ’ t~ ret’ z lu g
I nd~-xes W i ’ ri c’ompu t i’d di ret - t lv t ron t t- mp&’ rat ( I r is ’ mt’asurt-mis’n t s - At  t In’
o ther  f o u r  s i te s  su r f  4 ’ . ’ ‘ I r~~’ .~ l u g  inch-x is’s WI ’ nis - oh t a I ned by mill t I p 1 v i  iig
t he .i i r f ret’z Ing index by t he app I cab I t ’  n — f a t - t C) r from Tab It- 2 -

[nit i .4 11 ‘
~
‘ f ros t  depth comput at Ions we re- made u s i n g  Vil lut ’s of therma l

conduct i v ltv  ( K )  o b t a i ne d  f r o m  Kt ’ rsten ‘ s (1949) e q u at  ion s  and mt-an
a I i r n I a  1 t t’mpe r a t  u re s  (MA’1 ) wh ( i i i  WI ’ r~’ t Itought t C ’ .  be re-p re’se ’nt a t  I Vt ’ 01  t he-
s i t t ’s , Set’ So I cit  t on  I t iCr S i t  i-s  h - 11  and 29 (Tab I ~ ‘ 5) - The r i - SI C I t  ing
C-om pu ted I ros  t dc -p Lbs (1 1 , 20 m d  I.’ in - ) wi re - nut - h lower t i tan t lit’
observed va 1 tie- s ( 18 , 18 ant I ‘i .’ in  - ) in a 1 1 casi’s - The a c i t  hon  f e - I t t h a t
us I rig the  avi- rage ’ s o i l  4 empe r ;I t u n i s - t - x  I st  lu g  imme ’d t a t  e i v  p r i o r  t o  ous t ’
of I reez ing Wou I cl hi - rs ’ F t  nt ’;l I I st  i l i ;in us  i iig t lit ’ me’.ln .mnflu;i I t empt ’ r ;l~
tu ne’ w h i t ’h i s  tvp  1. - i l l  ~ t ist ’d in  mod i t  I ‘d llt - r g g r c ’n (‘qua t I ill) so l  l i t  I 0( 15.
Subsur f , u i s~ e ’ s o i l  t i -Opt ’ F I t  u Ft  s I r i s -  mt - I  s iC  r i -, l I t  i i i i j ’ .a~’t ’isl .4 rt ’;I S iiea r- N ew
Bn un sw i i’k and Ne wt  on an d  .i i c  r i - pt ’. F t  ~- d I i i  4 lit ’ m ont  Ii l v  W ’;l t h e ’ r summ :m n i t ’ s
( NOAA l ° 7 h ) ,

1)a L a  t ron t llcSt ’ s i  t es t or 2( 1 i )e ’ is - e ’mb~- ~~ ‘~ ,
‘ 6 i in! i i s a  4 e~d ( l i t t t cope r a—

tu rt ’s t o  a dept h of 41) I n .  r anged  I i- on I 1~~1- t o  ‘i 1° F . As sfl t ’W was  : i l  l ’ .~wt isI
to ac -cun r n l at e  on th i .’st’ p l o t s  and ;I S  ( l i t - s c i r t  act ’ was vt -ge t~ i t t ’ ’.i ( o t -  h a r t ’)
rather t han paved , one w ou l  ~1 e x p e c t  t h a t  t he’ ;mfllOiin t of ‘.-o ’. ’ .  I i ng bt ’nt ’ ;it  ii
t h e paved areas wou I d  p roba b I v have  ht’e’ti mo rc’ cx t t ’ns I \‘ C ’ t h a n  ben t ’a t li t hi ’
observed p lo ts .  Therefore’ i- a i t - i i i , i t  ion s  Wi’ne ma c i t ’  l I s i t i c  an m l t  l a l  sol  I
t e m p e r a tur e of 15 ° F - For l i i i ’  t hm r t ’e s i t  e’S ( Nos - I’. , I I , 2 9 )  t In ’ on l v
di I f i ’r et n - t’ between Si) I cit  t o n  I and So i c i  t ion  2 , Tab l e ’  S • i s  t iii ’ cha t ’ .  ‘.~ , - I i i

