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SUMMARY
The issue of soil-foundation-structure interaction covers
a broad and complex field in geotechnical engineering.
Recently some international symposia on the topic have been
held. The subject has been investigated by many researchers
from many countries. The present paper deals only with the
soil-foundation-structure interaction under static loading
and includes investigation on long buildings of different
kinds of structures. A simplified analysis of the problem
is introduced and the variation of the bending moment
of the foundation-structure system considered as a beam
depending on the length of building, the kind of structures,
the soil deformation properties and the non-homogenity of
the soil are offered.
With the help of some practical examples, designers can
choose a reasonable distance between deformation gaps and
the area of steel for longitudinal strengthening bands to
protect against damages of the building due to differential
settlement.
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List of symbols
b

= width of the beam

C (x) = base stiffness
= minimum value of the function c(x) at two edges of
the beam

C

= maximum value of the function c(x) in the middle
of the beam
C

av

EI

= average value of the base stiffness
= equivalent flexural stiffness of the foundation
structure system considered as a beam
= cross area of steel in all strengthening band at
one floor level

h

= height of a storey

k(x)

= coefficient of subgrade reaction

K

= number of storeys

1

= half the length of the beam
= half the length of the building for which the
value of max M
appeared
max

MU;)

= bending moment of the beam
= maximum value of the function M(s)
= maximum moment that can be taken by the longitudinal
strengthening bands

max
M

= maximum value of function M
=f(l), see Fig 3
max

p(x)

= soil reaction as load per length

q

= uniform load on the beam

max

Q(

s)

= shear force in the beam
= allowable tensile stress in steel

X

= distance, see Fig 1

y (x)

= vertical displacement of the beam
= constant, see (11)
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Cl

= base stiffness gradient

c5

= the ratio

s

= x/1, non-dimensional distance
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and C
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1.

INTRODUCTION

A large number of buildings in Vietnam are founded on
the alluvial ground of the Red River Delta and the Cuu
long River Delta. Here, soil conditions are very com
plicated, the soils are nonhomogeneous and highly deform
able. This feature has a great influence upon the be
haviour of structures founded in this area. There are two
ways to limit the influence:
1. Improving the soil properties or using pile foundations
which means that the subsoil has a small deformation
under the load of the superstructure.
2. Designing the superstructure-foundation system so that
it has a sufficient stiffness to prevent dangerous
stresses which are caused by differential settlement.
In many cases the second way is more economic. For this
purpose, the soil-foundation structure interaction problem
has to be solved. Many scientists from various parts of the
world have been interested in this problem: Meyerhof G.
(1947), Chamecki S.
(1965), Heil H.
Lee I.K.

(1956), Grasshoff H.

(1969), Larnach W.I.

(1979,1975), Beigler S.E.

&

(1957), Sommer H.

Wood L.A.

(1972),

(1976) •.. Many effective

numerical methods, especially the finite element method
(FEM), have been developed rapidly. A large number of
soil-structure interaction problems have been solved.
Meanwhile, it is difficult for designers to use such
results in design. A numerical solution is hardly used,
for example, to design a building. Moreover, numerical
solutions with a high accuracy are sometimes useless be
cause of crude information about the soil conditions. In
many cases, an analytical solution using some simplyfied
assumptions will be useful and practical for designers.
In this paper we introduce a simplified analysis of soil
foundation structure interaction problem.
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2.

ESSENTIAL ASSUMPTIONS AND GENERAL SOLUTION

It is very common that a building has a small width
compared with its length. In this case the whole super
structure foundation system can be considered as a beam
with an equivalent flexural stiffness EI. The value of
the equivalent stiffness in a cross section of the
building is theoretically equal to the bending moment
on the cross section which causes a

unit angular dis

placement 8 = 1. The way to determine the equivalent
stiffness EI is shown in /11/. From the calculation
results for four- to six-storey buildings of a large
range of structure kinds (longitudinal frame structure
or transversal frame with longitudinal strengthened band
structure, with or without filled walls; brick masonry
with longitudinal strengthened bands, prefabricated panel
structure .... ) with a width of 8 to 10 m, the value of
7
EI is about 1.075.0 x 10 kNm 2 •
For the soil reaction, the Winkler's approach is accepted:
p(x)

= b·k(x)

· y(x)

(1 )

where p(x) = load per length on soil under the foundation
y(x) = vertical displacement of the beam

