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E . V . E DRI S , J R. Re s e a r c h  Assi st ant ,

R . L . L Y T T ON  Pr of es s or  Ci vi l  Engi neer i ng,  Te x a s  A  &  M  Uni ver s i t y ,  U. S. A.

S Y NOPSI S  Thr ee f i ne- gr a i ned s oi l s ,  v ar y i ng  i n c l ay  c ont ent  bet ween 20% and 70%,  wer e t es t ed i n a uni que 

r epet i t i v e l oadi ng appar a t us  t o de t e r mi ne how soi l  s uc t i on,  t emper at ur e,  and s t r es s  s t at e a f f ec t  t he 

r es i l i en t  modu l us  and r es i dual  s t r a i ns  ex pec t ed under  h i ghway  and r a i l r oad l oadi ngs .  I n dev e l op i ng  

equat i ons  t o p r ed i c t  t hes e dy nami c  pr oper t i es ,  t hr ee v al ues  of  soi l  s uc t i on,  s t r es s  i nt ens i t y ,  and 

t emper at ur e wer e  us ed i n t es t s  o f  eac h of  t he t hr ee s oi l s  i n a s t a t i s t i c a l l y  des i gned ex per i ment .  A 

f undament al  c hange i n t he behav i or  of  t he t es t ed soi l s  f r om " e f f ec t i v e l y  s at ur at ed"  t o " e f f ec t i v e l y  

uns at ur at ed"  oc c ur s  at  a soi l  s uc t i on c o r r es pond i ng  t o t wo per c ent  dr y  of  t he op t i mum moi s t u r e  c ont ent .  

The c r i t i c al  soi l  s uc t i on i s d i r ec t l y  r e l a t ed t o t he c l ay  c ont ent  o f  t he soi l s .  Thi s  r e l a t i on has 

i mpor t ant  i mp l i c at i ons  f or  t he c l i mat i c  des i gn and s t ab i l i z a t i on  of  h i ghway  pav ement s  and r ai l r oads .

I NTRODUCTI ON

The des i gn  of  h i ghway  pav ement s  and r a i l r oads  

r equi r es  t he us e of  t he dy nami c  pr oper t i es  of  t he 

mat er i a l s  as  t hey  ar e a f f ec t ed  by  c l i mat i c  

c ondi t i ons .  The dy nami c  pr oper t i es  us ed t o def i ne 

t he s ubgr ade s oi l s  ar e t he r es i l i en t  modul us  and 

t he r es i dual  s t r ai n,  bot h o f  wh i c h ar e de t er mi ned 

f r om r epe t i t i v e  l oad t es t i ng.

Two i mpor t ant  c l i mat i c  f ac t or s  ar e t he av a i l ab l e  

wa t er  and t he t emper a t ur e  r ange.  The amount s  o f  

r ai nf a l l ,  ev apo r a t i on ,  and t r ans p i r a t i on  ar e 

r e l at ed t o a c l i mat i c  moi s t u r e  i ndex ,  wh i l e  t he 

av a i l ab i l i t y  o f  wa t e r  i n t he soi l  i s r e l a t ed t o 

t he soi l  s uc t i on.  The c l i mat i c  i ndex  us ed was  

t he Thor n t hwa i t e  Moi s t u r e  I ndex ,  wh i c h i s 

r e l at ed t o soi l  s uc t i on by  K.  Rus s am and 

J. D.  Co l eman ( 1961)  as s hown i n Fi gur e 1.

Pr ev i ous  r es ear c h by  B.  Shackel  ( 1973)  has  s hown 

t hat  i t  s houl d be pos s i b l e  t o p r ed i c t  t he 

r es i l i ent  modu l us  and r es i dual  s t r a i n  by  k nowi ng 

t he soi l  s uc t i on and s t r es s  c ond i t i on  i n t he 

soi l .  I n t hi s  paper ,  i n add i t i on t o us i ng soi l  

s uc t i on and s t r es s  s t at e,  t emper a t ur e  and phas e 

r e l a t i ons hi ps  wi l l  be us ed i n pr ed i c t i ng  t he 

r es i l i en t  modu l us  and r es i dual  s t r a i n  o f  t hr ee 

t ypi cal  f i ne- gr a i ned s oi l s  wi t h  Un i f i ed Soi l  

Cl as s i f i c a t i ons  of  ML,  CL,  and CH.  By  r e l a t i ng 

t hes e dy nami c  pr oper t i es  t o soi l  pr oper t i es  wh i c h 

ar e de t e r mi ned t hr ough s i mpl er  t es t s  t han t he 

r epeat ed l oadi ng t es t ,  t hey  wi l l  be av a i l ab l e  

f or  us e i n t he des i gn of  bet t er  pav ement s .

Def i ni  t i ons

Sever al  t er ms  us ed i n t hi s  paper  ar e de f i ned her e:

Res i l i ent  de f o r mat i on  or  r ec ov er ab l e  de f or mat i on  

i s t hat  por t i on of  t he t ot al  def or mat i on  t hat  i s

TH O RN TH W A I TE M O I ST U RE I ND EX , I  .

Fi gur e 1 Subgr ade Soi l  Suc t i on as a

Func t i on of  t he Thor n t hwai t e

Moi s t ur e  I ndex ,  Af t er  K.  Rus s am

and J . D.  Col eman ( 1961)

r ec ov er ed af t er  t he l oad i s r emov ed.  ( See 

Fi gur e 2. )

Res i dual  de f or mat i on or  p l as t i c  def or mat i on  i s 

t hat  por t i on of  t he t ot al  de f or mat i on  t hat  i s 

not  r ec ov er ed bef or e t he nex t  l oad appl i c at i on.  

( See Fi gur e 2. )
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Res i l i en t  s t r a i n  or  e l as t i c  s t r a i n ( er ) i s t he 

r a t i o o f  t he r es i l i en t  de f or mat i on  t o t he s ampl e 

l engt h.

Res i dual  s t r a i n or  p l as t i c  s t r a i n ( ep ) i s t he r a t i o 

of  t he r es i dual  de f or mat i on  t o t he s ampl e l engt h.

Res i l i ent  modu l us  ( Mr ) i s t he r a t i o o f  t he 

dev i a t or  s t r es s  t o r es i l i en t  s t r ai n.  The 

r es i l i en t  modul us  i s ana l ogous  t o t he el as t i c  

modul us  i n s t a t i c  t es t i ng.

R E S ID U A L

Fi gur e 2 Res i dual  and Res i l i ent  

Def or mat i ons

Soi l  s uc t i on i s t he ener gy  wi t h  wh i c h  wa t e r  i s 

a t t r ac t ed  t o soi l  and i s meas ur ed  by  t he wor k  

r equi r ed t o mov e  t hi s  wa t e r  f r om i t s  ex i s t i ng 

s t at e t o a pr es s ur e f r ee,  d i s t i l l ed  s t at e.