The computed f rost  dept its ( -~~~ . 
14 intl -+9  I i i  - ) agrc_- t ’d inu -h more

is l o se ’ l v w i t  ii measune ’d dept u s  w i t  Ii t h i s  ‘. - l iange ’  - I t  was i t -  I t  t h a t  5° F
was a t~t’a son _ ish I e assump t ion F OF 11) - I c _ i ’ F 15t t t ’rn pt ’ r ;l t i C  ri ’ w i t  Ii i t ’ .  t h e ’ ~ t ’ I  —

sona 1 f l os t  :~one pn I or to I ree:’ (rig, . Tb i s  Va I uc’ t h en  was tist ’ isI t is ’ r t i le -

MAT E n a l l  of the ’ o t her  c a l  cii i ;) t i of ls  -

.-\t Site NO - 6 , t h e  11— f a t - (o r  was  i i ’ . ’ .- re ’ iscd t 0 0. ’) f or  So l u  I i on  I
and the’ resul t ing c -a Iciiia t t ’d F r t ’ . St  d e p t h  ( 1’ i l l , )  was S I  I g l i t  i v  i~~-ss t h a n
t lit’ measu re d  depth ( 18 i n  - ) - At S I t t ’ ‘4 4 he mt ’; I s l i  t e d  s u r F  I ce ’ I r i - i ’ - m ug
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paV eme- nt s , respet ’ t I Vt ’! v , were  t ist ’d - Rest i  i t  lu g  t -ompli t t ’ isi f r o s t  dc -p t  its ( I  S
and 20 in,) were onlc _ ’  about S0~ of t In’ 1~hs~’ t v ~-d di’pthi - ( I ) n s e c l l i t ’nt  I v

add I t  i on a  I computer t r i a l s  w i t h  v a r i o u s  5 1 1 F F  a t - i ’ f r . ’t ’:~ i t i g  int le ’xi ’s is’t ’ l I

used in an at tempt  t o  m ont -  c lo st - l v  ;lp p r o x  i m ; i t  t ’ F lit ’ ~c l ’ .s t ’r c_ ’ t ’d dep t  Ii o F
freezing . Solut ion s 7 — i t )  a t  S i t e  ‘) con t , i  in t h t ’s t ’ r e s t I l  t s  a n t I  m d  i - i t , ’
that :m surtat -e fnt ’e’: t u g  In dex  of ,1I-IonI ~‘ 0  “ I — ~la v s  won ! is! h ave ’ l’.t’e’n 

-
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This exercise shows that a surface index in excess of the air index
(316°F—days) would have been nece ssary , an untenable situation . Sol ution
11 indica tes that if the latent heats of fusion are further reduced to
L (Table 4) and the thermal conductivite s are reduced to reflect more
r~preaen tative values (K) anticipated for New Jersey soils , a surface
freezing index of 446 °F-days would resul t in 41 in, of frost penetra-
tion . Using L

2 
wi th Kersten ’s thermal conduc t ivi ty value (K ) and a

surface  f r eezing ind ex of 316 °F—d avs resulted in a p red icte~ 39 In .  o f
fr ost penetration . It appears that , for  f ros t to pene t ra t e to t he
measured depth of 40 in., a significan t amount of unfrozen moisture must
exist in the soils at Site 9. Unfortunatel y no information is availabl e
concerning the amoun t of u n f r o z e n  moisture in this’ New Jersey soils;
however , the existenc e of unfrozen water in soils at temperat ti rt ’s ht’Iow
32 ° F is a well accepted phenomenon . A typ ical re lation ship between
unfrozen water content and below freezing temperature s is shown In Table
6, from Lovell (1957)- The influence of unfro zen water content is
par ticularly significan t in the finer grained soils at temperatures j u s t
below the freezing point.

