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5ynopsi s:  Thi s paper  pr es ent s  t he r esul t s  of  a r es ear ch s t udy  at  i mpr ov i ng t he s t at e of  ar t  i n t he des i gni ng pr ac t i ce 

of  l at er al l y  l oaded f oundat i ons  f or  s i ngl e shaf t  t r ans mi s s i on s t r uc t ur es .

The pr esent ed met hod was  es t abl i shed f or  r i gi d f oundat i ons  i n a wi de r ange of  c r os s - s ec t i on shapes  ( squar e,  c i r cul ar ,  

r ec t angul ar )  wi t h s t r ai ght  shaf t s  or  wi t h an enl ar ged base f or  gener al  soi l  condi t i ons .

A c ompar i son of  t he pr edi c t ed val ues  of  ul t i mat e moment s  and t hose meas ur ed i n ex per i ment al  f i el d t es t s  i s shown.

1.  I NTRODUCTI ON

El ec t r i cal  t r ans mi ss i on l i ne s t r uc t ur es  ar e subj ec t ed 

t o a uni que l oadi ng condi t i ons  whi c h f or  t he maj or i t y  

of  s t r uc t ur es  r esul t  i n max i mum l oads  whi c h occur  i n­

f r equent l y  and act  onl y  f or  shor t  per i ods  of  t i me.  I t  

needs  a spec i al  at t ent i on i n l oad ev al uat i on and t he use 

of  l oad f ac t or s  t o acc ount  f or  t he s t at i s t i cal  nat ur e 

of  v ar i at i on of  c l i mat i c  l oads  as wel l  as t o pr ov i de 

ex t r a r el i abi l i t y  i n i mpor t ant  l i nes  or  gr eat er  saf et y 

f or  c ondi t i ons  wher e f ai l ur e can i nj ur e t he wor kman,  

and somet i mes  t o cont r ol  a sequence of  f ai l ur es.  The 

f oundat i ons  f or  t r ans mi s s i on l i ne s t r uc t ur es  mus t  sat i ­

s f y  t he same f undament al  c r i t er i a as  t he f oundat i on f or  

any ot her  t ypes  of  s t r uc t ur e,  but  t he manner  i n whi c h 

t hese c r i t er i a appl y  gr eat l y  di f f er s  dependi ng on t he 

t ype of  s t r uc t ur al  syst em.

Thi s  paper  desc r i bes  t he des i gn c r i t er i a f or  f ounda ­

t i ons of  s i ngl e shaf t  s t r uc t ur es.  These s t r uc t ur es  ha ­

ve a s i ngl e f oundat i on subj ec t ed t o a l ar ge ov er t ur ­

ni ng moment  wi t h r el at i v el y  smal l  hor i zont al  shear ,  

compr ess i on and t or s i onal  l oads.  I n t hi s  case t ypi cal  

f oundat i ons  ar e:

-  dr i l l ed shaf t  f oundat i ons ,  ( s t r ai ght  or  bel l ed c on ­

c r et e shaf t s ,  t ubul ar  s t eel  shaf t s,  pr ec as t - pr es t r ess ed,  

hol l ow conc r et e shaf t s ) ,

-  di r ec t l y  embedded s t r uc t ur es  ( t he capac i t y  of  t hese 

f oundat i ons  i s ver y  muc h dependent  upon t he qual i t y  of  

t he back f i l l ) .

The anal y s i s  of  t he pr ac t i cal  cases  f or  conc r et e shaf t  

f oundat i ons  i ndi cat es  t hat  mos t  of  t hem,  i n t he r ange 

of  r el at i v e dept h 0. 5 4 0 / 8 ^ 5 ,  can be r egar ded as r i ­

gi d f oundat i ons .  Embedded r i gi d f oundat i ons  l oaded by 

over t ur n i ng moment  r ot at e ar ound t hei r  ax i s  of  r ot a ­

t i on and mobi l i z e pass i ve and ac t i ve zones  of  f ai l ur e 

ar ound t he f oundat i on,  as shown i n Fi gs . l  and 2.

The pr oposed t heor et i cal  model  was  des c r i bed i n 

( Bol t ,  1976,  Dembi ck i ,  1977, 1970) .  Gener al l y  t he ul t i ­

mat e r eac t i on of  soi l  agai ns t  t he appl i ed,  ex t er nal  f or ­

ces was  es t abl i shed wi t h t he use of  a r i gi d- pl as t i c  mo ­

del  of  soi l  behav i our  i n a pl ane sys t em wi t h t r ans i t i on 

f r om t he pl ane t o a t hr ee- di mens i onal  one,  by anal ys i ng 

t he par amet er s  of  t he di s pl acement  wedge.