The t ot al  s uc t i on c an be de t e r mi ned by  meas u r i ng  

t he v apor  p r es s ur e i n equ i l i b r i um wi t h  t he soi l  

wat er .  The t ot al  s uc t i on can be quan t i t a t i v e l y  

de f i ned by  t he Kel v i n equat i on,  wh i c h  ex pr es s es  

t he t ot al  s uc t i on ( h)  i n g r ams - c en t i met e r s / g r am 

of  wat er  v apor  ( c ent i met er s  of  wat er ) :

h = —  l og ( P/ P ) . . . (
gm 3 e o'  '

wher e

R = gas c ons t ant ,  8 . 314 x 10^  er gs/ ° C mol e

T = abs o l u t e  t emper at ur e,  ° C ?

g = gr av i t at i onal  f or c e,  981 c m/ s ec

m = mo l ec u l a r  we i gh t  o f  wat er ,  18. 02

P = v apor  pr es s ur e of  soi l  wa t er

P0= v apor  p r es s ur e of  f r ee wa t er

P/ P0 i s t he r e l a t i v e humi d i t y  and i s al s o

des c r i bed as  t he r e l a t i v e  v apor  pr es s ur e.  

Thus ,  t he t ot al  s uc t i on i s d i r ec t l y

r e l a t ed t o t he r e l a t i v e  humi d i t y  of  t he 

soi l .  Si nc e t he r e l a t i v e humi d i t y  i s 

a l way s  1. 0 or  l es s ,  i t s  l ogar i t hm i s 

a l way s  0 or  negat i v e  and t hus  h i s al way s  

negat i v e.  Cons equent l y ,  t he hi gher  t he 

r e l a t i v e  humi d i t y ,  t he mor e  mo i s t u r e  t he 

s ampl e c ont a i ns  and t he s mal l er  t he 

abs o l u t e  v a l ue of  t he s uc t i on wi l l  be.

Bes i des  bei ng ex pr es s ed i n gr ams - c ent i met er s /  

g r am of  wa t e r  v apor ,  t ot al  s uc t i on i s ex pr es s ed 

i n t er ms  of  i nc h- pounds / c ubi c  i nc h ( pounds /  

s quar e i nch) .

Al t hough  soi l  s uc t i on i s  de f i ned as a negat i v e 

quant i t y ,  i t s  abs o l u t e  v al ue or  pos i t i v e 

magn i t ude  i s nor mal l y  us ed f or  eas e of  

di s c us s i on.  Thus ,  a soi l  s uc t i on of  - 142 psi  

( - 979. 8 k N/ m2 ) i s r e f er r ed t o as a s uc t i on of  

142 psi  ( 979. 8 k N/ m2 ) .

MATERI ALS AND TEST EQUI PMENT

Mat er i a l s

The t hr ee s oi l s  us ed i n t hi s  t es t  p r ogr am ar e 

c l as s i f i ed  as  CH,  CL,  and ML.  For  eas e i n 

i dent i f y i ng t he d i f f e r en t  s oi l s ,  eac h soi l  

i s named f or  t he t own near  wh i c h i t  was  

obt ai ned.  The CH soi l  was  obt a i ned  f r om Mos c ow,  

Tex as .  Thi s  soi l  c ons i s t s  of  dar k  gr ay  

pl as t i c  c l ay  t hat  has  a hi gh s hr i nk - s wel l  

pot ent i a l .  The per meab i l i t y  i s v er y  l ow and 

t he wa t e r  r e t ent i on c apac i t y  i s hi gh.  The CL 

soi l  was  obt a i ned f r om Fl oy dada,  Tex as .  Thi s  

soi l  c ons i s t s  o f  b r own f i ne t ex t ur ed c l ay  wi t h 

a l k a l i ne  s edi ment s  f r om t he Hi gh Pl ai ns .  The 

per meab i l i t y  i s v e r y  l ow and t he wa t e r  r e t ent i on 

c apac i t y  i s  hi gh.  The ML soi l  was  obt a i ned 

f r om Al l en f ar m,  Tex as .  Thi s  soi l  c ons i s t s  of  

r eddi s h c a l c ar eous  s oi l s  wh i c h  mak e  up t he 

f l ood pl a i ns  of  t he Br az os  Ri v er ,  t her e f or e  a 

smal l  per c ent age of  c l ay  i s mi x ed  wi t h  a l ar ge 

amoun t  o f  s i l t .  Due t o t he s i l t  and l ar ger  

par t i c l es ,  t he wa t er  r e t en t i on  c apac i t y  i s 

l ow.  The phy s i c al  p r oper t i es  o f  t he t hr ee 

s oi l s  ar e l i s t ed i n Tabl e I .

TABLE I .  PHYSI CAL PROPERTI ES

Proper t y Moscow F] oydada Al l enf ar

Li qui d Li mi t 63% 30% 27%

Pl ast i c I ndex 55% 13% 0%

Shr i nkage Li mi t 14% 14% 23%

Opt i mum Moi st ur e Cont ent 31. 5% 18% 16%
(Harvard Mi ni at ur e,  20 psi )

AASHTO Soi l  Cl assi f i cat i on A-7- 6( 20) A-6(8) A- 4(a)

Uni f i ed Soi l  Cl assi f i cat i on CH CL ML

Speci f i c Gr avi t y 2. 69 2. 70 2. 72

Thor nt hwai t e I ndex +21 -17 0

% Passi ng #200 Si eve 91% 71% 72%

* Cl ay (2m) 70% 39% 20%

The d i s t r i bu t i on  of t he soi l  l ess t han 0. 2

mi l l i me t e r s  was  de t e r mi ned by  us i ng a

hy dr omet er  anal y s i s i n ac c or danc e wi t h ASTM

t es t  D422- 61T ( 1961) . The Mos c ow soi l  has

mor e  c l ay  t han t he Fl oy dada soi l  wh i c h  has  mor e 

c l ay  t han t he Al l en f ar m soi l ,  t he per c ent ages
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of  c l ay  ar e 70%,  39%,  and 20% r es pec t i v e l y .  I n 

s ummar y ,  t he Mos c o w soi l  i s an ac t i v e c l ay ,  

wh i l e  t he Fl oy dada soi l  i s an av er age c l ay ,  and 

t he Al l en f a r m soi l  i s an av er age s i l t .  Al t hough 

t he soi l  dens i t y  and soi l  s t r uc t ur e ar e i mpor t ant  

f ac t or s  i n de t er mi n i ng  t he dy nami c  pr oper t i es  of  

s oi l s ,  t hey  wer e  not  c on t r o l l ed  i n t hi s  s t udy .  

J ohns on and Sa l l ber g ( 1960)  r epor t s  t hat  t he 

k neadi ng c ompac t i v e  met hod  bes t  r epr es ent s  t he 

soi l  s t r uc t ur e ob t a i ned i n t he f i el d.  For  t hi s  

r eas on,  Har v ar d mi n i a t u r e  s ampl es  wer e  made  us i ng 

t hi s  c ompac t i v e  met hod  wi t h  a c ompr es s i v e  f or c e of  

20 psi  ( 138 k N/ m2 ) wh i c h  appr ox i mat es  t he c ompac t i v e  

e f f o r t  wh i c h  pr oduc es  97% of  AASHTO T- 180  dens i t y .

