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RESEARCH ON FUNDAMENTAL PROPKRTIBS AND CHARACTERISTICS 

w woeen SOILS 

Raymond Yong* 

The behaviour of frozen so l1  under loading conditions kaa bean 

studied in terms o f  Fundementel factors contributing to the strength of 

the soil. Electro-chemical theories baaed upon forcea of interaction bet- 

ween charged particles havo been appl ied  by considering f he-greimd ooi 1s 

as plar.1atm with inherent rmbalaacrd charges. It has h e n  s h m  that  the 

quantity of water ternaining unfrozen i n  a eoil-uater ayatern subject to  pro- 

longed freazing temperatures can be related to b t h  inherent propertica and 

external factors. 

Froperties or fsctora considered important i n  the consideration 

o f  unfrozen water coatant i n  a frozen a851 are original water  content, 

tempcrsture, clay content, charge denoity, and elcctroly t ic  conccneration. 

Partial  freezing of  the p r e  water a f f e c t *  the premurer exerted on the 

individual particles as a result of  tk fretting procasa. 

The shearing etrength of f r o ~ n  moil 11 d-pandent upon ice 

content, temperature, lateral confinement, time rate of shear, end factors 

associated with partial freezing of the pore water. 

A a a i s t a n t  Professor and Director, Soil PIechanics Laboratory, & G i l l  University 



RESEIIRCH ON PITND+KENTAL PROPERTIES AND C W C T E R I S F I C S  

Introduction 

In the study of soil properttea and charbcterlstica, it is oCten 

considered useful t o  obtain fundamental relatimahips relat ing e n s u r e d  prop- 

erties and charnetariatics virh behaviour patterns.  For m i l a  axisting a t  cem- 

prratures  above freezlsg, of p a r t i c u l a r  i n t e r e s t  are such properties ns s o i l  

strength and compreaeibi lity or deformation characteristics. - since in t h e  

r i m 1  -aLyala t h e e  have the moat direct b a r f n g  on engineering i t r u c t u r e s .  

'The parametors involved Ln ~ u c h  bchavfour charactekistica are p r e s e n t l y  b i n g  

subject  to cws iderab lc  study and ~crutiny. For many clay soils, i t  i s  be- 

coming more and mte evident that the l a u s  of mechmics  a p p l i c a b l e  to gran- 

u lzr  soils m y  net be as easily pppl fed  t o  stich c l a y  s o i l s .  The surface for- 

ces existing in c lay  soils m a t  n w  be coneidered. 

In s ~ i l  strength, there is evidenca that the m t t W  of t e s t  evalu-  

a t ion  p l a y 3  an important part  i n  the determinetion of the  factors giving rise 

t o  s o i l  streegth. Beteen tha l i m i t s  aitablished by granular soils and clap, 

i t  i s  tlwught that f r ic t ion  is p r i m f l y  redpmnible for granular a o i i  strength 

i n  ttic oze iestance, a ~ d  "coheaim" i s  the other prime factor i n  clay soil 

strength.  "Coheaiw" h m v e r  is M t lus ive  p n r m t e r  which soem beat intar- 

pre ted  aa an inherent property of c l a y  aoilm dependent upon such factors or 
var iab l e s  as:  - 

a) type of clay mineral and m i l  mass composit ion,  

b) prestress  hiatory, 

C) moil ntructwe - particle orientation and arrangement, 

d) nature of pore vator and degree of  saturation, 

e mehod of ttmt evaluation. 

Because of  the lack of  knowledge of clay so i l -water  interaction, 

i t  1s apparent from the i n t e r e s t  now a h m  i n  t h i s  Important area of study 

t h a t  a t  t h e  prenent time, i t  is Inore a problem of the d e f i n i t i o n  of the term 

"cohesion". (Sce for example Lambe 1960, Schmertmann and Hall 1961 and 

Rossnquiat 1959) 



If the problem o f  defining and establishing the basic parameters 

invo lved  i n  sofl atrength atems di f f i cu l t  fm unfrozen soils, the caw for 

frozen soiln fa most c q l e x  by canparimn. Added to the cmiplexitics of 

mfrozen uoil are such factors a6 temperature, i c e  content, partial freezing 

of thc part water rtaulting in t k  cscabl i6hnnt  of unfrozen wattt in  frozen 

soi la,  number of ice crystals fotmcd, orientation of ice cryatalm and size of 

ice crywals. Kt may b that some of the c ~ l c x i r i e a  of unfrozen soils w i l l  

be obvlatcd, but on the other hand, they way bc m u l t i p l i e d .  