I n or der  t o det er mi ne t he bear i ng capac i t y  of  t he 

ent i r e f oundat i on- soi l  sys t em t he s t at i c  c ondi t i ons  of  

equi l i br i um bet ween t he i nt er nal  and ex t er nal  f or ces 

wer e empl oyed.

Gener al l y  t he appl i ed moment  i s t he r esul t ant  of  al l  

l oad c omponent s

Fi gur e 1.  The obs er ved mode of  f ai l ur e f or  an embedded 

r i gi d f oundat i on l oaded by  an over t ur n i ng moment .

Fi gur e 2.  Typi cal  r upt ur e zone at  t he soi l  sur f ace f or  

an embedded r i gi d f oundat i on l oaded by  an ov er t ur ni ng 

moment .
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wher e:

H , . -  hor i z ont al  l oad component  appl i ed on t he 

app 1 hei ght  I v above t he gr ound sur f ace,

z -  dept h of  t he r ot at i on cent r e bel ow t he gr ound 

sur f ace.

The mobi l i z ed f or ces  H.  and V.  ac t i ng on ar ms  r .  and u-
* n  i i 1 iar e as f ol l ows:

H.  -  pass i v e l at er al  soi l  r es i s t ance f or  s hal l ow mode of  

f ai l ur e ( shear i ng sur f ace t o t he soi l  sur f ace) ,  

pass i v e l at er al  soi l  r es i s t anc e f or  deep mode of  

f ai l ur e ( l ocal  shear i ng ar ound t he cent r e of  r ot a ­

t i on)  ,

ac t i ve l at er al  soi l  r eac t i on ( l ocal  shear i ng ar ound 

t he cent r e of  r ot at i on) ,

hor i z ont al  component  of  t he soi l  bear i ng capac i t y  

under  t he base,

ac t i ve pr ess ur e component  ass umed f or  appr ox i mat i on 

of  t he s i de f r i c t i on c omponent  i n t hi s  zone,  

ver t i cal  component  of  soi l  r es i s t ance i n eac h zone 

( s i de shear  f or ces and ver t i cal  component  of  t he 

bear i ng capac i t y  under  t he base) .

Ho -

Vi

Mul t  = \  Hi ( r i  + u i t 9 ( f i )
(2)

wher e:

cT- -  av er age angl e of  s t r ess  i nc l i nat i on on t he wal l

1 sur f ace i n t he par t i c ul ar  zone due t o t he f ai l ur e

Fi gur e 3.  Gener al  scheme of  appl i ed and mobi l i z ed r e ­

sul t ant  f or ces.

I n t hi s  met hod i t  i s assumed t hat  t he f oundat i on i s r i ­

gi d.  For  al l  pr ac t i cal  pur poses  t he s t r ai ght  f oundat i on 

has  t o be c at egor i z ed as a r i gi d one when:

D_

fj
( 3)

wh e r e :

EJ -  bendi ng s t i f f nes s  of  t he f oundat i on,  

k -  hor i zont al  modul us  of  subgr ade r eac t i on of  t he 

soi l - f oundat i on syst em.

For  f oundat i ons  mor e compl i cat ed i n shape ( f or  exampl e,  

wi t h bel l s  at  t he bot t om)  s i nce t her e i s no s i mpl e f or ­

mul a and c ondi t i on of  r i g i di t y  can be cons er vat i vel y  c a l ­

cul at ed i gnor i ng t he pr esenc e of  bel l .

2.  THE PROPOSED METHOD 

Acc or di ng t o Pol i sh s t andar d PN- 80/ B- 03322 t he

ul t i mat e equi l i br i um of  t he c al cul at ed val ue of  appl i ed 

ex t er nal  f or ces  or  moment s  and ul t i mat e capac i t y  of  t he 

soi l  s ur r oundi ng t he f oundat i on r equi r es  t hat  t he f ol l o ­

wi ng c ondi t i on shoul d be achi eved:

Qf ( 4)

wher e : 

Q. t he des i gn val ue of  t he appl i ed r esul t ant  l oads  or

1 moment s ,

T  -  f ac t or  of  t he c onsequenc es  of  f ai l ur e.  Thi s  f ac t or  

i s equi v al ent  t o ass i gni ng a c l ass  t o t he l i ne. For  

t he f i r s t  c l ass  i t  i s equal  one,  f or  hi gher  c l a ­

s s es  i t  i nc r eas es  ( a conc ept  s i mi l ar  t o I EC,  1984) .  