Table 6. Compara tIve phase composition at
sele ct ed t empera tures ,

U n f r ozen i to is tu re  c on tent w (Z)
Soil - -—  —

~~~
---____ ______ 

u __ ~~~~ 

‘6 6°F
26,6°F 5° F —13°F Rat to

Clayey Silt 4,4 1 .1  2.8 1 . 55
S1lt ~’ Clay I L O S  8 0  7 2  1 . 5 1

Cl,iv 2 L 6  15 ,8 l 3 9  1.70

Pe’re-e-ntagc moistu re I rozi’n - - - ° 100

26~~~0 F S 0 F H b F 

- - - 

R a t i o

Clayey S I l t  73 .4  81.0 82.9  L I I
S i l t y  Clay 4L 8  58.0 6 2 , 1  1,4 8
Clay  16 ,3  4 4 . 0  50.6 1 , 1 1

For each of the ’  6 s I t e ’ s , Sol t it  ions 4 , 5 and 6 were’ i d e n t ic a l  except
as f o l l ow s :

a) Sol ut ion 4 used K and

b) Solu t I on S used K and

2 !  

*- ---------- ___
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Because the  c o m p u t a t i o n s  us ing K and L are much more direct and
make use of the M o d i f i e d  B erggren eq u a t i on  w i t h o u t  a l t e r a t i o n , these
va lues  were used in the compu ta t i ons  f o r  the  o the r  24 s i t e s .  I n i t i a l
and upper  boundary c o n d i t i o n s  fo r  the  24 s i t e s  are  shown in Table 8;
computed frost depths are’ shown In Table ’ 9. The mean d i f fer e n c e  between
computed and  m e a s u r e d  t - e-su l t s  was 1 .8 in .  w i t h  a s t a n d a r d  d e v i a t i o n  of
+T.8 in. It is c ’I’st’rved , however , tha t the mean difference- for the
f i r s t  ten s i te s  WdS ~~, q i~~• w I t h  a s t a n d a r d  deviation if  + 7 8  I n .  ( I f
S it~- is ‘rn it t ~‘d t h ue  mt -an e r r o r  and s tan d a r d  dcv t a t  ion reduce’ t o  6 .9
in - and + 5 . ~ In  - , re - spec - t l vi’ l v  -

For t he- r i -ma in  t u g  18 s I t e ’S ( 1 1 — 1 0 )  , t hi - iflt ’;lfl d I t  i t ’ r t ’T i  is - be ’ t w e ’i’it
rne’ m s t u r o d  in~I c - o u t p u t  ~‘d F r ost  dc -p t  i ts  c_,’ u s  1 .0  ii ’. - w i t h  zu s t , i i ’ . c h i r c l  d e v L u t  ton

~ t ’ . _ ’ I n ,  l’ho lrst t e n  s i t e s  l iavt ’  so r t l i t ’ t t e c ’; i t - i; I n Jc~~es loss

h I t i  ab out  2’.O ~F—J,i c_ -s • hid L - a t  Ing that the’ ro I 1-i l-t i lit c_- ‘I t h e ’  i-o m p u t e ’d
I i - St  dept  u s  F 01 t lie lower  F ret ’ .~ l ug  I ndi’~ e’ s is l ess t h a n  f o r  t he’ h t igher
Ind exes . S b c e ’ the t i r s  t 10 s i t e’S are south of Some’r vt  lie ( F t  gure la)
i t  is ree-omm e’nde ’d t h a t  a I Owe r re i i  ab f l i t  v he p l a c e d  on computed  f r o s t
d e p t h s  s o u t h  of t h I s  location.

t c n ’ . p ’ . i t  0 th  i t  t i st  i’.t’n e t r at  I o n s  rn~iv have’ :i g roe ’d sl  u g h t  1 v b et  t e r  w i t h