= width of the beam
k (x) = the coefficient of subgrade reaction
b

Later, we will call c(x) = b·k(x) - base stiffness.
The value of c(x) varies along the structures, Fig 1a.
On a nonhomogeneous base the beam can be bent in some ways
shown in Fig 2. The case in Fig 2a is the most common.
But in this paper the calculation is made in two most
dangerous
load q.
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cases shown in Fig 2b and c with a uniform
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Fig 1. aJ real system: 1. superstructure, 2. footing,
3. soil; b) equivalent beam on elastic foundation.

a)

b)

Fig 2. Differential settlement of building. a. general
case, b . relative sag, c. relative hog.
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And in the case shown in Fig 2b, for example, the vari
ation of the C-value is:
( 2)

I'

wheres =

nondimensional abscissa, Fig 1b

l = half of the length of the beam

o

the ratio between the maximum value of the base

=

stiffness C
in the middle of the beam and the
max
minimum value at the two edges of the beam.
We have also the following relation:
C _ 3 Cav

( 3)

1 +28

-

where C
= the average value of the base stiffness. The
av
non-homogeneous deformation properties of the soil is
expressed by the base stiffness gradient:
Cl

=

dC
dl

( 4)

This means that the deformation properties of the soil is
expressed by two values:
- the average value of the base stiffness C
av
- the base stiffness gradient a
With soil investigation in some points, the values of
Cav and a can be determined.
Considering that the a value is constant and equal to the
average value:
Cl

=

Cmax - C
(5)

1

we have
0=1+

01
/

( 6)

Referring to (4)
0 = 3Cav+ Cll
3Cav-2a1

SG I nr 196

Klintland G rafiska. Linkoping

( 7)

8

STATENS GEOTEKNISKA INSTITUT

the expression (2) is rewritten against C
and a :
av
C(i;)=

r_( 1 _

3Cav
+
1 2 (3Cav+ al)
3Cav-2al

3Cav+al ) i; 2
3Cav+ al]
3Cav-2al
+ 3Cav-2a1

( 8)

The differential equation of a beam on Winkler's elastic
foundation (when the shear deformation of the beam is
neglected) is:
EI

d4 y(i;) + C(i;) ·y(i;) = q
d i; 4

-rrin which

( 9)

y = vertical displacement of the beam

1 = half of the length of the beam
q = uniform load on the beam

This equation can be approximately solved with some of
the variational methods. Using Sobolev's solution, e.g.
(by Galerkine's variational method)

/13/, finally we have

the bending moment and the shear force:
M(i;)

=

30

EI

where ( 4 • 1 4 _ 1 51 + 11 0 o
21 (1+28)
Y1

( 1 Oa)

1

_g_
C V

366 EI_ [151+110oJ 2
+ 20 [s9.2+27.20J + Cav
14
21 (1+2o) ·
1
1

( 11 )

and
Q(i;) =

From (10a),

120

EI

13

( 1 Ob)

(10b) referring to (7), the bending moment

and the shear force can be calculated for given values
of Cav, a, EI and q.
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3.

EXAMPLES

Example 3.1
An example is given for a common case in Vietnam.
The load of the building is 600 kN/m (the building
has 4 to 6 storeys). The average value of base
stiffness Cav = 5000 kN/m 2

•

The calculation is carried

out with different values of the equivalent stiffness
7
7
EI= 1.0x10 kNm 2 , EI= 3.0x10 7 kNm 2 , EI= 5.0x10 kNm 2
and with different values of the base stiffness gradient
a= 40, 60, 80, 100 and 120 kN/m 3 • The calcUlatidn
results are shown in Fig 3.
Example 3.2
Buildings of prefabricated frame stucture type with
filled walls and diaphragms are investigated in some
cases:
a) the stiffness of the foundation and the value of
a are constant, the number of storeys of the building
varies from 5 to 10, the length of the .building varies
from 19.2 m to 115.2 m (fron 1 to 6 sections), Fig 4a.
b) the value of

o and the length of the building are

constant, the number of storeys varies from 5 to 10
the stiffness of the foundation is in direct proportion
to the number of storeys.
c) the stiffness of the foundation, the values of a and
Cav are constant (a=150 kN/m 3 , Cav=B000 kN/m 2 ) , the
length of the building varies from 19.2 m to 115.2 m
and the number of storeys varies from 5 to 10, Fig
4b.
The equivalent flexural stiffness of the building is
determined in the way shown in /11/. The results of
the calculations are shown in Fig 4.
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4.

