
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


DESIGN OF THE FOUNDATIONS LOADED BY OVERTURNING MOMENT 
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SYNOPSIS: Th is paper describes  th e  s im p li f ie d  methods an a n a ly s is  o f th e  u lt im a te  bea ring  c a p a c ity  and lo a d -d is p la c e -  

ment a n a ly s is  o f  the  r ig id  b lock  fo u n d a tio n  embedded in  s o i l  sub je c ted  to  la t e r a l  loads and an o v e rtu rn in g  moment. Pro­

posed fo rm u las were developed w ith  regard  to  s o i l  param eters, geometry o f fo u n d a tio n  and s u b s o il su rfa ce  around the foun ­

d a tio n ., The proposed method should be used fo r  each r ig id  in u n d a tio n  w ith  r e la t iv e  depth 0 .2 < D /B < 2  loaded by o v e r tu r ­

n in g  moment.

RESUME: Le document p re sente des méthode de c a lc u l a c tu e lle s  u t i l is é e s  pour le  dimensionnement des fo n d a tio n s  de supports  

aé rie n s  e t  en p a r t i  c u l ie r ,  l ig n e s  de t r a c t io n  é le c tr iq u e s .

INTRODUCTION

A d ire c tly  embedded b lo ck  as the fo u n d a tio n  fo r  su p p o rtin g  

s tru c tu re s  is  s t i l l  used in  the  c o n s tru c t io n  o f  d is t r ib u ­

t io n  and tra n sm iss io n  l in e s .  These uses g ive  us a wide 

range o f  d i f f e r e n t  g e o te ch n ica l c o n d it io n s , fo u nd a tio n  

shapes, d i f f e r e n t  g e o m e trica l param eters o f the s o i l  s u r ­

face  around th e  fo u n d a tio n . The ana lyses o f the  ty p ic a l 

use cases in d ic a te  th a t  most o f  them are  in  the  range 

0 . 2 < D /B < 2  and can be regarded as r ig id  fo u n d a tio n s .

The main types o f s u b s o il c o n d it io n s  a re :

-  fo u n d a tio n  is  s o i l  medium w itn  a f l a t  s u rfa c e ,

-  fo u n d a tio n  on a s lo p e ,

-  fo u n d a tio n  c lo se  to  a tre n ch .

C ons ide ring  the  r ig id  b lo ck  embedded in  s o i l  and

loade d a t  the  top  o f the  pe r ine + e r  by a r e la t iv e ly  s mall 
v e r t ic a l compre s s ive  fo r c e  Qv> a r e la t iv e ly  s m a ll h o r izo n  
t a l  s he a r  fo r c e  QH and a la r g e  o v e r tun in g  moment Q ^Q o a d  
e c c e n t r ic it y  QM/QH> 6 m e te r s ).

The b lock  w i l l  tend to  move round to  a ce n te r o f ro ­

ta t io n ,  g e n e ra tin g  r e s is t in g  fo rc e s  by the  s o i l  mass. 

There are la t e r a l  r e s is t in g  fo rce s  on the f r o n t  face o f 

the b lock  above the  c e n te r o f r o ta t io n  and a t the  back 

o f fo u n d a tio n  below the  c e n te r o f r o ta t io n  and r e s is t in g  

fo rc e s  under the  base. They are  considered  to  rep re se n t 

the in te g ra t io n  o f  the  ne t s tre s s  components (norm al and 
shear s tre s s e s ) produced by th e  movement o f  th e  b lock  due 

to  a p p lie d  e x te rn a l o v e rtu rn in g  moment and compression 

and shear fo rc e s . We should  assume th a t  fo r  the  b lock  

fo u n d a tio n ,th e  s id e  f r i c t i o n  on the w a lls  p a r a l le l  to

