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M easurem ent o f K0 in the  Triaxial Apparatus

M e s u re  d u  K 0  d a n s  I 'A p p a re il  T r ia x ia l
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L. p r u S k a  A so c . P ro f., C h ie f R esearch  W o rk e r, C zechos lo vak  A c a d e m y  o f S c ie nce s , In s t itu te  o f  T h e o re tica l and 

A p p lie d  M e ch a n ics , Praha, C zechos lo vak ia

SYNOPSI S The pr essur e at  r est  of  f ul l y sat ur at ed dense Vl t ava r i ver  sand was det er mi ned by
a speci al  pr ocedur e.  The sampl es wer e l oaded i n a t r i ax i al  t est  appar at us monot onous l y  al ong seven 
di f f er ent  l oadi ng pat hs,  wi t h t he measur ement s  of  t he ver t i cal  f or ce,  cel l  pr essur e,  ver t i cal  st r ai n 
and t he quant i t y  of  wat er  expel l ed f r om t he sampl e.  Hor i zont al  st r ai n was cal cul at ed.  Fr om t he 
assumpt i on t hat  t he f unct i on £r  = F ( A 6 ’3  : A 6 ' i  ) bet ween t he mi ni mum pos i t i ve and t he mi ni mum 
negat i ve measur ed hor i zont al  s t r ai n i s l i near  ( Fi g.  1,  3,  4 ) t he l oadi ng pat hs f or  zer o l at er al  
st r ai n wer e cal cul at ed.  I t  has been conf i r med t hat  t he assumpt i on of  l i near i t y  was cor r ect  and 
t hat  t he coef f i c i ent  of  t he pr essur e at  r est  was pr act i cal l y  const ant  wi t hi n t he whol e r egi on of  mea­
sur ement s.  I t  has been measur ed t hat  t he val ue of  t he coef f i c i ent  K0  i s i nf l uenced by t he i ni t i al  
st r ess ( Fi g . 6  ) and t hat  i t  i s necessar y  t o di f f er ent i at e t hr ee pr act i cal l y  used def i ni t i ons of  t he 
coef f i c i ent  of  pr essur e at  r est  ( Fi g.  8 ).  The ext r eme K - l i ne cor r esponds wi t h t he equat i on pub ­
l i shed by Pr uska ( 1972 ) . °

I NTRODUCTI ON

The necessar y  pr er equi s i t e of  t he pr essur e at  
r est  i s zer o st r ai n i n al l  pl anes per pendi cul ar  
t o cont r ol  / pr i mar y/  st r ess.  I t  i s t aci t l y  
assumed t hat  t he cont r ol  st r ess i s t he pr i nc i p ­
al  st r ess and t hat  i t s di r ec t i on i s const ant  
/ Bi shop,  1958/ .  I n t he measur ement s  of  t he 
pr essur e at  r est  i n t he t r i ax i al  appar at us i t  
hol ds t hat  t he ver t i cal  st r ess i s t he cont r ol  
s t r ess and t he cel l  pr essur e i s t he coer ci ve 
st r ess.  The condi t i ons of  zer o l at er al  st r ai n 
ar e car r i ed out  usi ng t he l at er al  st r ai n i ndi c ­
at or .  Thi s addi t i onal  f eat ur es compl i cat es 
t he t est  pr ocedur e.  Mor eover ,  t he commonl y 
used t ype of  i ndi cat or  wi t h a mer cur y  cont r ol ,  
as descr i bed by Bi shop and Henkel  / 1962/ ,  r e­
qui r es speci al  hygi eni c  r egul at i ons and does 
not  sui t  t he t est s wi t h i ni t i al  st r ess di f f er ­
ent  f r om zer o.  The aut hor  used a speci al  pr o ­
cedur e f or  t he det er mi nat i on of  t he pr essur e at  
r est  i n t he t r i ax i al  appar at us,  ut i l i z i ng t he 
pr oper t y  of  compr essed soi l  speci men t hat  t he 
l at er al  st r ai n at  l oadi ng pat hs was negat i ve,  
when K = L £>' 3 : i  5' j  <  K0 , and pos i t i ve when 
K >  K0  / Fi g.  1/ .  The coef f i c i ent  of  pr essur e 
at  r est  KQ means t he r at i o of  pr essur e i ncr e­
ment s A 6 ' 3 : i  f f ' j  at  zer o l at er al  st r ai n.