Tes t  Equ i pment

The r epe t i t i v e  l oadi ng appar a t us  i s a pneumat i c  

oper at ed t es t i ng mac h i ne  t hat  app l i es  an ax i al  

l oad t o a s t andar d t r i ax i al  cel l .  The c onf i n i ng 

pr es s ur e i s c on t r o l l ed  by  a pr es s ur e r egul at or ,  

and meas ur ed  wi t h  a pr es s ur e gage.  The ax i al  

l oad i s c on t r o l l ed  and meas ur ed  t he s ame way  as 

t he c on f i n i ng  pr es s ur e.  The pr es s ur e  pul s e i s 

c ont r o l l ed  by  t wo 2- way  s o l enoi d v al v es  oper a t ed  

suc h t hat  when one v a l v e i s open t he o t her  v a l v e 

i s c l os ed.  The t i mi ng of  t he s o l enoi d v al v es  i s 

c ont r o l l ed  by  mot o r  d r i v en cams .  Onc e t he 

r egu l a t or s  and t he c ams  ar e  set ,  t he t r i ax i al  

pul s es  ar e app l i ed i n a r egul ar  cyc l e.

Ai r  i s  us ed t o ac t i v a t e  t he l oadi ng p i s t on bec aus e 

t he pr es s ur e  pu l s e i s s har per  and mor e l i k e t he 

ac t ual  c ond i t i on  t han i f  s ome o t her  med i um i s 

used.  The pr es s ur e  pu l s e us ed i n t hi s  p r ogr am 

c ons i s t s  o f  0. 2 s ec onds  wi t h  t he l oad appl i ed 

and 1. 8 s ec onds  wi t h  t he l oad of f .  Thi s  

f r equenc y  c or r es ponds  t o one v eh i c l e  t r av e l i ng at  

45 mi l es  per  hour  ( 72. 4 k m/ hr )  ev er y  2 sec onds .

For  t hi s  pr ogr am,  t he f o l l owi ng wer e  t o be 

meas ur ed:  1)  t he soi l  s uc t i on bef or e,  dur i ng 

and a f t e r  t he t es t ;  2)  t he v er t i c al  def or mat i on ,  

bot h per manent  and r ec ov er abl e,  at  any  t i me 

dur i ng t he t es t ;  3)  t he magn i t ude  of  t he 

app l i ed v er t i c al  l oad.

The s uc t i on of  t he soi l  s ampl es  was  meas ur ed 

wi t h  a ps y c hr omet er .  The ps y c hr omet er  was  

c hos en bec aus e i t  has a l ar ge r ange,  and i t  

c oul d be i nc or por at ed i nt o an end cap,  t hus  

meas ur i ng  t he soi l  s uc t i on dur i ng  t he t es t .  By 

us i ng t he dew po i nt  me t hod  of  meas ur ement ,  t he 

t emper at ur e cor r ec t i ons ,  c oul d be made eas i l y ,  

and t he r es ul t s  ar e ac c ur a t e  t o wi t h i n  ± 5%.  A 

ps y c hr omet er  was  i ns t a l l ed i n eac h end cap,  as  

s hown i n Fi gur e 3 t o meas ur e  t he soi l  s uc t i on at  

bot h ends  of  t he s ampl e.

Bes i des  t he soi l  s uc t i on,  t he ax i al  de f l ec t i ons  

wer e  meas ur ed.  Thi s  was  ac c ompl i s hed by  a pai r  

o f  i nduc t i on c o i l s  moun t ed  as  s hown i n Fi gur e 3.  

Thes e c o i l s  meas ur e  t he c hange i n t he magnet i c  

f i el d c aus ed by  a c hange i n t he s pac i ng of  t he 

c oi l s .  The magne t i c  s i gnal  i s c onv er t ed  i nt o a 

d i r ec t  c u r r en t  s i gnal  wh i c h  i n t ur n i s c ompar ed 

wi t h  a r e f e r enc e s i gnal ,  s et  at  t he begi nn i ng of  

t he t es t .  The d i f f e r enc e bet ween t he d i r ec t  

c ur r en t  s i gnal  and t he r e f er enc e s i gnal  was  

r ec or ded on an X- Y- Y p l o t t er  as t he r es i dual  and 

r es i l i en t  def or mat i ons .  The s i gnal  i s as 

ac c ur at e as t he i ns t r ument  us ed t o t r ans f or m t he

magnet i c  s i gnal  i nt o a us abl e  el ec t r i c al  s i gnal .  

For  t hi s  p r ogr am t he ac c ur ac y  of  t he de f l ec t i on  

meas ur ement s  i s ± 0. 0005 i n.  ( 0. 0127 mu) .  Thus  f or  

an av er age s ampl e l engt h of  2 . 750 ( 6. 985 c m) ,  t he 

e r r or  woul d be ± 0. 02%.  Si nc e t he magnet i c  s i gnal  

i s not  l i near ,  a c a l i b r a t i on  c ur v e was  es t ab l i s hed 

f or  eac h t es t  wi t h  a s c r ew mi c r ome t e r  whi c h 

meas ur ed t he d i s t anc e  bet ween t he c oi l s  wi t h i n  

± 0. 0005 i n ( 0. 0127 mm) .

Fi gur e 3 Cr os s  Sec t i on of  t he Sampl e Set - up,  

Showi ng Endc aps  Wi t h t he I nduc t i on 

Coi l s  and Ps y c hr omet er s

The v er t i c al  l oad was  meas ur ed  wi t h a pr es s ur e 

t r ans duc er  l oc at ed i mmedi a t e l y  bef or e t he l oad 

pi s t on.  The t r ans duc er  or  p r es s ur e pot ent i omet er  

has  a r ange of  0 -  250 psi  ( 0 -  1725 k N/ m ) and 

was  us ed t o mak e  s ur e t hat  t he pr es s ur e at  t he 

r egul at or  i s t he s ame pr es s ur e r eac hi ng t he 

sampl e.

DATA OBTAI NED

The dat a c o l l ec t ed f r om t he r epet i t i v e  l oad t es t s  

c an be d i v i ded i nt o f our  gr oups :

1.  Res i l i en t  modul us

2.  Res i dual  s t r ai n

3.  Temper at ur e

4.  Soi l  s uc t i on.

Bes i des  t he moi s t ur e  c ont ent  and t he dr y  dens i t y ,  

t he f o l l owi ng bas i c  p r oper t i es  ar e c a l c u l a t ed 

f or  eac h sampl e:

1.  Por os i t y ,  n

2.  Degr ee of  s at ur at i on,  S

3.  Vo l umet r i c  moi s t ur e  c ont ent ,  nS

4.  Vo l umet r i c  soi l  c ont ent ,  ( 1- n) .
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Res i l i ent  Modul us

The s ampl es  ex h i b i t ed  t wo c r eep mov ement s ,  one 

t ook  pl ac e when t he l oad was  appl i ed and t he 

o t her  c r eep r ec ov er y  oc c ur r ed  a f t e r  t he l oad 

was  r emov ed.  The c r eep mov emen t  demons t r a t es  

t hat  t he s oi l s  t es t ed behav e i n a v i s c oel as t i c  

manner  i ns t ead of  an e l as t i c  manner .

The soi l  s uc t i on was  c hos en as  t he bes t  s i ngl e 

v ar i ab l e  t o des c r i be  t he r es i l i en t  modul us .