Experimentation 

To obtain an insight into the problem of frozen soi l  strength and 

i t 3  r e l a t i o n s h i p  with conventional measured p r o p e r t i e s  and observed charac- 

teristics, t h e e  types  of s o i l s  uere used i n  the study - (sand, s i l t  and 

c l a y  - see Figare 1.). Two types of strength tests were uaed to measure 

ahcar strength o f  the frozen 8011s - uncenfined canpression t t r t  and ring 

shear teat. A achematic represeneation of the ring ah8ar t e s t  slethd i s  

give- in Figure 2 .  Restraint against axial e l o n g a t i o n  was provided and as 

part of the test technique, the test sample was subject to an ax ia l  force 
prior to appl icatfcm of the- shear force. 

Teat samples e r a  prspared in v a ~ d  containera i n  the case of 

ya!!d earnples, and the s i l t  and c l a y  samples were prepared either by ~ 0 n 8 0 f -  

idatlon rr= -paction. Sand samples in both t h e  denae and loose s t a c e s  were 

fully saturated and only the consolidated c l a y  samples were completely aatu- 

rated .  Clay and s i l t  samples cwpacted by t b t  Hanard Miniature mzthod were 

cwlpacted on tha dry o i d c  and t i ther  frozen in that rtate  or s l h d  t o  rake 

up water for three days by controlled soaking prior t o  frttzing. 

Evalumticm of rafroetn water content was by c a l o r i m e t r i c  metins.  

Variation of  initial water conrrnt was sthlwcd only by means of moulding 

water content - (net by drying out f r a  A unifor. i n i t i a l  water c o n t e n t ) .  



RESULTS AND DISCUSSION 

Some of the data and results have been presented previous ly  i n  

primarily tabular  form (Yong 1958, 1960) fot  strength test8  on laboratory 

prapared mmples. Sub64queatly, Purthtr exprrimentation has been undertaken 

M other mrt Emdaeantal factors such as rmletlmships between temperature, 

8011 type and unfrozen water content. Cbly rt6ult8 and data pert inent  to the 

dL#cuasion on a poa8ible  mechaninm of ahear strength a t  frozen soils will be 

presented herein. 

I t  meem larwt appropriate to discuss the philosophy of frozen s o i l  

rttength along the following lines: 

n)  What the atrength testa indicate, and 

b) TM poaaible ~echanics of the froten system. 

Rate oE Loading In Unconfined Compte~sion 

Project ing  frm conventimal strength t e s t s  on unfrozen s o i l ,  the 

logical procedure wuld be to determine strength of frozen s o i l s  i n i t i a l l y  

i n  terms of unconfined ccmpressim tests. In the general undarstanding of 

strength of materialo, thia reasoning l a  both va l id  a d  round, Frm previous 

studit$ (ACTEL 1931) on froen  ro i l  .ttength i n  mconfined c-re*rion, the 

rate of 1-d application uae fwmd to be i m p o t t m t  up t o  a rate o f  loading 

of approxlnataly 400 psi. per minute. Beyond chis ,  the mtrcngth increase 

realized from an increaae i n  r a w  8 C  Loading was s m a l l  and relatively ins ig -  

ni f icant . 
A t  rates of loading i n  unconfined cmress ion of approximatalp 

60 psi. per minute and 500 p s i .  pet minute, (designated as "slow" and "fast" 

respectively i n  Table 2) it was noticed that temperature uaa more e f fec t ive  

in caualng murked changes i n  ultimte srrengths and attees-strain moduli - 
s e e  Pfgwee 3 and 4 .  Hate of loading plays a mdre dominant role at higher 

temperatures i n  the realization of ultimate strengths of clays and aands. 

A t  these temperaturee (apptoximately -~OC), the higher rate of loading eervea 

to decrease ult isate  strength of tha frozen rand l o t h  vhilt incrcaaing 

their stress-strain d u l i .  C&I the otkr  hand, whilo the ultimact mttength 

of the clay soil8 decreased with the Ripher loading rate at the mama high 



temperature, t h  &tress-strain m o d u l u ~  of the t e s t  eample8 =re increesed. 

Rased upon limited studies of rats of strain loading w clay soils 

a t  cortml above-freezing temperacuren, the  decrease i n  u l t i m t e  atrength and 

stress-atrain modulus w i t h  increased rates  of  loading experfenced at temper- 

atures Just below freezlag,indicate that  it is not  poss ib l e  t o  expla in  frozen 

clay s o i l  strength csing the same modei  for both frozen end unfrozen s o i l s .  