I n each case f or  a val ue ov er  one a spec i al  ec ono ­

mi c  and s t at i s t i ca l  anal y s i s  i s needed,  

m -  a s t r engt h ( or  r es i s t ance or  capac i t y )  r educ t i on 

f ac t or  whi c h i s  used t o adj us t  t he r e l i abi l i t y  of  

component  wi t hi n a subsys t em.  For  a s i ngl e shaf t  

f oundat i on s ubj ec t ed t o a l ar ge ov er t ur ni ng moment  

t hi s  c oef f i c i ent  i s  equal  0. 8,

Q.  -  t he des i gn val ue of  ul t i mat e capac i t y  of  s oi l - f oun ­

dat i on sy s t em wi t h r egar d t o t he var i abi l i t y  of  t he 

soi l  pr oper t i es  and s t r engt h.

3.  LOAD SELECTI ON

Gener al l y  l oads  f or  f oundat i ons  of  t he t r ans mi ss i on s t r uc ­

t ur es  can be c l as s i f i ed as s t eady - s t at e l oads ( t hose 

t hat  ar e i mposed on a s t r uc t ur e f or  a l ong or  c ont i nuous  

per i od) ,  t r ans i ent  l oads  ( i mposed on a s t r uc t ur e f or  a 

s hor t - t i me dur at i on) ,  c ons t r uc t i on l oads  ( i mposed dur i ng 

t he er ec t i on of  s t r uc t ur e and dur i ng wi r e i ns t al l at i on) ,  

mai nt enance l oads  ( a r es ul t  of  l i ne mai nt enance ac t i v i ­

t i es) .  The Pol i sh s t andar d PN- 83/ B- 03322 pr ov i des  s pec i ­

f i c  over l oad capac i t y  f ac t or s  f or  t he par t i c ul ar  l oad 

c omponent  and f oundat i on mus t  be s i zed t o wi t hs t and t hi s 

l oad.  The des i gn val ue of  t he appl i ed r es ul t ant  l oad Q 

can be ac hi eved by s el ec t i ng a l oad f ac t or  cor r es pon-  r  

di ng t o t he par t i cu l ar  l oad c omponent  as des c r i bed next :

5 r fi Qni ( 5)

wher e:

Qni  -  t he nomi nal  val ue of  t he component  of  appl i ed l oad,

-  l oad f ac t or  appl i ed t o t he component  i

Ac cor di ng t o L3]  t he l oad f ac t or s  ar e as f ol l ow:

a)  dead l oads f or  s t r uc t ur e c onduc t or  i nsul at or s  

shi el d wi r es  and f oundat i on,  1. 1 ( 09)

b)  i ce l oads,  1. 4

c)  wi nd l oads,  1. 2

d)  t ens i on l oads,  1. 3

e)  c ons t r uc t i on l oads  1. 1

4.  SOI L PROPERTI ES SELECTI ON

The di s i gn par amet er s  of  soi l  ar e def i ned as f ol l ows:

( n)
(6)

wher e:

<Tm -  t he mat er i a l  uncer t ai nt y  f act or .

Thi s f ac t or  depends  on var i abi l i t y  of  t he par t i cu l ar  

soi l  par amet er s  and t he met hod of  appr ox i mat i on of  t he 

engi neer i ng soi l  pr oper t i es .  For  cases  wi t h f ul l  s i t e
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and l abor at or y  t es t  dat a i t  cannot  be c l oser  t o one 

t han = 0. 95 ( Met hod A,  PN- 80/ 8- 03322) ,  wi t h dat a

about  t he t ype of  soi l  and CPT t es t  dat a t hen = 0. 90

( Met hod B,  PN- B0/ B- 03322)  and wi t h onl y  r ec onnai ssance 

dat a,  t hen j r  = 0. 80 ( Met hod C,  PN- B0/ B- 03322) .  For

s t r at i f i ed soi l s  t he aver age des i gn par amet er s  can be 

es t abl i shed f r om:

I  h 4

( 7)

wher e:

Jr)
-  geot echni cal  par amet er  f or  l ayer  i

Foundat i on geomet r y ,  i nf l uenc e of  ver t i cal  c omponent s  of  

t he appl i ed l oads  and c ohes i on i n c ohes i ve soi l s  ar e ex ­

pr es s ed by f ac t or s  v ^ ,  \ ?2 and Cohes i on f ac t or

i s t he s i ngl e par amet er  whi ch i ncor por at es  t hese f ac t or s

wi t h des i gn c ohes i on c ^ r  ̂ by t he f ol l owi ng r el at i onshi p

1 +
c ( r )