F ig . 1 The main types o f  s u b s o il c o n d it io n s  F ig . 2 General scheme o f the  fo u nd a tio n
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the  load  d ir e c t io n  fo r  d r i l l e d  s h a ft  fo u n d a tio n  cou ld  be 

o m itte d . O bservations made in  f u l l  s ca le  and model te s ts  

and num erica l analyses in d ic a te  th a t  th e  a c t iv e  pressure  

on the  back s id e  o f the  p e rim e te r is  ve ry  sm a ll and fo r  

cohesive o r wet s o i ls  does no t e x is t .  I t  means th a t  gene­

r a l  model cou ld  be s im l i f ie d  by o m itt in g  the  fo rc e s  in  

a c t iv e  zones on the back o f  h a l f  o f  the  p e rim e te r and 

above the  ce n te r o f r o ta t io n  and in  f r o n t  o f  the  founda­

t io n  below th is  c e n te r.

The genera l th e o re t ic a l model was developed by B o lt 

(1976) and more p re c ise ly  described  in  works by Dembicki 

and o th e rs  (1977 ,1978), B o lt  and o th e rs  (1989 ), B o lt 

(1991). I t  is  assumed th a t  the fo u n d a tio n  is  r ig id ,  in  

t h is  method. For a l l  p ra c t ic a l purposes the  s t r a ig h t  

fo u n d a tio n  has to  be ca te go rize d  as a r ig id  one when:

D

Ë3 7 iT
< 2 (1)

where:
EJ -  bending s t i f f n e s s  o f  the  fo u n d a tio n , 

k -  h o r iz o n ta l modulus o f subgrade re a c t io n  o f the  

s o i l  fo u n d a tio n  system.

THE ULTIMATE BEARING CAPACITY ANALYSIS

The genera l scheme o f  fo u nd a tio n  and d e s c r ip t io n  taken 

in  proposed method are shown in  f ig u re  2 .

The u lt im a te  e q u ilib r iu m  c o n d it io n

The u lt im a te  e q u ilib r iu m  o f the  c a lc u la te d  va lue  o f  ap­

p l ie d  fo rc e s  o r moments and u lt im a te  c a p a c ity  o f  th e  

s o i l  su rround ing  th e  fo u nd a tio n  re q u ire s  the  achievement 

o f  the  fo l lo w in g  c o n d it io n :

( 2 )Yn ' Of -  Q|

Table 1. The s tre n g th  re d u c tio n  fa c to r  m

No

1 . 1

1. 2

1.3

2.

Foundation

techno logy

Poured c o n c re te ,d r i l le d  

s h a f ts ,d ir e c t  embedment 

P re fa b r ic a te d  fo u nd a tio n  

in s e rte d  in  the  boreho ls 

o r to  e xcava tion  and the 

space between the  w a lls  

o f  e xcava tion  and founda­

t io n  f i l l e d  w ith  concrete 

o r o th e r s tro n g  m a te r ia ls  

D ir e c t ly  embedded founda 

t io n  in to  the  wide excava 

t io n  and f i l l e d  w ith  con­

t r o l l e d  d e n s it ie s  o f the  

f i l l  m a te r ia l

D ir e c t ly  embedded foun ­

d a tio n  in to  th e  wide 

e xca va tion  and f i l l e d  

w ith  s o i l  w ith o u t con­

t r o l l e d  d e n s it ie s

Method o f  e v a lu a tio n  

f o r  s o i l  param eters

0.75

0.75

0.65

0 .7

0. 6

where: 

Qr

Of

-  th e  design  va lue  o f  the  a p p lie d  re s u lta n t  loads 
( re s u lta n t  h o r iz o n ta l load QHr, r e s u lta n t  v e r t ic a l  

compressed load  Qyr ) ,  kN; o r  a p p lie d  r e s u lta n t  mo­

ment Q|y|f , kNm;

-  th e  design va lue  o f u lt im a te  be a rin g  c a p a c ity  o f 

s o il- fo u n d a t io n  system w ith  regard  to  the

v a r i a b i l i t y  o f  th e  s o i l  p ro p e r t ie s  and s tre n g th ,k N ;

Q| = mQni (3)