s ii ;id a comb i i i~~ t ion c i t  K 

- 
and I or K and 

~~ 
he’en use - cl ; h ow—

t ’Vi ’ r , h,i se-d on re- sit !  t s pI’cst ’n t e d  I n 5’Fah h impr tivt -mi’nt wou I d  have’ b een
re lit I c_’.e I v  mInor. More’ ,‘.c’cti rat i - e’omp ut a t  Ions  won Id  pr oh ab  I c_ have hce ’n
made i f  t h e ’  ave r ig i ’ so E l  t onipe ’ t a t t i r e - at  t iii ’ bog ( i t t ’ .  l ug  ‘ F  t h e ’ f re’e’z lu g
,;oa SilO WO cc ’ know ’.’. a n d/ o r  I t  t h e  so r f i t  is ’ F r oe ’.’ t u g I lltI eX  wi to me’:is ured  at
e ’, I t ’hI s I t t  - i i i  cu h a t  i’d F rtis t ~hop t h s ( T a b l e  5)  I nt l  I ~‘a i - t h at  5 1 go i t  I c a n t
t -I ’. ,u ’.c_ , ’’ .- ii’. I cos t  clt ’p t l i  o c c u r  w i t h  r~’ l i t t v e ’ l v  stn: i l 1 l i , i ’ . i~~ t ’s i n  5 u u r t i~’i ’
fr e ’ e’? I n c .  i ndex  -

Mon I t on  an t I  I ) i ih t i t  ( 1*8) , l i t  1 5 IflI l i: ir st  ut l \ ’ , t i5 t ’~I , u s l i g h t  lc _ ’  d i !  —

F e ’ re -n t I orni o h  (lie’ moth I F  l och  hIt ’ r gg r e’n cii uLi t I t ’ i t  • h in t  t lii’ 11 i_ cs u I  t ‘. Wi I t ’

s im I I ~~ t o  t host ’ prest o i t ’d i n  t l i i  s ri ’l’or t - They -on e  I u dc t l  C h a t  i t ’cu r i t e
cj le ’ii 1_ it od t - , - s u i  I t s  woo I d  lit ’ t i l t ;; i n ct l  i ’ t - ’v j d t ’d rc’;t soi ’.,ib I i ~ v i i  t i e S o F  ( lie
cont  101 1  lOg par am is’ t o t  s we’re ’ u~ e’d . ‘i ’hie ’v s 1:1 t 0 “‘i’ite’sc ’ ~~d t a ttle’ t c t ~S L Uc I ude ’
t h e  p avcme ’nt , ; u i r t ; i t ’t ’ F r i ’t ’: I tig i n d i s ’x • ~u iu i i ’ .  i t  i~ Il Sc ’ I I t enipe r . i t  t iN ’  e’qu l ; I  I
t o  t h e ’ a” i ’ r u c . ’ - so I I t i ’ntpe ’r at  t i r e - i t  t hue t I  , t i t  ol p ;u v i ’nit ’n t  ‘ . ; ‘ . t r t , i c e’ t~ ri ’t -;~ log
an d t c - ’. ’ . ; Ii u F ’  I v  . ‘ . c c - u i i i t , - v , i l u t ’s ‘f t h ~ t I ie ’i~0~l I p r op e ’r t  I i -,: oF  t hu e I’a\en’.t’nt
e’I t ’me ’u i t s h i d  st i l igt - :ide ’ sc’. i i s .

Re ’~~ u it s  I rorn out-  sr udv a l s o  End I ca t  e that the’ mod I f  I t ’d H o u -gg r e ’n
e’q u at  l iii’. p u ,” i d e S  re-asonab h o  est  t m ;u t  i ’s of  thi t ’ F r o o t  c l t ’p t  ii when ac c c t r ; i t 0
c _ i  li l t ’S - ‘ I  t hi , ’ I i i  I t  j u t  ;lncl hi’tind ;irv cond i t  I ‘its :1 ’. - , - p t c ’ . ’c ’ I t ied - f l i t ’ o t I u I ; l —

I tin w i  1 1 p rt ’v I do r , ’ , ’ . ‘.; ‘t ’ .ab it’ t ’st I m a te s  ~t F r t ’s t pi’ne ’ t rat ion do 1’. t u s  and