1. 6 c u ( 1 -  l n B/ 0)

7 ^
( B. l )

The maj or  di f f er ence bet ween t he geomet r y  of  di r ec t l y  

embedded f oundat i ons  and dr i l l ed shaf t  f oundat i ons  i s 

t he pr es enc e of  t he back f i l l  annul us  s ur r oundi ng t he pe ­

r i met er  of  t he di r ec t l y  embedded s t r uc t ur e.  The i nf l uen ­

ce of  t hi s  mat er i al  on ul t i mat e capac i t y  of  t he l at er al  

r eac t i ons  and ver t i cal  s i de shear  f or ces  mus t  be c ons i ­

der ed when t he s t r engt h pr oper t i es  of  back f i l l  di f f er  f r om 

t hose of  t he s ur r oundi ng soi l .  The l oadi ng r at e and 

f r equency  es t abl i s h whet her  dr ai ned or  undr ai ned anal y ­

ses ar e war r ant ed and t her ef or e t hey det er mi ne t he t ype 

of  geot ec hni cal  par amet er s  necessar y .  For  coar s e- gr ai ned 

soi l s  bot h dead and t r ans i ent  l oads  nor mal l y  r esul t  i n 

dr ai ned behav i our .  However ,  f or  f i ne- gr ai ned soi l s,  dead 

l oads r esul t  i n undr ai ned r esponse.

5.  EVALUATI ON OF THE ULTI MATE BEARI NG CAPACI TY

The ul t i mat e bear i ng capac i t y  of  t he f oundat i on

i s expr ess ed as t he ul t i mat e r esul t ant  moment  about  t he 

cent r e of  r ot at i on at  t he dept h z by t he f ol l owi ng f or ­

mul a:

Qf  = Mf

wher e : 

D

( r )

^D

M

(8)

-  t he t ot al  embeddment  l engt h of  t he f oundat i on,

-  t he des i gn aver age ef f ec t i ve uni t  wei ght  of  

soi l ,

-  di mens i onl es s  bear i ng capac i t y  f ac t or  es t abl i s ­

hed as ul t i mat e moment  M = D4 f ° r  r i ~

gi d squar e f oundat i ons  wi t h t he ver t i cal  l oad
O' )

f ac t or  V /  r n ' BLD = 1 as f unc t i on of  t he de-

0 D ( r )
s i gn val ue of  soi l  i nt er nal  f r i c t i on i !v and

r el at i v e wi dt h of  t he f oundat i on base = B/ D

i n r ange 0. 2 4 ^  4  2.  Val ues  of  M ar e shown i n

Tabl e I  and Fi g.  4.

Tabl e 1.  Bear i ng capac i t y  f ac t or  M

5° 10° 20° 25° 30° 35° 40“

0.20 0 10 0 13 0 14 0 19 0 27 0 41 0 64
0.30 0 16 0 19 0 22 0 29 0 41 0 61 0 97
0.40 0 22 0 26 0 29 0 38 0 54 0 82 1 29

0.50 0 27 0 32 0 36 0 48 0 68 1 02 1 91
0.70 0 43 0 50 0 57 0 72 0 97 1 39 2 11
1.00 0 84 0 97 1 10 1 31 1 65 2 20 3 14
1.20 1 26 1 44 1 64 1 91 2 31 2 96 4 07
1.50 2 19 2 49 2 81 3 18 3 71 4 54 5 92
2.00 4 63 5 21 5 98 6 60 7 40 8 60 10 52

The f oundat i on geomet r y  f ac t or  2 i ncor por at es  act ual

changes  i n wi dt h of  t he f oundat i on and i n t he shape of  

i t s  c r oss - s ec t i on by  t he r at i o Bj / B and coef f i c i ent  m̂

es t abl i shed f or  f oundat i on shown i n Fi g.  5 ( squar e 

f oundat i on,  squar e f oundat i on l oaded di agonal l y ,  dr i l l ed 

shaf t  and r ect angul ar ,  s t r ai ght  and wi t h an enl ar ged ba ­

se)  us i ng t he f ol l owi ng r el at i onshi p:

si ne!
( r )  , D1

(.T5~ 1) ]m (8.2)

Ver t i cal  l oad f ac t or  i nc or por at es  t he changes  i n v er t i ­

cal  l oad component  by  t he f ol l owi ng r el at i onshi p:

w(D
B

1 ♦ 0.4p (■
DLB

-  Dc o s d
( r )

( B. 3)

wher e :