MATERI AL

Sand f r om t he Vl t ava Ri ver  of  Zbr asl av l ocal i t y  
was used.  The gr ai ns r et ai ned on si eve No 10 
and pass i ng t he si eve wi t h 0, 125 mm openi ngs 
wer e r emoved.  91. 5% of  gr ai ns wer e angul ar  or  
subangul ar  quar t z  par t i c l es  wi t h uni t  wei ght  of  
sol i d par t i c l es  26, 75 k N/ m3. The mi n.  and max.  
por os i t y  det er mi ned by t he st andar d t est  wer e 
33, 1% r esp.  42, 1%.  The st andar d box shear  
t est  begun wi t h t he por os i t y  of  n = 32, 4% and 
t er mi nat ed wi t h n = 35, 5%.  I t  r esul t ed i n:
0 '  peak = 49. 2° ,  0 '  r es.  = 33. 2°  and c = 0 , 0 0  -  see 
Fi g. 2.

AS,  4 6 ^

K > K ,

iG>

e,<o

Fi g. 1 Def or mat i on of  an el ement ar y  cube
at  di f f er ent  r at i os of  pr essur e i ncr e­
ment s K = & C3  : A 6 q_

SAMPLES

The sampl es wer e 10 cm i n di amet er  and 18. 5 cm 
i n hei ght .  Boi l ed sand was pour ed i nt o di s ­
t i l l ed wat er  i n a moul d pl aced on a v i br at i on 
t abl e under  act i on.  When t he sampl e was pr e ­
par ed,  a negat i ve por e pr essur e of  5 kPa was 
appl i ed.  Then t he sampl e was t r ansf er r ed i nt o 
t he cel l  of  t he t r i ax i al  appar at us,  wher e i t  
was l oaded by an al l  r ound pr essur e of  170 kPa.  
The por e pr essur e was t hen annul ed and t he 
ver t i cal  pr essur e 6 ^ was i ncr eased t o 183 kPa 
/ appr ox.  hydr os t at i c  i ni t i al  pr essur e/  i n t he 
f i r st  ser i es of  t est s,  and t o 425 kPa / pr essur e 
near  t he expect ed condi t i ons of  t he pr essur e at  
r est /  i n t he second ser i es.

TESTS

Ever y ser i es cons i s t ed of  7 t est s.  The l oadi ng 
pat hs wer e const ant  at  ever y t est  and wer e de­
f i ned as a r at i o of  t he cel l  pr essur e i ncr ement s
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BOX SHEAR TEST
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Fi g. 2 Box shear  t est  r esul t s

t o t he ver t i cal  pr essur e i ncr ement s.  The 
sampl es wer e t est ed at  t he f ol l owi ng seven l oa­
di ng pat hs:  K = 1. 0 - 0 . 7  - 0 . 4  - 0 . 2  - 0 . 1 -  
0. 05 and 0. 00 / Fi g. 3/ .  I n t he t est s of  ever y 
ser i es t he ver t i cal  pr essur e i ncr ement s A 5' ^ 
wer e i dent i cal .  The cel l  pr essur e i ncr ement s 
wer e cal cul at ed i ndi v i dual l y  f or  each st r ess 
pat h.

Fi g.  3 St ar t s  of  t est s and di r ect i ons of  
l oadi ng pat hs

The l ast  t est  of  ever y ser i es cor r esponded wi t h 
t he st andar d t r i axi al  t est .  Measur ement s  of  
ver t i cal  f or ce,  cel l  pr essur e,  ver t i cal  st r ai n 
of  t he sampl e wi t h an accur acy of  0. 005 mm,  and 
t he quant i t y  of  wat er  expel l ed f r om t he sampl e 
wi t h an accur acy of  O. l  ccm wer e par t s  of  t he 
t est  pr ocedur e.  The t est s wer e car r i ed out  by 
Hr och / 1975/ .