Yn -  fa c to r  o f  th e  consequences o f  f a i lu r e ,  ( in  each ca­

se fo r  a va lue  over one a s p e c ia l economic and s ta ­

t i s t i c a l  a n a ly s is  is  needed);

Qnl -  c h a ra c te r is t ic  va lue  o f  u lt im a te  c a p a c ity  o f s o i l -  

fo u n d a tio n  system; 

m -  a s tre n g th  ( re s is ta n c e  o r  c a p a c ity )  re d u c tio n  fa c ­

to r  w ith  regard  to  the v a r i a b i l i t y  o f  th e  s o i l  p ro ­
p e r t ie s  and s tre n g th .

The e x te rn a l load  s e le c t io n

The loads fo r  fo u n d a tio n s  o f  su p p o rtin g  s tru c tu re s  can be 

c la s s i f ie d  as s te a d y -s ta te  loads (those  th a t  are imposed 

on a s tru c tu re  fo r  a long  o r con tinuous p e r io d , t r a n s ie n t  

loads imposed on a s t ru c tu re  fo r  a s h o rt tim e  d u ra t io n ) ,  

c o n s tru c t io n  loads (imposed d u rin g  the  e re c t io n  o f s t r u c ­

tu re  and d u rin g  th e  e re c t io n  o f  s tru c tu re  and d u rin g  w ire  

in s t a l la t io n ) ,  maintenance loads (a r e s u l t  o f maintenance 

a c t i v i t i e s ) .

The design va lue  o f  the  a p p lie d  re s u lta n t  load  Qr a c c o rd i­

ng to  the P o lis h  standard  PN-80/B-03322 can be achieved 

by s e le c t in g  a load  fa c to r  7( co rrespond ing  to  the  p a r t i ­

c u la r  load component as fo llo w s :

Q r = i r r Q n i  ( 4 )

where: ¡=1
Qnj -  the c h a ra c te r is t ic  va lue  o f the  component o f 

a p p lie d  load  kN,

7fi -  load fa c to r  a p p lie d  to  component i  acco rd ing  

to  ta b le  2 .

Table 2. Values o f the  load  fa c to r  "ft

Load

Load fa c to rs  Yt fo r  
w ork ing c o n d it io n s

normal a c c id e n ta l

Dead loads ( lo ad s  fo r  s t r u c ­

tu re ,  fo u n d a tio n  and s o i l  on 

en la rged base)

1 .1 (0 .9 )

1 .0Ice  loads 1.4

Wind loads 1.3

Tension loads 1.3

E va lu a tio n  o f the  u lt im a te  bea ring  c a p a c ity

The u lt im a te  be a rin g  c a p a c ity  o f  the  fo u n d a tio n  QMnf is  

expressed as the  u lt im a te  r e s u lta n t  moment around the 

ce n te r o f r o ta t io n  a t  the  depth z0 by the  fo llo w in g  

fo rm u la :

ÛMnl= V, • v2• v3 • v4 • Np• yd • D^ (5 )

where: 

Dmin ■ 
YD -

Nr  -

m in im al embedment le n g th  o f fo u n d a tio n , m;

average e f fe c t iv e  u n i t  w e igh t o f  s o i l  above 

the  embedment dep th , kN/m;

d iam ension less bea rin g  c a p a c ity  fa c to r  e s ta b l is ­
hed as u lt im a te  moment Nn = Muk/yp • Dmjn f o r  r ig id  

square fo u n d a tio n s  w ith  the  d im ens ion less v e r t ic a l  

load  fa c to r  V5 = 1 as fu n c t io n  o f the  c h a ra c te r is ­

t i c  va lue  o f  s o i l  in te rn a l f r i c t i o n  d and r e la t iv e  

w id th  o f  th e  fo u n d a tio n  base p = B/Dmjnin  range

0.2  <B /D mjn < 2. Values o f Np are  shown in  ta b le  3.