= (V.
appi

+ Gf + gs) r f ( B. 4)

Vappl  “  appl i ed ver t i cal  l oad,

Gj  -  wei ght  of  soi l  on t he f oundat i on base 

-  dead l oad f ac t or

The hor i zont al  ul t i mat e l at er al  r es i s t anc e of  t he sy s ­

t em can be comput ed as

Fi gur e 4.  Di mens i onl ess  bear i ng capac i t y  f ac t or  M.
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= "T----i  h + z (9)

wher e:

Mf  -  ul t i mat e r esul t i ng moment  f r om equat i on ( 8) ,  

h -  des i r ed hei ght  of  appl i c at i on of  Hf  above t he soi l  

sur f ace,

z -  dept h bel ow t he gr ound sur f ac e t o t he cent r e of  
r ot at i on.

The pos i t i on of  t he cent r e of  r ot at i on c an be es t abl i s ­

hed f r om t he f ol l owi ng appr ox i mat e f or mul a:

wher e: Jr ) .
zc - D f o ^

f o =  O P *  e x p [ o , 1 5 g  ( l - 2s i ™s ( r ) ) - 2 $ “ ]
o p D J

r c(r) R i
. )  I m , 0 . 0 7  u n 1

U  l ml  + ( '  m2 ) F -  J

^5

,/(r)

(10)

(10.1)

(10.2)

( 10. 3)

5 f or  cohes i v e soi l s  wi t h >  0

( r )
6 f or  gr anul ar  soi l s  wi t h c^  = 0

di mens i onl ess  coef f i c i ent  f r om Tabl e I I  

dependent  on t he f oundat i on shape

Mappl

'oppi

r:

ttappl

'appi

H,

r I'

appi

Vappl

i°2
if f

■•ft-1*5

Fi gur e 5.  Foundat i on schemes

Tabl e 2.  Shape coef f i c i ent s  m̂ ,  m2 , m̂

ri , A  .
U U

r *

ml
m2

m3

1.22

0.2

1

1.22

0.20

0 .5 (1 - ^)

1.20

0.20

1.4 c o s e i^

1.16

0.18

0 .8 5cos ji^r ^

6.  COMPARI SOM OF MODEL RESULTS WI TH FI ELD TEST DATA

Lapey r e,  Cagneaux ,  Vei l l e ( 1986)  hav e r epor t ed f i el d 

t es t  dat a on 13 f oundat i ons , done f or  EOF i n Fr anc e. Thes e 

13 f oundat i ons  and 3 Aut or s  own r esul t s  ar e used f or  a 

c ompar i son of  t he pr opos ed- met hod r esul t s  wi t h t he f i el d 

t es t  dat a.  The i nc i dence bet ween exper i ment al  dat a and 

t he pr edi c t ed r esul t s  ( Fi g. 6)  i s qui t e good.  I n t hi s  r es ­

pec t  i t  may  be c onc l uded t hat  t he pr oposed met hod whi c h 

was  c al i br at ed t o mor e t han 300 scal e model  t es t s  ( Bol t ,  

1976)  i n c ohes i onl es s  and c ohes i ve soi l s  y i el ds  good pr e ­

di c t i ons  of  t he ul t i mat e moment  capac i t y  f or  a ver y  wi de 

r ange of  geomet r i c  par amet er s  of  t he f oundat i ons .

Fi gur e 6.  A c ompar i son bet ween ex per i ment  dat a and t he 

pr edi c t ed r esul t s .

7.  CONCLUDI NG REMARKS

A s i mpl i f i ed met hod has  been devel oped f or  an anal y s i s  of  

t he ul t i mat e bear i ng capac i t y  of  r i gi d f oundat i on embe ­

dded i n gener al  soi l  t hat  ar e s ubj ec t ed t o l ar ge l at er al  

l oads  and ov er t ur ni ng moment s .  Bas ed on det ai l ed anal y ses  

of  t he l i mi t  s t at e of  soi l  ar ound t he f oundat i on a gl obal  

f or mul a was  dev el oped wi t h r egar d t o soi l  par amet r s , s uc h 

as f r i c t i on angl e ri ,  c ohes i on c u and uni t  wei ght  2f ,  geo­

met r y  par amet er s  of  f oundat i on L , B, LpBj , D,  c r os s - s ec -

t i on shape and ac t ual  ver t i c al  l oad component .  The met hod 

can be used f or  any r i gi d f oundat i on wi t h r el at i ve dept h

0. 2<; ^ 5 l oaded wi t h a l ar ge ov er t ur n i ng moment  01=^ >4) .  
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