wher e Ev  -  vol umet r i c  st r ai n,
E^  -  ver t i cal  st r ai n.  I t  was st at ed 

t hat  t he di amet er  of  t he sampl es decr eased i n 
bot h ser i es f or  l oadi ng pat hs K = 1 . 0  -  0. 7 and 
0. 4,  and i ncr eased f or  l oadi ng pat hs K = 0. 2 -  
0. 1 -  0. 05 and 0. 00.  The r esul t s  ar e i l l us t r at ­
ed i n Fi g. 4 f or  t he 1st  ser i es and i n Fi g. 5 f or  
t he 2nd ser i es.  I n Fi gs.  4 and 5 l at er al  st r ai n 
i s pl ot t ed agai nst  st r ess pat h.  The measur ed 
val ues cor r espondi ng wi t h i dent i cal  ver t i cal  
pr essur e i ncr ement s  i  6  ̂ ar e connect ed wi t h 
s t r ai ght  l i nes i ns t ead of  cur ves f or  t he sake 
of  si mpl i c i t y.  The sake of  c l ar i t y  not  al l  
measur ed val ues ar e i l l ust r at ed.  Fr om t he l i ­
near  f unct i on Er  = f  / K/  wi t hi n t he i nt er val  of  
0. 2 < K <0 . 4  t he st at es of  zer o l at er al  st r ai n 
wer e cal cul at ed.  These st at es wer e expr essed 
by t he coef f i c i ent  of  pr essur e at  r es t  K0  and 
t abul at ed t o suppl ement  Fi gs . 4 and 5.  The 
equat i on used f or  t he cal cul at i on of  t he coef f i ­
c i ent  KQ was by  t hese cal cul at i ons

K0 = Z i 6 ' 3 : I  / 2 /

The sum means t he pr essur e i ncr ement  f r om t he 
i ni t i al  st at e / see Fi g. 3/ .

The t abl es suppl ement i ng Fi g. 4 and 5 demonst r at e 
t hat  t he coef f i c i ent  of  t he pr essur e at  r est  v a ­
r i ed wi t hi n t he l i mi t s of  0. 325 and 0. 340 f or  t he 
ver t i cal  pr essur e i ncr ement s  up t o 1027 kPa,  and 
wi t hi n t he l i mi t s of  0. 346 and 0. 360 f or  hi gh ­
er  i ncr ement s i n t he f i r st  t est  ser i es,  and wi t h ­
i n t he l i mi t s of  0. 360 and 0. 369 / negl ec t i ng bot h 
ext r eme val ues of  0. 333 and 0. 379/  i n t he second 
ser i es .

RATIO K = 1 4 $ :  i j g ;

<
cc

<
cc f u  e; =

, 9 2 2  kBa  

-821  kPO 

- 7 1 8  kPd  

- 6 1 8  kFti  

- 5 1 8  kPd  

418 kPO

Zj qt kFo) Ko

118 0. 333
218 0. 333
318 0. 340
418 0. 325
518 0. 330
618 0. 333
718 0. 338
821 0333
922 0. 339

1022 0. 340
1122 0346
1222 0. 350
1322 0. 355
1420 0356
1520 0. 360

SERIE L

S T A R T A T ■

= 183 kPa  

6^=  170 kP a

TEST RESULTS

The hor i zont al  st r ai n of  t he sampl e was cal cul ­
at ed f r om t he measur ed dat a by means of  t he 
equat i on

0. 5 / _  E l / , / ! /

Fi g. 4 Test  r esul t s -  ser i es I .  Lat er al  
st r ai n ver sus r at i o of  pr essur e 
i ncr ement

7 5 2
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RATIO K 

Q1 02  Q4

14^ = I 46J 

Q7

-0 05
£

<A

z
<
cr

<
t r

£ 4  6; 

(kP o)