Smal l  v ar i a t i ons  o f  t he dr y  dens i t y  di d not  

hav e an e f f ec t  on t hi s  dy nami c  pr oper t y .  The 

soi l  s uc t i on r eadi ngs  wer e  br ok en down i nt o 

t hr ee gr oups .  The i ni t i al  soi l  s uc t i on,  t he 

t es t  s uc t i on,  wh i c h  i s  t he s uc t i on meas ur ed  dur i ng  

t he t es t ,  wi t h  t he mi n i mum meas ur ement s  t ak en at  

1000,  10000,  and 40000 l oad c y c l es  and t he f i nal  

s uc t i on wh i c h  i s meas ur ed  a f t er  t he t es t  has  

s t opped.

Mos c ow Soi l  ( CH) .  As t he soi l  s uc t i on i nc r eas ed 

pas t  t he s uc t i on c or r es pond i ng  t o t he op t i mum 

moi s t ur e  c ont ent ,  t he r es i l i en t  modu l us  dec r eas ed 

as t he dev i a t o r  s t r es s  i nc r eas ed.  Bef or e t hat  

s uc t i on l ev el ,  t her e i s a r api d c hange i n t he 

r es i l i ent  modul us  f or  a smal l  c hange i n t he 

suc t i on.

Fl oy dada Soi l  ( CL) .  The c ur v es  f or  t hi s  soi l  ar e 

f l a t t er  t han t he c ur v es  of  t he Mos c ow soi l .  Thes e 

c ur v es  f l a t t en out  a t  a s uc t i on c or r es pond i ng  t o a 

moi s t u r e  c ont ent  t hat  i s t wo per c ent  d r y  o f  t he 

op t i mum moi s t ur e  cont ent .

Al l en f a r m Soi l  ( ML) .  Gener a l l y  t he r es i l i en t  

modul us  v er s us  soi l  s uc t i on c ur v es  hav e a s t eep 

s l ope up t o a s uc t i on c or r es pond i ng  t o t wo 

per c ent  d r y  o f  opt i mum,  t hen t he c ur v es  c hange 

t o a f l a t t er  s l ope at  a s uc t i on of  25 psi  

( 172. 5 k N/ m2 ) .  The s l ope of  t he f l at  por t i on of  

t he c ur v e i s dependent  upon t he dev i a t or  s t r ess .

The e f f ec t  o f  t he soi l  t y pe on t he r es i l i ent  

modul us  -  soi l  s uc t i on r e l a t i ons h i p  i s  s hown i n 

Fi gur e 4.  The r es i l i en t  modul us  s eems  t o r eac h 

a peak  at  a c l ay  c ont ent  o f  40 per c ent ,  t hen i t  

dec r eas es .  Mos t  of  t he c ur v es  i nc r eas e r ap i d l y  

t o a soi l  s uc t i on t ha t  c or r es ponds  t o a 

moi s t u r e  c on t en t  t hat  i s about  t wo t o t hr ee 

per c ent  d r y  o f  t he op t i mum mo i s t u r e  c ont ent ,  

t hen t hey  dec r eas e  gr adual l y .  E. K.  Sauer  and 

C. L.  Mon i s mi t h  ( 1968)  s howed t he s ame gener al  

r es ul t s  f or  a gl ac i al  t i l l  mat er i a l .

Res i dual  St r ai n

The r es i dual  s t r ai n c on t i nua l l y  i nc r eas es  dur i ng 

t he t es t .  Thi s  i nc r eas e i s not  l i near ;  mor e  

r es i dual  s t r ai n i s dev e l oped per  l oad c y c l e i n 

t he beg i nn i ng of  t he t es t  t han as  t he number  

of  c y c l es  i nc r eas es .  Bec aus e t he s ampl es  

wer e not  pr e- l oaded,  t her e was  a l ar ge 

s eat i ng er r or .  To c ompens at e  f or  t hi s ,  t he 

r es i dual  s t r a i n was  s et  t o z er o at  t he one 

hundr edt h l oad r epet i t i on,  and t he d i f f e r enc es  

i n t he s t r ai ns  ar e due t o d i f f e r enc es  i n t he 

sampl es .

Compar i ng t he r es i dual  s t r a i n wi t h  d i f f e r en t  

soi l  pr oper t i es ,  mor e  r es i dual  s t r a i n i s c aus ed 

by  s t r es s  c ond i t i ons  wi t h  hi gher  r at i os  of

INITIAL SOI L SUCTI ON,psi

Fi gur e 4 Res i l i en t  Modul us  of  t he Thr ee 

Soi l s  a t  10, 000 Load Cy c l es  As  A 

Func t i on of  t he I ni t i al  Soi l  

Suc t i on

dev i a t o r  s t r es s  t o mean s t r es s .  The mi dd l e  

dev i a t o r  s t r es s  ( 13. 7 ps i )  has  t he l ar ges t  

r at i o;  1. 7,  wh i l e  t he l ar ges t  dev i a t o r  s t r es s  

( 15. 0 ps i )  has  a r at i o o f  0. 6.  The s mal l es t  

dev i a t or  s t r es s  ( 10. 0 ps i )  has  a r a t i o o f  0. 55.

As  wi t h  t he r es i l i en t  modu l us ,  t he soi l  s uc t i on 

was  t he bes t  s i ng l e  mo i s t u r e  v ar i ab l e  t o 

des c r i be  t he r es i dual  s t r ai n.

Mos c ow Soi l  ( CH) .  Ther e i s a gr adual  i nc r eas e 

i n t he r es i dual  s t r a i n as  t he soi l  s uc t i on get s  

l ower .  The po i nt  wher e  t he c ur v es  c hange f r om 

a hi gh s l ope t o a l ow s l ope i s a s uc t i on l evel  

t hat  c or r es ponds  t o a moi s t u r e  c ont ent  t hat  i s 

t wo per c ent  dr y  of  t he op t i mum moi s t ur e  c ont ent .  

Fr om t hi s  poi nt ,  as  t he s uc t i on i nc r eas es ,  t he 

r es i dual  s t r a i n  i s d i r ec t l y  r e l a t ed t o t he r at i o 

of  dev i a t o r  s t r es s  t o mean s t r ess .

Fl oy dada Soi l  ( CL) .  Ther e i s a r api d i nc r eas e i n 

t he r es i dual  s t r a i n as  t he soi l  s uc t i on dec r eas es  

be l ow t he l evel  t hat  c or r es ponds  t o a moi s t ur e  

c ont ent  t hat  i s about  t wo per c ent  dr y  of  t he 

op t i mum mo i s t u r e  c ont ent .  Agai n as  t he soi l  

s uc t i on i nc r eas es  pas t  t he d i v i d i ng poi nt ,  t he 

dev i a t o r - mean s t r es s  r at i o d i c t a t es  how muc h 

r es i dual  s t r a i n wi l l  be dev el oped.

Al l en f a r m Soi l  ( ML) .  Has  a v er y  r api d i nc r eas e 

i n t he r es i dual  s t r a i n f or  a smal l  c hange i n t he 

soi l  s uc t i on be l ow 25 psi  ( 103. 5 k N/ mz ) ,  wh i c h 

c or r es ponds  t o about  t wo per c ent  dr y  o f  t he 

op t i mum moi s t u r e  c ont ent .  Bey ond t hi s  poi nt ,  

t he c ur v es  bec ome v er y  f l at  wi t h  a v er y  l ow 

s l ope.  Ov er al l ,  t her e i s mor e s t r a i n dev e l oped 

i n t hi s  soi l  t han i n any  o f  t he o t her  soi l s .