While t h i ~  m y  seem intuit ively  obvious, there have k e n  numerous suggeationa 

proposing j v s t  such analyses. The decrease in ultimate strength of sand soila 

with a corremponding increase in rate of loading seema t o  j u s t i f y  the need 

€or another mchaaism or for the werch for other factors hftbetto u n h m  

concerr.ed with dtvelopeat  of frozen s o i l  strength. %se w i l l  be discussed 

i n  the aeztion on "General factors effect ing Roam Soil Strength". 

Ring Shear Te6t 

TI%! r ing  ahear rest a h m  achematically i n  Figure 2 was used in 

an effort to learn mrt about thc nechanirs of  &ear fsilure of the frozen 

soil:. In i t ia l ly ,  co rtstralcr froa r a i a l  elcmgatim war provided for, and 

u d e r  traasvsrae shear, the tendoxy  fo: axial e:mgation was coticed. 

Consequently, tha shoar rest uas r t f i n s d  to include a n i e l  prtatraasing - 
v i t h   he hwe that Dore could k learnt about the r ~ l a t i o x h i p  bemeen con- 

f i n e m n t  an.! nhenr atresrr. It m o t  be pointed vdt that while this tries to 

emulate the conve!itioral triaxiaL tes t ,  i t  in no way p r c t m d a  td ba mch, 

since les t ta int  and confinement c m  only b controlled positively in thc 

axial direction.  Confinement along  tba radlal d i r e c t i o n  war cmtrolled 

directly by the f i t  of the frozen r o i l  apecimen i n  the ring shear apparatus. 

At extremely lw temperatures, th ia  was not coo cr i t ica l ,  btx a t  temperatu- 

res s l ightly below freezing, i t  seemed t h a t  the tendency for radial expanaton 

induced both by ahear and axial reacraint could be the cause for s m  of the 

irreptoducibility of results. 

In YiarrtM 5 through 9, soae t e a t  results relating shear atrength 

and f i n a l  axial pressure for sands, si l te  and clay 80ih are given. Although 

i n i t i a l  a x i a l  confi-t may be ueed as a relating factor in reporting t h e  

tegr r e r u l t s ,  i t  was f e l t  that because of the axial elongation mder shear, 

th reoulta rap b% mre &aningful i f  the final axial preesxre ua3 used  t o  



analyze the  inter-relationships. To provide further data in  the r t u d y  o f  

contrihtiofi  t o  ahtar ntrergth E r a  it# mtrtnnth, Figure 10 ahows the in- 

f l w n c e  of  axial p r e s ~ u m  on the &hearing atrenpth of  ice .  No attempt wra 

nade t o  control the growth or o r i , p t a t i m  oE i c e  crystals - both for tha 

l o l l  ramples and for the companion ice samplen. 

It may be argued from an examlnatfon of the i c e  curve in Figure 

5 and thwe in Figure 10 that axiel confinements above 50 p s i .  vould btgin 

to taure crushiw of the ice in the 801 l voida. Thia cannot be den iad .  Fail- 

ure in frozen soil# hmevar i s  not eovrroad solely by the i c e  cunponcnt - as 

witnesr the curves in rifiurta 5 through 9 .  Even in t b a  care of ice apccincnr, 

while #hear e c r e a t b  of th. ice Ppccimnu averaged around 100 psi. with no 

initial axial cmfincoeat at -s'c, attrnpth increase is noted wi th  incraasing 

axial c.0nfinemer.t. It would scem that c "frictional" characteristic data 

e x i s t  i n  ice which tends t o  influence ice ntrtxgth. It w u l d  seem obviou~ 

that there muat bo an optimm axial conCinearent vhlch may be placed on the 

ice  samples at any tcnperaturt - k y m d  which ice breakdm would b. too 

great aad failure would occur before m y  rracmversr r h a r  can be effected. 

The curves for i c e  etrcngth a t  - 5 ' ~  and - 8 ' ~  in Figure 10 shou Juor thio 

phenopenon. 