can hi i i s t ’ cI by N I  1)0 1 to  a Sst ’’. tS  F IS’ St  pi ’nt ’ t i - a t  I t iii  h ’c t ’ . t’a t it c _ ’ t  t~i c ’’ . IS pavonuis tlt

c r o s s  Sec t Ions  w i t h  d i t  f e rin g  th e-rm a  1 1’.rope ’rt I i ’S -

IL _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~IUIIIIUlI1l



Table 8. I n i t i a l  and t ipper boundary t’~ nd I t !  ens
for t e s t  sites.

Air  or s u r f a c e  I n t t  I a I
Site’ f r e e z i n g  index Length  t it  t c-mN’ ra i i i !

No (° F—da v s )  it— t a o  t cir  50:15011 eiJ ~ ’5 ( 0 F

44~i 0 . 55 4-.
2 4 4 h  0 . 55 4-.
3 44 Ci 0 - S 5 ~ 4 -

‘ -

-d 446 0 4 5  4- . I- ’ .
S ~4Sti O. 45 - . ‘~

ii See Tab l e’ -~

7 ~~~ 0. 55 44 1” ,
8 446 0 • 5 5  - . - .  I

9 S~~e Table ’ 4
10 4- .h  0. -. ’i 4 - , 1 -

I I  Sce’ Tab he 4
12 188 1.00 0 I S .
H 388 1.00 7t ) I ’  -
1-. 388 L0O 0 ~S .
15 188 1.00 70

822 0.55 0
1~

’ 822 0.SS 70
18 See Table 4
19 822 0 . SS 7 0 15 ,
20 822 0. 4 ’-’ 71)
21 822 0.45 70 15 ,
22 See Table 4
2 1 822 0, -~S 70
2- . 8 2 2  0 -.S ‘0
25 822  0 .4 5  ~0 Ii ,,

101 1 .00 7t ) 
~~ ‘ -

2 7  107S 0. ‘ ‘-i ~0 is
Nt ’ i’,ilt ’t i lat

Se’e’ ‘r :ib ~~ - ‘

10 1075 0. ‘iS t) I ’  -

Nt ’ . TF : An n— f a t ’ t or of t .00 I t ’.d I ca t i’s t h a t  t l tt ’  s u r f a ce  I re - i ’; I t u g  I ndt ’x w.;s
t iSt ’ti -
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DRAINAGE LAYERS

Berg and McGaw ’s (1978) resul ts Indicated that the use of stabilized
or unstabilized open graded drainage layers would not significant ly
increase the maximum seasonal frost penetration beneath pavements in New
Jersey. To further evaluate effects of these layers on maximum fros t
penetrations , pavement profiles incorporating drainage layers were
assumed to exist at four of the test sites. Two of the four sites used
Por tland cement concrete pavements and the other two used asphaltic
concrete pavements , Both stabilized and unstabi lized drainage layers
were assumed beneath the PCC pavemen ts but only stabilized drainage
la yers were assumed beneath the asphaltic concrete pavemen ts , Drainage
layer proper ties were similar to those used by Berg and McGaw (1978).
Al l  or part  of the base course or subbase course mater ia l  at each of the
s i tes  was replaced by the drainage layer .  The four  sites and the
proper t ies  of mate r ia l s  within the hypothetIcal  pavements are shown in
Table 10. Upper boundary condit ions and in i t ia l  condit ions are the samc-
as those shown in Tables 5 and 8. For Site No. 22, Solution 1 conditions
(Table 5) were used and for Site No, 29, cond itions of Solu tion 2 ,