The ef f ec t  o f  t he d i f f e r en t  s oi l s  on t he r es i dual  

s t r a i n  -  soi l  s uc t i on r e l a t i ons h i p  i s s hown i n 

Fi gur e 5.  Her e i t  c an be s een t hat  t he amount  

o f  r es i dual  s t r a i n t hat  wi l l  dev e l op  at  l ow 

s uc t i on l ev el s  i s dependen t  upon t he c l ay
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c ont ent  of  t he soi l .  On t he o t her  hand,  at  

hi gh s uc t i on l ev el s ,  t he r at i o o f  dev i a t or  s t r es s  

t o mean s t r es s  i s i mpor t ant  i n de t er mi n i ng  t he 

r es i dual  s t r ai n.  As  s hown i n Fi gur e 5,  i n t he 

hi gh s uc t i on r ange,  as t he c l ay  c ont ent  

i nc r eas es  t o 40%,  t he r es i dual  s t r a i n dec r eas es  

t o a mi n i mum and t hen begi ns  t o i nc r eas e 

agai n.

Fi gur e 5 Res i dual  St r a i n  o f  t he Thr ee Soi l s  

at  10, 000 Load Cy c l es  As  A Func t i on 

of  t he I ni t i al  Soi l  Suc t i on

Temper a t ur e  Ef f ec t s  on t he Res i l i en t  Modul us

The r es i l i en t  modu l us  i s dependen t  upon t he 

t emper at ur e,  i nc r eas i ng when t he t emper at ur e 

dec r eas es  and v i c e ver sa.  Gener a l l y ,  t he 

s ens i t i v i t y  of  t he r es i l i en t  modu l us  t o a 

t emper at ur e c hange i s mor e  t han doubl ed when 

t he t emper at ur e i s i nc r eas ed t han when i t  i s 

dec r eas ed.

The s t r es s  l evel  and number  of  l oad c y c l es  do 

not  hav e a s i gn i f i c an t  e f f ec t  o f  t he c hange of  

t he r es i l i en t  modu l us  wi t h  t emper at ur e.

The per c ent  c hange i n r es i l i en t  modu l us  i s 

s t r ongl y  r e l at ed t o c l ay  c ont ent .  When t he 

t emper a t ur e  i nc r eas es ,  t he r es i l i ent  modul us  

dec r eas es  but  t he per c ent age c hange of  r es i l i ent  

modu l us  dec r eas es  as  t he c l ay  c ont ent  i nc r eas es .  

When t he t emper at ur e dec r eas es ,  t he r es i l i ent  

modu l us  i nc r eas es  but  t he per c ent age c hange of  

r es i l i ent  modu l us  i nc r eas es  wi t h  a gr eat er  c l ay  

c ont ent .

Temper a t ur e  Ef f ec t s  on t he Res i dual  St r a i n

As wi t h  t he r es i l i ent  modul us ,  t he r es i dual  s t r a i n 

v ar i es  wi t h  c hanges  i n t he t emper at ur e.  Gener a l l y  

when t he t emper at ur e i nc r eas es ,  t he r es i dual  

s t r a i n i nc r eas es  and v i c e ver sa.  The r es i dual  

s t r a i n i s  about  4. 5 t i mes  as s ens i t i v e t o an 

i nc r eas e o f  t emper a t ur e  as  i t  i s t o a dec r eas e  of  

t emper at ur e.  The v ar i a t i on i n t he r es i dual  s t r ai n 

i s ov er  t wi c e t he v ar i a t i on  o f  t he r es i l i ent  

modul us .

As  bef or e,  t he c l ay  c ont ent  i s r e l a t ed t o t he 

c hange i n t he r es i dual  s t r a i n when t he t emper a ­

t ur e i s be l ow r oom t emper at ur e.  Howev er ,  

un l i k e t he r es i l i en t  modul us ,  c hanges  i n t he 

mean s t r es s  ar e bes t  r e l a t ed t o r es i dual  

s t r a i n changes .

Sumnar y

The r e l a t i on of  s ev er al  soi l  pr oper t i es  and l oad 

v ar i abl es  t o t he r es i l i ent  modu l us  hav e been 

shown.  As t he number  of  l oad c y c l es ,  t he soi l  

s uc t i on and t he mean s t r es s  i nc r eas e t he 

r es i l i ent  modul us  i nc r eas es .  But  as 

t he s at ur at i on and t he v o l umet r i c  moi s t ur e  

c ont ent  dec r eas e t he r es i l i ent  modul us  

i nc r eas es .

Ther e ar e sever al  v ar i ab l es  t ha t  hav e been 

s hown t o be r e l at ed t o t he r es i dual  s t r ai n.

As  t he number  o f  l oad c y c l es ,  s at ur at i on,  and 

v o l umet r i c  moi s t ur e  c ont ent  i nc r eas e,  t he 

r es i dual  s t r ai n i nc r eas es .  But  as t he mean 

s t r es s  and soi l  s uc t i on i nc r eas e,  t he r es i dual  

s t r a i n dec r eas es .

PREDI CTI VE RELATI ONSHI P

To dev el op a r e l a t i ons hi p t hat  wi l l  des c r i be 

t he r es i l i en t  modul us  and t he r es i dual  s t r ai n,  

i t  i s nec es s ar y  t o de t er mi ne t he i mpor t ant  

i ndependent  v ar i abl es .  Thes e t er ms  can be 

d i v i ded i nt o t hr ee gr oups  of  v ar i abl es ;  

mo i s t u r e  d i s t r i but i on,  s t r es s  i nt ens i t y ,  and 

l oadi ng hi s t or y .  The soi l  s uc t i on,  s at ur at i on,  

v o l umet r i c  mo i s t u r e  c ont ent ,  and v o l umet r i c  soi l  

c ont ent  c ompr i s e  t he t er ms  t hat  mak e up t he 

moi s t ur e  d i s t r i bu t i on  gr oup.  The dev i at or  

s t r es s ,  mean s t r es s ,  and c onf i n i ng  s t r es s  ar e 

t he t er ms  i nc l uded i n t he s t r es s  i n t ens i t y  

gr oup.  The number  of  l oad c y c l es  c ompr i s es  

t he l oad hi s t or y  gr oup.

The soi l  s uc t i on gr oup i s d i v i ded i nt o t hr ee 

par t s ,  i ni t i al  s uc t i on,  t es t  s uc t i on,  and 

f i nal  s uc t i on.

Res i l i ent  Modul us

The equat i on de t er mi n i ng  t he r es i l i en t  modul us  

(Mr ) i s:

h,  0. 20 .

Mr  ( ps i  ) =ag+a- |  [ (pj —) N] [ l + a 2 ( l - n)  { l +a3 

( ° 1- a 3 ) d } +a4 ( s ) e { 1+a5 • a 3) d+a 6am}

+a 7 ( nS) 9 { l +ag( a1-CT3 ) d } ]  . . .  ( 2)

wher e:

h n- = i ni t i al  s uc t i on,  psi  

h-f  = f i nal  s uc t i on,  psi  

( 1- n)  = v o l umet r i c  soi l  c ont ent ,  dec i mal  f or m 

nS = v o l umet r i c  moi s t ur e  c ont ent ,  dec i mal  

f or m

S = s at ur at i on,  %

( 0 1 - 0 3 ) = dev i a t or  s t r es s ,  psi  

am = mean s t r e s s , psi .
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The v al ues  of  t he c ons t ant s  ar e g i v en i n 

Tabl e I I .