75 0 3 3 3

176 0 3 6 0

2 7 6 0 3 6 5

3 7 7 0 3 6 7

5 7 8 0 3 6 8

7 7 9 036 1

97 9 0 3 6 9

1 U 9 0 3 7 6

146;  = 

7 7 9  kPa  

5 7 8  kPa 

3 7 7  kPO 

- - 2 7 6  kPa 

176 kPa  

75  kPa

SERIE

S TA R T  AT-

6 ; = 42 7  kRa 

6 ^=  170 kRa

Fi g.  5 Test  r esul t s -  ser i es I I .  Lat er al  st r ai n 
ver sus r at i o of  pr essur e i ncr ement

' 01
t an 145°  -  0' : 2 ) , / 5/

we ascer t ai n t hat  f or  t he angl e of  i nt er nal  
f r i c t i on 0'  peak = 49. 2°  as measur ed at  t he box

Fi g . 6 Ko~l i nes cal cul at ed f r om Eq.  2

DI SCUSSI ON OF TEST RESULTS

-  I t  i s ev i dent  t hat  t he r esul t s of  t he second 
t est  ser i es gi ve hi gher  val ues of  t he coef f i ­
c i ent  Kq t han t he r esul t s of  t he f i r st  
ser i es / Fi g. 6 / .  The dependence of  bot h 
pr i nc i pal  s t r esses i s const ant ,  even i f  t he 
second ser i es may show a sl i ght  bi l i near i t y  
wi t h t he bend at  t he pr essur e about  at
ei  = 950 kPa.  I n t he f i r st  ser i es bi l i nea­
r i t y  cannot  be ei t her  exc l uded or  conf i r med.

-  The coef f i c i ent  K0  i s gener al l y  cal cul at ed
f r om t ot al  pr essur es

6' /  3/

The cal cul at i ons accor di ng t o Eq.  / 3/  ar e shown 
i n Tabl es I  and I I ,  Col .  5,  and pr esent ed 
gr aphi cal l y  i n Fi g. 7.  I t  can be seen t hat  t he 
KQ- l i ne of  t he second t est  ser i es passes 
t hr ough t he or i gi n of  coor di nat es,  t he maxi mum 
dev i at i on bei ng 8  t o 15 kPa accor di ng t o t he 
met hod of  assessment .  On t he ot her  hand,  t he 
KQ- l i ne of  t he f i r st  t est  ser i es i nt er sect s t he 
ver t i cal  axi s at  110 kPa whi ch makes i t  i mpo­
ss i bl e t o assume t hat  i t  i s a K0- l i ne of  cur r ent  
t ype.  Thi s KQ- l i ne i ncor por at es al so t he 
ef f ect s of  t he sampl e st r ess bef or e t he begi nn­
i ng of  t he t est s and excl udes,  consequent l y,  
t he hor i zont al  st r ai ns whi ch t ook pl ace bef or e 
t he t est  begi nni ng.

-  To compl et e t he assessment  of  t est  r esul t s l et  
us cal cul at e t he coef f i c i ent s  KQ f or  t he i ndi ­
v i dual  l oadi ng st eps,  i . e.  f r om t he equat i on

K0 = / I S’ A 6 i /  4/

The r esul t s  ar e shown i n Tabl es I  and I I ,  col .
6 , and i n Fi g. 8 .

-  I f  we cal cul at e t he l i mi t  KQ- l i ne,  whi ch t he 
aut hor  / 1972/  denot ed as K^ - l i ne  and f or  whi ch 
he deduced t he equat i on

Fi g. 7 KQ- l i nes as cal cul at ed f r om Eq.  3

. «

K̂ t ant W- - ^! - - - -

Fi g . 8  Coef f i c i ent  of  pr essur e at  r est  cal cul ­
at ed f r om t hr ee di f f er ent  equat i ons

4 8 - 0 1 7 1 0 3
753



4 /4 7

TABLE I

Coef f i c i ent  of  Pr essur e at  Rest  
Cal cul at ed by Equat i on 1 or  2 or  3 

Test  Ser i es I

Pr ess ­
ur e
I ncr e­
ment

No

Pr ess ­
ur e 
I ncr e­
ment  
Z i  6 j 
/ kPa/

Pr ess ­
ur e Ko

e;