In Table 11 , calculated frost  depths for  the assumed pavements
Incorporat ing drainage layers were compared wi th  computed f ros t  depths
shown in Table 9 for  the pavements without drainage layers. In all
cases , calculated f rost  depths for  pavements with drainage layers were
equa l to , or slightly less than , those for similar pavements without
drainage layers .

Table 11. Calcula ted  f ro s t  depths  fo r  h y p o t h e t i c a l
pavements wi th  drainage layers .

Calculated f ros t  penet ra t ion  ( i n . )
Site Wi thout drainage layer With drainage layer 

—

No. S t a b i l i z e d  U n s t a b i l iz ed

7) _ S 21.5 2 0 .5

8 2 4 . 0  21.5 —

22 34 .0 30.0 2 7 . 5

29 49.0 42.0 —

29
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Table 10 Proper ties of materials in hypothetical
pavement s with drainage laver s

K9 C L
M a t e r i a l  1d w d Btu Btu  

~ 
Btu

p r o p e r t v * ( l b /cu  t t )  (% ) ( f t )  ~f t  hr ° F cu f t  ° F cu f t

Sit i ’ Ne . 3 , s ta h i h i z e ’ d  0t~1~~ .

PCC 140 . 0. 0 83  0. 5)’ t O ,  0.
~l(~~~ * (stab) 120. . 0 , 50 0. . 1 2~~. C i Q 1  -

125 . 1. 2 . 8  0 .50  2 , 1 - .  11 . 2 104 ,
S 12s . i-. J) 1 .0  .2.05 15 , 2556 .

S t t  N~~. ~~, tinst :Lh i I I Z t ’ti OG L .

l’CC 140. 0. 0. 81  o s :  10 . 0.
t X L  (u ns t ab )  121.  4 6  0. 50 0 . -.0 1t~. 784 .
C 1 2 6 . 1 2 . 8  0 S 0  ‘ . 1 4  h I , 2304 .
S 125 . 14.0 1.0 20S iS . 255r’.

S i t e  No . 8 , st a h t l i : i ’j (X’-L

AC 118.  0. 0. 79 0. - i-. 2 8 .  0.
0( [. ( s tab )  1 2 0 .  . 12. 42 0 .5 1  2~~.

11 $ . 12 .0 0.-.2 1 .121 11’ . 21 86 .
110. 1.’ , 5 1 .0  ‘ ,-.-. 1-. . 2 b - . 0 .

S i t e  No . 22 , st ,ubili :e ’d tX’,L.

PCC 130 . 0. 0.83 0•67 30. 0.
OCL (st ub) 120. -.J) 0 S  0.~~1 26 . 691.
IA 110. 8. 8 0. -’. l . ”Th 31. 1 6-.7.

1 .2 ’, 10.6 1.0 1~ 90 I i  - 1890.
S—M 12 5 . -) ‘t 2 . 0  1.88 2 d) I 78.’ .

S i t e  No.  22 , ‘ . t n s t a b i lL~ ’d i~~~! -

PCC 140. 0. 0 . 8 1  0. 67 30. 0.
OCL (unstab) 121. 3.5 0 5  0.30 26. 784 .
lÀ 130. 8,8 0 . 5  1.96 31. 1~’.47 .
S—M 125 . 105 1.0 1.90 31, 1890.
S—M 125. 9 . 9  2 .0 1.8 8 2 9 .  17 8 2 .

Si te No . 29 , stabilIzed OGL .

AC 138. 0. 0.25 0.6-. 28,
AC 138. 0. 0 3 3  0.S-. 28. 0.
OGL ( s t a b )  120 4 .0 0 .50  0. S1 2 5 .  691.
1C 125. 8 S  1.0 1.1’~ 29. 1530.

1 2 5,  9 0  2 ,0 L7 3 30. 1e~2 0 ,

*Open g rade d  ~1 1 .1  111:1 go l i v e r .

‘( ‘I
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1)FS I t N  FROST ) ‘t- N )- I R A  1- 1 ,)N l -ft:r ’l’US

The I ~ ~‘b— 197 7 w i n t e r  w.i ii mu~’ 11 c o ide ’ r t ban norma 1 In Now .1 or soy as