HQW dots thir af fec t  frmen soil rtrength? In froran oaturnred 

gracular solls, uhilm i t  i 6  not poooible to separate thc frictional charac- 

teristic of thc ice frm that of the soil grain*, the tvidanc* indicatrs 

that the total m e s  b ~ h a v e ~  similarly with fricttocal material. The slight 

aberrations from linearity muet possibly arise from plantic y h l d  and de- 

formation of  the ice phase. 

mils the clay soil used in the study ahmsd v e r y  l i t t l e  

E r i c t i o ~ l  charsctmriatic i n  the  unfrozen a t e t t ,  the result8 ehovn in Pi- 

gums 8 and 9 indicate otherwise. It must & concluded frm these reaults 

that the major frictional contribution is derive& f r m  the ice whilst par- 

ticle interaction and other undetermined factors could also provide some 

of t h i ~  f r i c t i o n  characteristic. For incanplats  oaturat ion, much remains 

to be learnt about interparticle action in clay roils in the unfrozen 

statc .  Thia lack oE knarledgt reat t ic tr  intelligent speculation on the 

nature of faterpart ich action i n  the frozen s t a t e .  



'he tw limits represented by frictional and frietlonlese s o i l s  

(nand and clay) b t b  denw#trated that the i c a  phast in  the frozao soils 

contribute aipificantly to the d ~ v e l o p u n t  d frozen soil otrmath.  Although 

there i r  d i f f i c u l t y  i n  d e f i n i x  the actual c w t r i b u t l o ~  Irmn the i c e  phase, 

the r e s u l t s  obtained by decreaeing the freezing temperature shov increased 

otrtngths. 

It vould  bz expected that  the Ero:.en s i l t  soi ls  w o ~ l d  also r e f l e c t  

the same trends shown in the clay soils. The i n f h n c e  of the i t&  c w o c c n t  

.ems t o  be mOT€ not i ceabk  - when the "dry" sad "vet" 8 i l t  emplts art  com- 

pared. This atema rsaamable since it uaa a h  €rm atudirs of normal above 

€reczing twrparaturea that  f r i c t i w  FP tha gov%rr,tng CQmPOPent in tht 8 iat  

m i l .  Hence i f  these a a m  s i l t  m i l e  arc prepured i n  the "dry" state,  i . e .  

dry of o p t i m m  and at  a h u t  50X saturat ion,  i t  would be reasonable to asgilme 

that lncresaea i n  atrengc h arising from corresponding increaaes in axial 

confinement vould result primarily from mbi l i z a t i o n  of granular fr ict ion.  

By allowing the r i l t  soils t o  take up vater - iip to about 90X saturation, 

the atrenptb incre4se~ ahow previously in the ''dry'' mamplss uart not as 

prmounctd in tb "wct" aamplr.3. Whilat ehcar dtrec&th of the " ~ t t "  silt 

swlem did incrc4.e with increns isg  axial  c w ~ E i i ~ e ~ ~ u t  and r h o  v l t h  de- 

c r e a s h g  temperature, these increases asem t o  deprxd more on the dermmstra- 

ted strength properties of the pore ice. 

Unfrozen Water Content 

l t  becam i n c r e a s i n g l y  evident from observat ions  on the behavi- 

our of frozen asturated clay soils under unconfined cmpresnion, that some 

of the demonstrntsd yield -d pleatic deformation ever. a t  h*low freez ing  

temperatures must be due t o  tha prcetnct of some water il the frozen %ample8. 

I t  was not clear whether t h i s  mhozen wtrr rcaulted from local m e l t i n g  a t  

stress concentratlone, or whethcr i t  ax16ted despite freesia& of the samplea 

with no relation whetswvar with  impsad redial sheer. 

In a d e t a i l e d  study on mfrozen uattr content, - some of the 

r e s u l t s  of which are presented in graphical form i n  Figures 11 through 15, 

it is necarsary co define certain limitattons ahd ccnditions. Williams 

(1961. a d  p r m n a l  commtnicatiw) wed  the technique of  drying out of 



m q h m  frm a c o n o t m t  i n i t i a l  high vator coateat  &R standa~d procedure fo r  

#ample preparation. For t h i ~  ~ t u d y ,  variation i rk  water cmte~r.r uaB s z h i s ~ e d  

by varying i n i t i a l  moulding water content. The difference ir. ttehniquc here 

although rsenicgly alight ha. re#ultrd i n  ar. intereati:.g =d acsniegful deve- 

lopment. 