Tabl e I I .  Resi l i ent  Modul us Const ant s

Const ant Moscow (CH) Fl oydada (CL) Al l enf ar m (ML)

b 0. 084 0. 145 0. 081
c 3. 6 3. 3 1. 4
d -0. 60 -0. 60 -0. 16
e 3. 6 2. 0 -0. 26
f -0. 27 -0. 23 0. 063

g -3. 3 -2. 25 -0. 30

ao
-4791. 99 7980. 89 -1827. 72

ai
-27272. 4 2981. 64 171705.

a2 -45. 0169 64. 397 0. 6566

a3 -3. 733 - 4. 2008 - 4. 4849

a4 1. 706x10- 7 - 2. 002xl 0-3 64. 6522

a5 -5. 0763 -3. 7228 - 1. 6108

4 - 0. 1288 -0. 1639 - 0. 001155

a7
0. 05999 -0. 1974 -14. 8816

H
- 5. 8416 -4. 2766 -1. 5899

The f i nal  s uc t i on and t he number  of  l oad 

c y c l es  ar e d i r ec t l y  r e l a t ed wi t h  t he r es i l i en t  

modu l us  wh i l e  t he dev i a t o r  s t r es s  i s i nv er s e l y  

r el at ed.  The power  of  t he s uc t i on r a t i o i s 

0. 20 wh i l e  t he power  o f  t he number  of  l oad 

c y c l es  v ar i es  bet ween 0. 081 and 0. 145.  The 

power  of  t he dev i a t o r  s t r es s  i s negat i v e and 

bec omes  s mal l er  as  t he per c ent  c l ay  i s 

dec r eas ed.

The c oef f i c i en t s  o f  de t e r mi nat i on  f or  t hi s  

equat i on  ar e 0. 534,  0. 453,  and 0 . 766 f or  t he CH,  

CL,  and ML s oi l s ,  r es pec t i v e l y .  The f i nal  

s uc t i on and t he number  of  l oad c y c l es  hav e a 

l ar ger  i n f l uenc e on t he r es i l i en t  modu l us  t han 

does  t he dev i a t o r  s t r ess .

Ther e ar e sev er al  gener al  obs er v a t i ons  t hat  c an be 

made f r om t hi s  equat i on.  The s i ng l e  mos t  

i mpor t ant  t er m i n t he equat i on i s t he number  of  

l oad c y c l es .  As  t he c l ay  c on t en t  dec r eas es ,  t he 

equat i ons  ar e l ess  dependent  upon t he soi l  s uc t i on 

and mor e  dependen t  on t he v o l umet r i c  moi s t u r e  

pr oper t i es .  By  c ompar i ng  t he c oe f f i c i en t s  of  

de t er mi nat i on ,  i t  appear s  t hat  t he r es i l i en t  

modu l us  bec omes  mor e  pr ed i c t ab l e  wi t h  l ower  c l ay  

c ont ent s .

Res i dual  St r a i n

The equat i on  de t e r mi n i ng  t he r es i dual  s t r ai n 

( ep ) i s:

h*

( h ¡ / } +a4 ' a  h
t  m f

[ - 1 . 2679[  (_L)°-65n ° - 39 5 ] [ i - i  , 2067x l 0" 15 

n t

( ( ^ ) ( T ^ ) 1 0 - 4 } ] +0. 04076} (3)

wher e:  h^  = t es t  s uc t i on,  psi

03 = c on f i n i ng  s t r es s ,  ps i .

' -1 

c 2 =

1 -  c.

1

1 + e
46[  c 1 a y - 0.  3]

Th e  v a l u e s  o f  t h e  c o n s t a n t s  a r e  g i v e n  

i n  T a b l e  I I I .
Tabl e I I I .  Resi dual  St r ai n Const ant s

Const ant Moscow (CH) Fl oydada (CL) Al l enf ar m (ML)

b 0. 45 0. 63 0. 395
c 0. 61 0. 50 0. 17
d 0. 25 0. 38 0. 10
e 0. 24 1. 58 0. 30
f 0. 24 0. 54 0. 17
g 0. 40 0. 60 0. 15

a0 - 0. 000186 0. 01519 0. 07915

al - 0. 000443 - 0. 000254 0. 01995

d2 - 63. 0264 - 24. 62205 - 10. 44812

a3 -0. 09398 - 0. 01297 - 0. 35852

a4 123. 8399 61. 1811 15. 9875

a5 -5. 9323 - 0. 52205 - 4. 7268

Of  t he t hr ee s t r es s  t er ms ,  t he dev i a t o r  s t r es s  

i s d i r ec t l y  pr opor t i onal  wh i l e  t he mean  s t r es s  

and c on f i n i ng  s t r es s  ar e i nv er s e l y  pr opor t i onal  

t o t he r es i dual  s t r ai n.  The number  of  l oad 

c y c l es  i s d i r ec t l y  r e l a t ed and t he f i nal  s uc t i on 

i s i nv er s e l y  r e l a t ed t o t he r es i dual  s t r ai n.

The c oef f i c i en t s  o f  de t e r mi na t i on  f or  t hi s  

equat i on  ar e 0. 830,  0. 802,  and 0 . 900 f or  t he CH,  

CL,  and ML s oi l s ,  r es pec t i v e l y .

Ther e ar e s ever al  gener al  obs er v a t i ons  t o be made 

c onc er n i ng  t he r es i dual  s t r a i n equat i on.  The 

number  of  l oad c y c l es  i s t he s i ng l e  mos t  i mpor t ant  

t er m i n t he equat i on.  As  t he c l ay  c ont ent  

i nc r eas es ,  t he r es i dual  s t r a i n i s mor e  dependen t  

on t he s t r es s  c ond i t i ons  and t he soi l  s uc t i on 

r a t her  t han on t he v o l umet r i c  soi l  pr oper t i es .

The c oe f f i c i en t s  o f  de t e r mi na t i on  ar e bet t er  f or  

t he soi l  wi t h  t he l ow c l ay  c on t en t  and t hey  ar e 

h i gher  f or  t he r es i dual  s t r a i n  equat i on t han t hey  

wer e  f or  t he r es i l i en t  modul us  equat i ons .  Thus  

t he r es i dual  s t r a i n  i s mor e  p r ed i c t ab l e  t han t he 

r e s i 1 i ent  mo d u l u s .

Met hod of  Pr ed i c t i ng  t he Res i l i en t  Modu l us  and 

t he Res i dual  St r a i n

Us i ng t he dev e l oped equat i ons ,  i t  i s pos s i b l e  t o 

p r ed i c t  t he dy nami c  pr oper t i es  o f  any  soi l  wi t h  a 

c l ay  c ont ent  bet ween 20 and 70 per c ent .