/ kPa/

1 A 53 

I  i
/ l /

®3

n i

4* 3 

A 6 .
n i

1 2 3 4 5 6

0 0 183 - 0.  929 -

1 118 301 0. 333 0. 695 0. 333
2 218 401 0. 333 0. 605 0.  334
3 318 501 0. 340 0. 555 0. 354
4 418 601 0.  325 0. 509 0. 278
5 518 701 0. 330 0. 486 0.  350
6 618 801 0. 333 0. 469 0. 351
7 718 901 0. 338 0. 458 0. 367
8 821 1004 0. 333 0. 443 0. 301
9 922 1105 0. 339 0. 437 0. 385

1 0 1 0 2 2 1205 0.  340 0. 429 0. 349
1 1 1 1 2 2 1305 0. 346 0. 428 0. 407
1 2 1 2 2 2 1405 0. 350 0. 425 0. 395
13 1322 1505 0.  355 0. 425 0. 416
14 1420 1603 0. 356 0. 421 0. 369
15 1520 1703 0. 360 0. 421 0. 417

X 10K
o

n 0. 334 0. 340

TABLE I I

Coef f i c i ent  of  Pr essur e at  Rest  
Cal cul at ed by Equat i on 1 or  2 or  3 

Test  Ser i es I I

Pr ess ­
ur e
I nc r e­
ment

No

Pr ess ­
ur e
I nc r e­
ment  
Z A  6\

/  kPa/

Pr ess ­
ur e

5\

/ kPa/

K
o

z a  &3

/ l /

63

/ I /

^ 3  

A 6 ^

/ l /

1 2 3 4 5 6

0 0 427 _ 0. 398 _
1 75 502 0.  333 0. 388 0. 333
2 176 603 0. 360 0.  387 0. 380
3 276 703 0.  365 0. 385 0. 373
4 377 804 0. 367 0. 384 0. 373
5 578 1005 0. 368 0. 381 0. 370
6 779 1206 0. 361 0. 374 0. 341
7 979 1406 0. 369 0. 378 0. 405
8 1149 1576 0.  379 0. 384 0. 436

0

0
0UvJ 0. 362 0. 382 0. 376

n

r 8

2- 2 O 0 . 367 0. 381 0.  382
n

shear  t est  by Hr och / 1975/  t he l over  val ue of  
t he coef f i c i ent  K0  i s KQ1  = t an / 45° - 24. 6° /  

= 0. 372.  A compar i son of  t he cal cul at i on 
wi t h t he r esul t s  i n Tabl e I I ,  when t he t est s 
began near  t he Kg^- l i ne,  shows a f ul l  agr ee­
ment .

The t est ed sand was dense and monot onous l y  
l oaded.  I t  may be t her ef or e hol d as a quas i ­
el ast i c  mat er i al .  The coef f i c i ent  KQ f or  
el ast i c  mat er i al s  i s gi ven by  t he Equat i on

Us i ng t he Poi ssons r at i o V = 0. 264 measur ed f or  
t he t est ed sand by Pr uSka / 1979/  we f ound t hat  
t he coef f i c i ent  K0  = 0, 359.  The compar i son 
wi t h t he measur ed r esul t  i n Tabl e I I .  Col . 4 
shows a f ul l  agr eement  as wel l .

CONCLUSI ON

-  The coef f i c i ent  of  t he pr essur e at  r est  of  
sat ur at ed dense sands can be cal cul at ed f r om 
speci al  t r i ax i al  t est s us i ng di f f er ent  l oadi ng 
pat hs .

-  The ef f ec t  of  i ni t i al  st r ess i nf l uences t he 
t est  r esul t s  even i n t he case of  non- pr econsol -  
i dat ed sands.

“  Kq —t est s r esul t s  i n t he K0- l i ne of  t he cur r ent  
t ype onl y i f  t he st r ess at  t he begi nni ng of  t he 
t est  i s nul l  or  cor r esponds t o t he pr essur e at  
r est .  The f ar t her  t he i ni t i al  st r ess f r om t he 
KQ- l i ne,  t he l ower  t he val ue of  t he coef f i c i ent

Ko-
-  For  dense sands monot onous l y  l oaded t he Eqs.

5 and 6 may be used.
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