Foundation geometry and geometry o f su rround ing  s o i l ,  

in f lu e n c e  o f v e r t ic a l  components o f  a p p lie d  loads and 

cohesion in  cohesive  s o i ls  are  expressed by fa c to rs  v-| , V2 ,

v3 , v4 , v5 , v6 ■
v ^ l + c - 1- In

B
(6)
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where : CuD

'7 d -D (7 )

Table 3. Bearing c a p a c ity  fa c to r  Np

X 5° 10” 2 0 ” 25” 30” 35“ 40°

0 .2 0 0 .1 0 0.13 0.14 0.19 0.27 0.41 0.64
0.30 0.16 0.19 0 .2 2 0.29 0.41 0.61 0.97
0.40 0 .2 2 0.26 0.29 0.38 0.54 0.82 1.29
0.50 0.27 0.32 0.36 0.48 0 .6 8 1 .0 2 1.91
0.70 0.43 0.50 0.57 0.72 0.97 1.39 2 .1 1
1 .0 0 0.04 0.97 1 .1 0 1.31 1.65 2 .2 0 3.14
1 .2 0 1.26 1.44 1.64 1.91 2.31 2.96 2.96
1.50 2.19 2.49 2.81 3.18 3.71 4.54 5.92
2 .0 0 4.63 5.21 5.98 6.60 7.40

i
8.60 10.52

A fa c to r V2 in c o rp o ra te s  p o s s ib le  changes in  the w id th  
o f  ttre fouxlaticn perim e te r by re la tion 'B ^/B and  L^/Land in  the 

shape o f  i t s  c ross  s e c tio n  by c o e f f ic ie n t  pg shown in  

ta b le  4 us ing  th e  fo l lo w in g  fo rm u la :

v2 = ] 1+ | -
1 + TT

V e r t ic a l load  component fa c to r  vy.

v 3 = 1 + 3
( v ,  -  1 )

where:

v 5 =
Qvnc

(B)

(9 )

( 10)

where:

Q^ni -  u lt im a te  r e s u lta n t  moment from equation  ( 5 ) ,  kNm; 

h -  h e ig h t o f a p p lic a t io n  o f h o r iz o n ta l load  CL above 

the s o i l  s u rfa c e , m; n

zQ -  depth to  th e  ce n te r o f r o ta t io n  below the  s o i l  

su rfa c e , m;

The p o s it io n  o f th e  ce n te r o f r o ta t io n  can be e s ta b l is T 

hed from  the fo l lo w in g  approxim ate fo rm u la :

zo= ^min 1 * v6 (15)

where: ( no + v ^

^0 = 1 ~ 75"
( 1 -  2 • sin <t>uD) — 0.1 -c

v6= M-1 + 0.1 • ( 0.7 ■ c - H2)- -g-

M0 = 5 fo r  cohesive s o i ls  (c u>  0)

M0 = 6 fo r  cohes ion less s o i ls  (c  = 0 ) 

"  c o e f f ic ie n ts  from  ta b le  4.

Table 5. Values o f  c o e f f ic ie n ts  n ^ ^

Table 4. Values o f  the  c o e f f ic ie n ts

(160

(17)

Loacf d ir e c t io n
n l n 2

from  s lope  to  c re s t 1
1
2

to  s lope 1
4

1

Vno
V

Gf  + Gs
( 11 )

V -  v e r t ic a l  component o f  a p p lie d  lo a d , kN;

Gs -  w e igh t o f s o i l  on the  fo u n d a tio n  base, kN;
G f -  w e igh t o f  fo u n d a tio n , kN

The geometry o f  th e  s o i l  su rfa ce  fa c to r  v^ can be 

ob ta ine d  by the  fo l lo w in g  fo rm u la :

n ,+

^exp

where :

>n2
V = a rc ta n  ( ta n  i

D, e,

' ' 77 ' n2

n1, n j  -  from  ta b le  5;

uD
c )

( 1 2 )

(13)

fo r  r r — computing va lues is  -j=p-
D

min

D

min

D,

f o r  -g -i—  ^  l  computing va lues is  —  = 1
min min

D,
fo r

l  J4 02 + 0 
------- ^ 0 .5  computing values is  ------------
min

D .
min

= 0 .5

fo r  £ i> y  i t  is  necessary to  use re d u c tio n  o f the 

s h e lf  w id th  
d' = d + Di - [co te i-co ty ) and ei = v ;

<t> ri _ undra ined angle o f in te rn a l f r i c t i o n  a t  the 
depth 0 .