The rcwltm p r e l m t e d  i n  F i y r t a  1 1  thro igh  15 shou t h a t  variation 

i n  tho inilia1 moulding water centenc r c a u l t a  in correspmding variations in 

the quantity  of water remain1Rr.g unfrozen maaurtd a t  d i t f r r t n t  subfrtezing 

teraperarurea. Figure 15 shows t h i s  p h t n m n o n .  For claya and s i l t s ,  it f a  a 

matter of great importance whethtr ttae a p t ~ f l ~ ~ n  is prepared st a h t  o p t h m ,  

optimm, or b l o w  optimum water contents. Unfroze? water content dtcreasce 

aa temperature decres~es ,  but the pos i t i on  of the c . ~ m e   depend^ upon el.& i n i -  
t i a l  moulding water c m t e n t .  Further to this, mfrozea water  czsLent varies 

at  the same temperature dependent upon whet5e.c the qecimq i? frosen tr the 

t ea t  temperature or frozen at a lover ttmperatce and allwed to thaw t o  the 

teat temperature. Tbir i s  demo~8trated by the becd l int8 or curves tn Figurre 

11 through 14. The bppcr H d t ~  af the b a l d s  1-cprcse,t the m.frazcr. water con- 

tent measured as t5e spctrreas were frxrn Liraccly t o  t3e t t a c  temperature 

s h m ,  while the lower l i d  t m  of the bar.d% repxs to t  ttteaWiTjraW-.It3 of u-~froeen 
0 water content as the specimer.a S h a e d  L C  the test teq-eratsrt  fr3m abocl. 2 C 

h e r  than the t e a t  temparetur*. Simi lh -  h y e t c e s e a  were reported by Leo~arda 

aQd Aqdcralmd (1960) and YiXtiama (195 i i  . 
By rt lnt ing  w.Crozen w a t t r  ir: term OF perccnt asturetion or 

percent d origirrnl rwulding water cat tent  remaining unfroxer, a better  r;n- 

derstmdiq of the phen-nan oE p a r t i a l  freering may be obt~ined. 

Williams (1oc.cit.) reports t n a t  the q u a n t i t y  o f  w a t e r  remaining 

unfrozen is not dependant on i n i t i a l  water content.  On the basis of drying 

out from a eonstant  i n i t i a l  water content to different water c o n t e n t s  prfor 

to frctzing, t h i s  may bt expected. 3% terma of s o i l  etructure or orientation 

of soil perticles,  l ittle part ic le  re-arrangement occurs under s low drying 

(within limits) frm the reported technique. Nnce it wwdld be expected that 

# o i l  auct ion measured in  tcrma of pF would not change significantly. It 

fol1ows then that v i t h  chi .  technique of sample preparaticn, the quentiry 

of w a t e r  remaining unfroetn at  4 cmmtant pF woxld be dafertdent on the teet 



tolperatura and t he  means of a t t a i w n t  or arriving at the test  t empera ture .  

On the other hand, w i t h  tha taclmique of variation o f  i n i t i a l  

noulding wattr c o n t m t ,  indtvidual b p t f i m n  a011 structures would be v a r i e d  

m d  from p ~ e v i c u s  s t u d i e a  (Warkentin 1961, Scho f i e ld  1935) pF would co r r ee -  

pondingly vary. Consequently, t he  t . lulCI g i v e n  i n  F igu re  15 r e f  l t c r  unfrozen 

wattr coarmts based upon va r i a t i on .  i n  pF1s a r i a i n g  frm d i f f e r e n c e s  i n  

mtruttural orientation. 

The f a c t o r 8  giving r i a *  t o  p a r t i a l  f r e e z i n g  and unfrozen wate r  

cwtm-tt have been discuseed i n  previwo s t u d i e s  (e.g. Yong 1962). As expected,  

tba silt moils prepared and ten ted  do not show the  6- magnitudes o f  unfrozen 

watar. h v e r  they shoued t h e  same i n t e r - r e l a t i o n a h i p s  between i n i t i a l  mul- 

ding water content, temperature, and unfromn water con ten t .  

Factors affecting Irosen eoil-etrength 

At t h i s  present s t a g e  of  r e s e a r c h  on f rozen  s o i l  p r o p e r t i e s  and 

c h a r a c t e r i s t i c 8 ,  the evidence i n d i c a t e s  t h a t  much remeins t o  be done. Whilst 

i t  i a  not  p o s s i b l e  to g i v e  p o s i t i v e  results  or  t o  d r a u  conclusions, i t  Ls 

p o s s i b l e  t o  examine the f a c t o r s  cons idered  i n  t h e  development of  f r o z e n  s o i l  

s t r e n g t h .  