I n a r r i v i ng at  des i gn quant i t i es ,  t he t er ms  

needed f or  t he equa t i ons  ar e dev e l oped i n s ever al  

way s .  The s t r es s  t er ms  a l ong wi t h t he number  of  

l oad c y c l es  ar e ob t a i ned f r om t he des i gn  l oad 

c r i t er i a.  The c l ay  c on t en t  i s de t e r mi ned  by  

e i t her  a hy dr omet er  anal y s i s  or  by  c l ay  

mi ne r a l ogy  f r ac t i onat i on.  The soi l  mo i s t u r e  

pr oper t i es  ar e de t e r mi ned  by  c ompac t i ng  a 

l abor a t or y  s ampl e as  c l os e t o f i e l d c ond i t i ons  

as  pos s i b l e.  The i ni t i al  soi l  s uc t i on can be 

de t e r mi ned by  us i ng Fi gur e 1 k nowi ng t he 

c l i ma t i c  i ndex  and t he per c ent  pas s i ng t he #200 

s i ev e.  The f i nal  s uc t i on i s bes t  f ound by  mak i ng
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f i el d obs er v at i ons .  Howev er ,  t he r at i o  o f  f i nal  

s uc t i on t o i ni t i al  s uc t i on c an be es t i mat ed f r om 

Fi gur e 6 wh i c h s hows  t he r at i o of  f i nal  s uc t i on t o 

t he i ni t i al  s uc t i on as  a f unc t i on of  c l ay  c ont ent .  

I t  c an be seen t hat  hi gh c l ay  c on t en t  s oi l s  hav e 

r at i os  near  one,  and as  t he c l ay  c on t en t  dec r eas es  

t he c ur v e r eac hes  a peak  a r ound 40%.  The r at i o of  

t es t  s uc t i on t o f i nal  s uc t i on i nc r eas es  as a 

f unc t i on of  t he number  of  l oad c y c l es  and t he 

l ar ges t  r at e o f  i nc r eas e was  meas ur ed  on t he CL 

soi l .  I n al l  c as es ,  t he r a t i o r emai ns  v er y  near l y  

one.  Thus ,  t he pr ed i c t i v e equat i ons  pr es ent ed 

her ei n a l l ow dy nami c  soi l  p r oper t i es  t o be 

pr edi c t ed onc e a s et  o f  s i mpl e l abor a t or y  

i dent i f i c a t i on t es t s  hav e been per f or med.

CLAY CONTENT (%)

Fi gur e 6 The Rat i o of  t he Fi nal  Suc t i on t o t he 

I ni t i al  Suc t i on As  A Func t i on of  t he 

Cl ay  Cont ent

Pr ed i c t i ng t he Ef f ec t  o f  Temper a t ur e

When t r y i ng t o p r ed i c t  t he e f f ec t  o f  a t emper a t ur e  

c hange,  t her e ar e  s ev er al  f ac t or s  o t her  t han t he 

t emper at ur e t hat  mus t  be c ons i der ed.  The number  

of  l oad c y c l es  i n f l uenc es  t he soi l  behav i or  

d i f f e r en t l y  a t  d i f f e r en t  t emper a t ur e  l ev el s .  The 

soi l  s uc t i on wi l l  gener a l l y  c hange i nv er s e l y  as 

t he t emper a t ur e  c hanges  and as t he t emper at ur e 

i nc r eas es  t her e i s mor e  de f or mat i on  dev e l oped  wi t h  

t he s ame s t r es s  l evel s .  Thus  t he c hange i n al l  

t hes e v ar i ab l es  mus t  be i nc l uded when pr ed i c t i ng 

t he e f f ec t  t emper at ur e c hanges  hav e on t he 

dy nami c  pr oper t i es .

dev i a t or  s t r es s ,  10000 l oad c y c l es  and t he soi l  

s uc t i on t hat  oc c ur r ed when t he mo i s t u r e  c ont ent  

was  t wo per c ent  d r y  of  t he op t i mum moi s t ur e  

c ont ent .  I n addi t i on,  t he r es i l i en t  modul us  

and r es i dual  s t r a i n t hat  c or r es ponded t o t hi s  

s t at e was  us ed as t he r ef er enc e.

Res i l i ent  Modul us

The equat i on dev el oped f or  t he t emper at ur e 

c or r ec t i on  f ac t or  f or  t he r es i l i en t  modu l us  i s:

,  .  , D >b,  , h 

Mr  0 1 +a ’ (

c,  , T >d r , , h <c , D v 
+ a 3 ( î - ) { l - a4 ( j - )  ( g- )

D vb

32 vh
' 0

• • • ( 4)

wher e :

V

<K- >
n0

'o

— ) = 
N '

0

b =

c =

d =

e =

a 0 =

a l  =

a 2

a 3

a4

a 5

dev i at or  s t r es s  r at i o

= soi l  s uc t i on r at i o

t emper at ur e r at i o

number  of  l oad c y c l e r at i o

- 1. 7013 + 6. 2014 ( PL)

0. 0271 -  0. 2873 l og ( c l ay )  

0. 0697 -  0 . 9346 ( c l ay)

0. 0582 -  0 . 00226 ( 1/ c l ay )

- 125. 5 74 ( SL ) - 2 7 6 4 . 1 3 ( PL)  + 

21234. 1 ( SL X PL)

- 465. 052( SL)  -  2890. 01 ( PL)  + 

23642. 5 ( SL X PL)

- 37 . 6644 + 279. 813 ( SL + PL) 2

PL- 15. 0184 + 13786. 434 ( SL X 

0. 8088 + 0. 3006 ( c l ay)

30. 8763 -  306. 7167 ( LL) 2 

ai  = 7 . 5 0 5 8 ( SL) - 6 . 0 1 3 5 ( PL) +41 . 1548 ( SLX PL ) 

a 7 = 3 . 6476( PL) +2. 0336( LL) - 7 . 3402( PLXLL)  

ag = 4 . 370 ( SL ) - 6 . 1516 ( PL ) +5 3 . 4137( SLXPL)  

c l ay  = c l ay  f r ac t i on of  soi l  i n dec i mal  f or m 

LL = l i qui d l i mi t  

PL = pl as t i c  l i mi t  

SL = s hr i nk age l i mi t .

The power s  of  t he r at i os  hav e ex c e l l en t  r e l at i ons  

wi t h  soi l  pr oper t i es .  Al l  ex c ept  t he dev i a t or  

s t r es s  r at i o ar e r e l a t ed t o t he c l ay  c ont ent  

o f  t he soi l .  The c oef f i c i ent s  of  det er mi nat i on  

f or  t he power  r e l a t i ons hi ps  ar e al l  abov e 0. 90.

As wi t h t he dev i a t or  s t r es s  r at i o,  t he soi l  

s uc t i on and number  of  l oad c y c l e  r a t i o c hanges  

ar e d i r ec t l y  r e l at ed t o t he r es i l i en t  modu l us  

c hanges .

Wher eas  t he power s  wer e  gener a l l y  r e l at ed t o t he 

c l ay  c ont ent ,  t he c oef f i c i ent s  ar e gener a l l y  

r e l at ed t o t he At t er ber g l i mi t s .  The c oef f i c i ent s  

of  de t e r mi nat i on  f or  t he c oe f f i c i en t  r e l a t i ons h i ps  

ar e al  1 abov e 0. 90.