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than in more’ ~‘norma 1” winters . As ~i re’su I t  of t h i s  s t u dy  t rest dept his

~~ re measured at sever .u l b oat b u s  within the state of New ~l e’rst’v
during t it Is ct’ Id w i n  to  r t host ’ recorded dept its c o u l d  he’ u sed  I or p a v e ’—
m o nt  design purpos e’s - Compt i t  ‘d i , ’ o t i  Its i nd teat o tha t f r~’s C d

~
’p t t o

hen e.u t 11 p~u Ve ’men t s i’i’.flt ~; in  I ng opoi l — gr , uc h’d ,h ra I n,-ige’ I , ;  V e t  o w i i  I net  be ’
s I e~i’. I f  C c  an t  l v  gre , l  t or t han he ’tt , ,; t h ‘‘ conven t  i ,‘ . l t ; ;  1’’ i ’aveme -u t s it ’.  N~-w
i t - i  st -v .

I I t h e  de ’s I gut - i- s choose ’ t e compt i  t t ’ des I gi’.  I r o s t  p0110 t i- , ; t  I -eu -~~ -y  t ho
I e t  N ow Je’r se’v pavcm e ’nt s , the - m~’.d if I ~-d Sc r ~~ re t ’ .  t ’q n at  i ~it t  ,in he ii  ~-~~- 2 -

-\I r f t . t ’ _~ i t i i~ i n dex e ’s f i t i m  t he ’ l~ 7 ; ’—  1 a 7 W i  U t  , t  cot i  I d  I’ , u o , ’ ,l ~~
- i t h u  Ii,-

_ ; p p r o p r l _ u t t - i t — F  , i ct  , ‘t - s  i- c-p o r t  i’d he-re - in  F ;i ’ 1, - 2 )  t o t  l’..~ ~~~~~~~~~ 5, ’~ t i 1 d . I t \

~‘o n d i t  i on ,  -\ e’mpe ’r.lt ure ’ ~‘t 1’ ” F sht ’.u ld be ; - ; Oi lm t ’J ~‘i t o -  s ot  I p r i - ’’.
0 t ho O f l s , ’t  i t F 1 . 0 ?  iti c, I i ’n’.pi- r , i t u l - e’S ,i nd t i i  l e ’n gt  h ol  I he - F i , -~~-; t

0, 1501’. ,lt 1 p i t t  i, - ttl ,; r S i t e ’ shtit il ,I b~’ “i’t , iin e ’d ~r,’.i~i NI ’..•\A i1~~~i ’— l- ~77~
I ‘ - ‘ d i i  do t’.e’,trl’.~’ - Tbt ’t-n,; 1 prope’t- t I i~~~ ol th ’ .e o,’ 1 I s  :u ttd ;‘ l\’ t ’me - t l t  -~~t t i’’. t a  i s
u s e d b i t t  l i i  t -

~ i 1u he’ used in  th i ’ i’e ’.mput ~i t  [Ot i S  - Kt ’r s t  on ’ s I Q - -.’~
) v , u l  I i ’S

I o r  therm, ;  1 t ot t d ; i c  i v  it v ,ittd Vt ’ lunu c t r I~’ l a t e n t  he, ; t  oF I i ts  i ou’. ,; I i ’
q u i t o  F or  p - ;veme ’nt dos Ign  in N . -u.’ ,le’rs ’’- -

t ’ONu I , I ’ S T O N S  .-\N F ) RFCITh~lENI)A IONS

The’ mod I t  i ~-d 8o rg.~t~ - i i  e’qu ~i t I on ,‘ -iu he ’ t i~~e’d t o  es t  ini~i t  0 F r o st  ~~i~ nt ’ —

r u t  i - ‘ii ho uc ’,; t h i  N e w  ,l~~ i- ~~e’. i ~~ e ’m, il I - 
F’,’ r t h ’.t~ m~-’st a ccii t at t ’ i n i t  F c
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,‘ .‘iI\ t ’ t it  I t’.ti, l l i I S t’ c’, ’I i t  Se ’ - I t  ~- ,;s .i  i s o  .us~~u imi ’d t h a t t ho m o I s t  t i t ~~’ e ’OIieI 1