It i s  e v i d e n t  that f rozen so i l  s t r e n g t h  i nc r eaaea  as temperature  

i a  decreased  and a s  r e s t r a i n t  on a x i a l  e l o n g a t i o n  i a  i nc r ea sed .  P r o j e c t i n g  

t h i a  fur ther ,  i t  would seem f e a s i b l e  t o  sugges t  (baaed upon t h e  da ta )  t h a t  

i f  normal p r ea su re  i s  i nc rea sed ,  shear a t r e n g t h  would co r r e spond ing ly  i n -  

c r e a s e  - o r  i f  volume change is r e s t r i c t e d ,  shea r  s t r e n g t h  would be i nc r ea sed .  

The i c e  " f r i c t i o n a l "  characteristic can b? ueed t o  an advantage t o  develop 

greater s t r e n g t h  p o t e n t i a l  i n  the f rozen  s o i l .  

The q u a n t i t y  of v s t e r  remaining unfrozen i n  p a r t i a l l y  f rozen  

mi l s  w i l l  a f f e c t  a t r e n g t h  development s i n c e  i t  i e  f a i r l y  obvioua t h a t  more 

unfrozen water mean8 less pore  ice p r e s e n t  i n  t he  s o i l .  Under load app l i ca -  

t i o n ,  s t r e n g t h  development is thought t o  depend upon not  o n l y  shea r  s t r e n g t h  

of ice and soil p a r t i c l e s ,  but a l s o  on the adhesion o f  i c e  to  oil p a r t i c l e a .  

S ince  unfrozen water and the c m c e p t a  proposed for the e x i s t e n c e  o f  unfrozen 



w t e r  suggest that  a film of water separates individual s o i l  par t ic  les from 

th pore ice  or ice  phase, i t  follows that  adhesion between ice  and s o i l  par- 

t i c l e ~  depends upon the properties of t h i s  unfrozen water. No r e su l t s  are 

available houever t o  allou for any speculation on the properties of the un- 

frozen water. 

Not only temperature, s o i l  type, confineaent, and water content 

affect  froeen s o i l  strength, the Freezing or thawing history of the froeen 

moil m a s  must a l so  be co~s idered ,~  i t  may be argued that present available 

teat  techniques do not -turd o t  yield the necclmary ptopert ies  for inter-  

pretation of inherent parameters h-er these are the only ones available 

presently. 



The present atsga of knwledgc of the mechanics of frozen soi l  

leaves much to be dadrad .  Whila #tudiea and reporta are available d e t a i l i n g  

strength of frozen #oi l  am a fmction of d l  type, temperature and a feu 

other factora, a clear underetanding of the mechanism involved therein in 

Lacking. Much remain# to hs doam and furthtr study in preoently under war 

to determine the more fmdsmental parmeter# thought to be important in th. 

consideration of frozen soils. 
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mIE 1 - 
Fropartiem of moila uacd for ~ t u d y  

c = 0 ,  S8 = 2 . 6 5  

Opt. dry dcn#ity 

Mincral Content in approx. 'A 

Chlorite 

Biotite 

Antphibo l a  

F e l d o p a  

Qunr t z 

Silt. - 
2 5 . 1  

1 7 . 0  

2.68 

16.5 

114.5 pcf  
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- 
- 

20 

80 

cla_p_ 

67.0 
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2 8 . 5  
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Group8 consis t  of 5 individual a m p l t * .  

Sample 
Noa . 

I$-3 1-35 

D6-3 1-35 

LS-36-40 

D6-36-40 

LS-4 1-45 

DS-4 1-45 

IS-46-50 

DS-46-50 

CGL-5 

CL6- 10 

CL-11-15 

CL16-20 

Tent 
TpP. 

C 

-17.8 

-17.8 

-17.8 

-17.8 

- 4.7 
- 4.7 
- 4.7 
- 4.7 
- 4 .7  

- 4.7 
-17.8 

-11.8 

Rete of 
TeBt 

Feet 

Fast 

S h  

Slow 

Fa. t 

Faa t 

S Lou 

Slow 

Fast 

S l w  

Fast 

S l w  

Am?. Ave. 
Avt. W l t 8 r  Ultimate 

Void Contant Strength 
Ratio e U% K.S.F. 

Ave.SEreea 
Strain Hod. 

K.S.F. 

14300 

16700 

11500 

12600 

9300 

11200 

3300 

6100 

19 10 

2570 

6720 

6780 
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Figure 5 
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Figure 6 
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