The r e s u lta n t  h o r iz o n ta l u lt im a te  re s is ta n c e  o f  the 

systems can be computed as:

,  Mnf

Hnf "  h + z
( 1 4 )

C o e ff ic ie n t
- E K

e *

P1
1 .22 1 .2 2 1 .2 0 1.16

m2
2 .0 0 2 .0 0 2 .0 0 1.80

m3
0.25 0.25 0.30 0 .2 0

^4
1 .0 0 1 .0 0 0 .0 0 0.50

LOAD DEFLECTION ANALYSIS

S t i f f  fo u nd a tio n  is  sub jec ted  to  r o ta t io n  a g a in s t the cen­
te r  o f r o ta t io n  under the  a p p lie d  h o r iz o n ta l lo a d . The 
r o ta t io n  ang le  and the  fo u n d a tio n  d isp lacem ent in  a ground 

le v e l are assumed as c h a ra c te r is t ic  d isp lacem ent va lues.

R e la tio n s h ip s  between la t e r a l  s tre s s  tra n s m itte d  to  

the  ground and d isp lacem ent is  described  by a fo rm u la :

Oh = Kh •u (18)

a b.

F ig .3 D isplacem ent schemes fo r  fo u nd a tio n s  loaded by 

h o r iz o n ta l fo rc e  a -  homogeneous s o i l ,  

b -  m u lt i - la y e rd  s o i l
where :

u -  fo u nd a tio n  d isp lacem ent a t  depth z,m;

oh -  la t e r a l  s tre s s .in d u c e d  by a p n lie d  load ,kP a; ^
Kh -  c o e f f ic ie n t  o f  la t e r a l  s o i l  d isp lacem ent,kN /m  /m;
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C o e f f ic ie n t  o f the  la te r a l  s o i l  d isp lacem ent(O avidson 

and o th e rs  (1902)) fo r  a c e r ta in  s o i l  la y e r  is  described  

by a fo rm u la :

/  . n0.4

4
Kh =

5- 7 E»

where: 

Ep i 

' i

(19)

E_; -  modulus o f de fo rm a tion  as would be measured w ith  

a p ressurem eter te s t ,  kPa;

L- -  fo u n d a tio n  w id th , m;

D,min -  fo u n d a tio n  embedment dep th , m;

I t  is  assumed t h a t  the  va lue  o f Ku c o e f f ic ie n t  is  con ­
s t a n t  in  the  g ive n s o il  la y e r  ( f i g . 37.

Values o f fo u n d a tio n  d isp lacem ents are d e scribed  by 

th e  fo l lo w in g  fo rm u lae :

a ) homogeneous s o i l :

A h o r iz o n ta l fo u n d a tio n  d isp lacem ent a t the  ground 

le v e l ,  m:

u0 = -
2- Qh „ Dmin +  3 * ^ 1

V4 6- a4 +  Dmin- KH l- v 7 +  KH- L'v 7-Dinin

( 2 0 )

A h o r iz o n ta l d isp lacem ent o f fo u n d a tio n  a t  i t s  base, m;

2-Qh „

v4

Dmin +  3 • h

6 a 4 +  DminKH L v 7

A ro ta t io n  ang le  o f the  fo u n d a tio n :

_ fUo + Un'
9 =  arctan ----------1

where:

®4 =  v 7

B3 MoD
(  L

0.4

( 2 1 )

( 2 2 )

(23 )