Res i dual  St r ai n

To de t e r mi ne t he t emper a t ur e  ef f ec t ,  al l  o f  t he 

abov e t er ms  ar e r e f er enc ed t o a s i ng l e  s t at e:  

( 22. 2° C)  t emper at ur e,  13. 7 psi  ( 94. 5 k N/ m2 )

72° F

The equat i on t o de t er mi ne t he t emper at ur e 

c or r ec t i on  f ac t or  f or  t he r es i dual  s t r a i n  i s:

2 2 3
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Vv V^ > cV T / (̂ )e{1- ^ )C+a4(S /

Q S t g / }  . . .  ( 5)

wher e:

b = 0. 6761 -  0. 2384 ( 1/ c l ay )  

c = - 1. 7043 + 1. 9130 ( 200 s i eve)  

d = 2 . 3620 -  0 . 4128 ( 1/ c l ay )  

e = 0 . 3716 + 0 . 1700 ( c l ay )  

a0 = - 114. 111 + 159. 212 ( 200 s i ev e)  

a!  = 119. 823 -  166. 053 ( 200 s i eve)  

a 2 = - 81 . 345 -  41 . 866 ( 1/ l og c l ay )  

a 3 = 0. 7882 + 1. 4700 ( SL)  

a4 = - 0 . 0663 + 1. 5214 ( 200 s i eve)  

a§  = - 0. 2791 + 1. 7426 ( 200 s i ev e)

200 s i ev e = t he amount  of  soi l  t hat  pas s ed t he 

#200 s i ev e i n dec i mal  f or m.

The power s  o f  t he r at i os  hav e good r e l a t i ons  wi t h  

t he gr ai n s i z es  of  t he soi l .  Al l  t he power s  o f  t he 

r at i os  ex c ept  t he soi l  s uc t i on r at i o,  wh i c h  i s 

r e l a t ed wi t h  t he per c ent  of  t he soi l  pas s i ng t he 

#200 s i ev e,  ar e r e l a t ed t o t he c l ay  c ont ent .  Al l  

t he c oef f i c i en t s  of  de t e r mi na t i on  of  t he power  

r e l a t i ons h i ps  ar e al l  abov e 0. 90.  The t emper at ur e,  

d ev i a t o r  s t r es s  and number  of  l oad c y c l e  r at i os  ar e 

d i r ec t l y  r e l at ed t o t he r es i dual  s t r a i n  wh i l e  t he 

soi l  s uc t i on r at i o i s i nv er s e l y  r el at ed.  As 

wi t h  t he power s ,  t he c oef f i c i en t s  ar e gener a l l y  

r e l at ed t o par t  o f  t he soi l  gr a i n s i z e d i s t r i b u ­

t i on.  The c oe f f i c i en t s  of  de t er mi na t i on  f or  t he 

c oef f i c i en t  r e l a t i ons hi ps  ar e al l  abov e 0. 90.

The equat i ons  t o de t e r mi ne  t he c hange i n t he r es i l i en t  

modu l us  and t he r es i dual  s t r a i n  c aus ed by  t emper a t ur e  

v ar i a t i ons  ar e mul t i p l i ed  by  t he r es pec t i v e  pr oper t y  

c a l c u l a t ed  at  r oom t emper at ur e.  I n o r der  t o be abl e 

t o us e t he equat i ons  f or  al l  s oi l s ,  t he power s  and 

c oef f i c i en t s  hav e been r e l at ed t o soi l  pr oper t i es .  

Gener a l l y  t he r es i l i en t  modu l us  i s  dependen t  upon t he 

p l as t i c i t y  o f  t he soi l  and t he c l ay  c ont ent  wh i l e  t he 

r es i dual  s t r a i n i s dependen t  upon t he gr a i n  s i z e 

d i s t r i bu t i on  of  t he soi l  i n t he f i ne- gr a i ned r egi on.

CONCLUSI ONS AND RECOMMENDATI ONS

Conc l us i ons  -  A s t udy  of  t he r e l a t i ons h i p  bet ween 

t he r es i l i en t  modul us ,  r es i dual  s t r ai n,  and t he 

soi l  pr oper t i es  of  f i ne- gr a i ned soi l  has  been 

made by  r epe t i t i v e  l oad t es t i ng of  t he soi l  

sampl es .  The f o l l owi ng c onc l us i ons  c an be made:

1)  Ther e i s an i mpor t ant  c hange i n behav i or  of  t he 

s oi l s  when t he mo i s t u r e  c ont ent  i s  about  t wo 

per c ent  dr y  of  op t i mum moi s t u r e  c ont ent .  Wet t e r  

t han t hi s  poi nt ,  a smal l  c hange i n a soi l  mo i s t u r e  

pr oper t y  woul d c aus e a l ar ge c hange i n t he dy nami c  

behav i or .  Dr i er  t han t hi s  poi nt ,  a smal l  c hange 

i n a soi l  mo i s t u r e  pr oper t y  has  l i t t l e  e f f ec t  on 

t he dy nami c  behav i or .  The soi l  s uc t i on t hat  

c or r es ponds  t o t hi s  po i nt  i s r e l a t ed t o t he c l ay  

c ont ent  by  t he f o l l owi ng equat i ons :  

h = 21. 5 + 181.  ( c l ay )  and

pF= 3. 07 + 1. 18 ( c l ay )  . . .  ( 6)

wher e:

c l ay  = c l ay  f r ac t i on of  soi l  i n dec i mal  f or m 

h = soi l  s uc t i on i n psi  (1 psi  = 6. 9 k N/ m2 ) 

pF = soi l  s uc t i on ex pr es s ed as t he l og 

( cm.  of  wa t e r ) .

By  k nowi ng t he soi l  s uc t i on i n pF at  t he po i n t - wher e 

t he soi l  behav i or  c hanges ,  t he Thor n t hwa i t e  Moi s t u r e  

I ndex  wher e  suc h behav i or  c hanges  c an be det er mi ned 

f or  eac h soi l  us i ng Fi gur e 1.  Fi gur e 7 s hows  t he 

map of  t he Un i t ed St at es  wher e t he Thor n t hwai t e  

I ndex  t hat  c or r es ponds  t o t he c hange i n behav i or  of

2 2 4

Fi gur e 7 The Cr i t i c al  Thor n t hwai t e  Moi s t ur e  

I ndex  Wher e CH,  CL,  and ML Soi l s  

Change Behav i or

eac h soi l  i s shown.  Gener a l l y ,  any wher e 

t he i ndex  i s l ar ger  and t hus  we t t e r  ( s haded 

ar ea) ,  soi l  s t ab i l i z a t i on  needs  t o be c o n ­

s i der ed i n t he des i gn  of  any  s t r uc t ur e  or  p a v e ­

men t  wher e  dy nami c  l oads  ar e i mpor t ant .  The 

nec es s i t y  o f  s t ab i l i z a t i on  wi l l  depend upon l ocal  

c ond i t i ons  s uc h as dr a i nage and t emper at ur e 

v ar i at i on.

2)  The mos t  i mpor t ant  t er m f or  al l  t he equat i ons  

i s t he number  of  l oad c y c l es .  The c hanges  i n 

t he dy nami c  pr oper t i es  as  a f unc t i on  of  t hi s  

t er m ar e pr es ent ed.  For  t he r es i l i en t  modul us ,  

t he power  of  t he number  of  l oad c y c l es  i s

0. 08 and 0. 15.  For  t he r es i dual  s t r ai n,  t he 

power  of  t hi s  t er m i s be t ween 0. 30  and 0. 63.
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