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on br idge decks . A r e l a tiv e ly  d ry  o p e n — g r a d e d  d ra i n a g e  l ay e r  may ac t
somewha t sim i l a r  t o  an i nsu l a t i n g  l.; v~’r at ’.,! t h e r e ’hv cau se  a h i g h e r  sur-
f a ce f re ez in g  Ind ex .  However , t h e  su r f , ;ce  f re e z i n g  i n de x  u ’.ve’r a pavemen t
incorporating in open—graded  d r a i n a g e  layer  wou ld  have to  In c re ase  eve r
30% to cause a IY,- increase in the computed frost d e pt h .  i t  is b e l i e ve d
tha t a change this large is very unlikely .

Should the m o i s t u r e  c on d i t i o n s  not  be simil ar beneath “conv en t ional”
pavements and pavements containing an o p o i t — g r - i J ’d drainage layer , both
the  the rma l  c o n d u c t i v i t y  and the  v o l u m e t r i c  l a t e n t  heat of fusion tt’i~~ s
in the  m o d i f i e d  Berggren  e q u a t i o n  would change . To cause an In c r e a s e ’ of
16’~ In f r o s t  p e n e t r a t i o n , the  r a t i o  K L  in the  e q u at i o n  would  a lso  be
required to change more than 30~). Such a difference m ay  o ccu r .  For
example . a sands’ soil having a d e n s i t y  of 110 lb cu f t  and a m o i st u r e
e o t u t t ’nt by d ry  w e i g h t  of 1O~ has L 1~ 83 B tuu cu ft . equat ton (2), and
unfrozen K 1. 1~ B t u / f t  hr  ° F , equat ion ( 3 ) .  I f  the  mo ist u r e  c ont en t
Fo r t h i s  ~oI1 we’re 15~~, L = 2376 B t u / c u  i t  u-i d K = 1.2 - ’ .  B t u - ’ f u ,. / hr  °F .
i n  t h i s  case  t h e ’ r a t i o  t if K /I , w ou l d  v - u t ”  by ,u ho~~t 2h ’ 

-

Calcu  iate’d fu - ost dept  ho b en e at h  i tv p o t  hi ’t i~-;i I 1’.~l~’ e’non t s I uce rp~ir a  t j u g
t - i  loage I ,uvc r s ire ni -it  si gn i f  i,’ant lv dli I i’ront F rom t hose hone ;;  t h mt ’. I t ’

t ion~il  pavcnu e’n t w hI c h  ‘.10,- t hu s ,  ‘ — gr.;ded base’ a nd ‘or  subbase’ coursi’
mat~-r i ,u ts. It i s  recommended , Itowevt’r . that prior t o  ‘.~‘ i d e - s p r e , i d  use oF
open graded drainage layers Iii N ew d e n s e -v h i ghway pavements ti-st Sec t ions
In at  least two different environmental cond it ions he evaluated.

liii’ structural adequa cy ,,f  t h e  open g r ide ’,! J r u  I nage - I j~’e ri-i titus t
a lso he e’v a lu at e d .

32
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APPENDIX A

Observed Moisture Contents and Frost  Depths

Plo t ted  from da ta  ob ta ined  by t he
New Jersey D epar tment  of T ranspor t a -
t ion during the 1976— 1977 w i n t e r .
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