Hn

in f lu e n c e  o f c y c l ic  lo a d in g  sequence ( f o r  s t a t ic  

load  equal 1 ) ;

c h a ra c te r is t ic  h o r iz o n ta l component o f  th e  re s u l­

ta n t  lo a d , kN;

h -  h e ig h t o f  a p p lic a t io n  o f  the  re s u lta n t  h o r iz o n ta l 

fo rc e  Q nn above low er su rcha rge , m;
B -  fo u n d a tio n  w id th , m;

zQ -  embedment o f the  ins tan taneous  r o ta t io n  c e n te r o f 

fo u n d a tio n  below th e  low er surcharge from  (1 5 ) , m; 

v^ -  c o e f f ic ie n t  acco rd ing  to  ( 12 ) ;

Kh  -  c o e f f ic ie n t  o f  la t e r a l  de fo rm a tion  acco rd ing  to  

(1 9 ) , kN/m;

-  oedom etric modulus o f  c o m p re s s ib i l i ty  under the 
fo u n d a tio n  base, kPa;

oD

b) m u lt i - la y e rd  s o i l

A h o r iz o n ta l a fo n d a tio n  d isp lacem ent a t  th e  ground 

le v e l u0  and h o r iz o n ta l d isp lacem ent o f  th e  fo u n d a tio n

a t i t s  base un can be achieved from  e q u a tio n s , m;

2-Q,Hn

v4

2QHn

v4

3 ■ a 2 ■ h +  2 ■ ( a3 +  3  ■ a4 ■ D min)

4 a ,  (a 3 +  3 a 4 D min) -  3  a 2 (a 2 +  2 a4)

6 ' a 1 ■ D min ' h +  3 ' a2 (D min ~  h) -  2 ■ a3

where:

4 ® i ( a 3 + 3 a 4 D m[n) -  3 a 2 (a 2 +  2 a4) 

n

= X  v 7i ' KHi ’ Li ’ (hi _  h i -  1)

a 2 =  X  v 7i ■ Km • In (h f  -  h f _ ,)  

¡ = 1
n

a3 = Z ^ X h ì - L ì  ( h ? - h p _ , )

(24 )

(25 )

(26 ) 

(27 )

(2 0 )

KHi

hi ’ hi -

Hn

acco rd ing  to  (2 3 );

th e  number o f  s o i l  la y e rs  from  the low er su rfa ce  

o f  s u b s o il to  the fo u n d a tio n  dep th ; 

the  va lues o f  a h o r iz o n ta l fo u n d a tio n  d is p la c e ­

ment a t  the  ground le v e l u and h o r iz o n ta l d is ­

placement o f  fo u n d a tio n  a t  i t s  base, m; 

c o e f f ic ie n t  o f  the  la te r a l  de fo rm a tion  fo r  the  

la y e r  i  acco rd ing  to  (1 9 ) ,  kN/m; 

depth o f  th e  la y e r  i  and the  la y e r  i - 1 from  the 

low er s o i l  su rfa ce  ( f o r  i = l  h ._ ,= 0 ) ,  m; 
w id th  o f  fo u n d a tio n  base, m; 

fo u n d a tio n  le g th  in  the  la y e r  i,m ; 

c h a ra c te r is t ic  h o r iz o n ta l component o f 

re s u lta n t  load  kN;

r o ta t io n  ang le  o f  the  fo u n d a tio n  acco rd ing  to

( 2 2 ) .

COMPARISON OF MODEL RESULTS WITH FIELD DATA

The G eotechn ica l L a bora to ry  o f  th e  Gdarisk T echn ica l U n i­

v e r s i ty  in  co o p e ra tio n  w ith  COBIRTK o f  P o lis h  Railways 

conducted f u l l  sca le  te s t  in  d i f f e r e n t  s o i l  c o n d it io n s  

and fo r  d i f f e r e n t  types o f  s u b s o il c o n d it io n s . These 

f i e ld  te s t  data on 10 fo u n d a tio n s  were used fo r  a c o m p a ri- i 

son o f  the  proposed method re s u lts  w ith  th e  f i e ld  te s t  

data and g ive  q u ite  reasonab le  r e s u lts .
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