APPLICATIONS FOR DESIGN

4. 1

For buildings not allowed to be cracked and founded
on a complex soil, the best length of the building
is 21 = 20 m. With increased length, the building
should be divided by dilatation gaps. From the calcu
lation results, though the values of a and EI covered
7
a large range (EI=1.10 7 -s.10 kNm 2 , a= 40-120 kN/m 2 )
the maximum bending moment, Mmax' is rather small with
a length of the building of about 20 m.
4.2
Accepting some simplified assumptions: a) the neutral
axis is at the top level of the foundation, b) is a
cross-section,tensile stress due to bending moment is
taken by steel in longitudinal bands and strip foun
dation and is distributed in linear way, see Fig 5.
The maximum bending moment which can be taken by the
strengthening bands is called Mb and can be predicted
by:

K-1
M = f R h _:!_
b
a a K

Z

i=0

(K-i)

( 1 2)

in which
f

a

= cross area of steel in all strengthening
bands at a floor level

R

= allowable tensile stress in the steel

h

= the height of a storey (in this case the height

a

of every storey is the same)
K

= the number of storeys

To prevent the building from damages due to differential
settlements, the value of Mb has not to be less than the
maximum bending moment M
which is determined by the
max
above-mentioned method when considering the building
foundation system as a beam on elastic base.
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b)
tensile stress
f £ 4 - ------¥4--------!<-4~

~;!=====::WI

Fig 5. a) simplified assumptions; b) cross section of the
building; 1) longitudinal bands, 2) strip footing.

14

STATEN$ GEOTEKNISKA INSTITUT

There can be two designing problems:
- With a given value of Mb, chasing the suitable length
of the building by drawing the diagram M
= f(l) and
max
pointing out where M
< Mb.
max - With a determined length of building, chasing the way
to distribute steel in strengthening bands so that Mb
which is determined by expression (12) is not less than
M

max

Example. A five-storey building of prefabricated panel
structure has a story height, which is the same for every
storey, of 2.7 m. On each floor-level, there are longi
tudinal bands with a total cross-area of steel of 12 cm 2
and R

a

=

10 kN/cm 2

•

According to (12) Mb = 3560 kNm.
The equivalent stiffness of the building, which is deter
7
mined according to / 11 / is about 5 .0x10 kNm 2 • From the
diagram in Fig 3a, the length of the building can be
chosen for various values of a.
Table 1
a, in kN/m 3
21, in m

60

80

100

120

44

36

32

29

With the same longitudinal bands, but for a frame structure,
the building has the calculated equivalent stiffness of
7
about 3 .0x10 kNm 2 • From the diagram in Fig 3b, the length
of the building can be chosen for various values ofa.

Table 2

SGI nr 196

a, in kN/m 3

80

100

120

21, in m

42

34

32
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4.3
With a constant equivalent stiffness of the building
and a constant value of a, when the length of the building
is increased, the value of M
is limited by a certain
max
value called max M
. In the examples, the length of the
max
building where the value of max Mmax appeared
is about
50 to 70 m and is called 2 lH. If the superstructure is
strengthened so that Mb

~

max Mmax' the building does not need

to be divided by dilatation gaps and the length of the
building can be greater than the value of 21M without
any danger. For some types of buildings the amount of
steel needed for each longitudinal band so that Mb

~

max M
is shown in Table 3 for different values of a.
max
Table 3
Type of building

Predicted
value of
EI
kNm

Prefabricated large
panel structure of
5- to 6-storeys

2

5x10

7

Steel area necessari for each longi
tudinal band, in cm for some values
3
a, in kN/m

60

80

100

120

17

21

28

36

16

21

28

36

10

15

18

25

Frame with continued
longitudinal diaphragm
on the whole length
of the building
Prefabricated large
panel structure of
3- to 4-storeys
Frame structure of 5
to 6-storeys with
interrupted longi
tudinal diaphragm

3x10

7

Brick masonry of
4- to 5-storeys
Brick masonry of 3to 4-storeys
Frame structure of
4- to 5-storeys
without longitu
dinal diaphragm
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5.

16

CONCLUSIONS

This is a simple solution to the soil-foundation structure
interaction problem. It helps designers to consider the
rigidity of the superstructure in the calculation of its
foundation settlement. It makes clear the influence of
differential settlement on the behaviour of the structure.
From this solutions, designers can choose a reasonable
distance between deformation gaps, the area of steel for
longitudinal strengthening bands to protect against
damages due to differential settlement ...
- If the rigidity of the structure is great enough,
according to the results of the calculations, defor
mation gaps cannot be required.
In the contrary case shown in Fig 2c the solution is
similar to the case shown in Fig 2b and the strip
foundations of the building is considered as longitu
dinal bands.

SGI nr 196

Klintland Grafiska, Linkoping

17

STATENS GEOTEKNISKA INSTITUT

REFERENCES
1.

Beigler, S.E., Soil -structure interaction under
static loading. Dr. thesis, Dep. of Geotech. Engng.,
Chalmers University of Technology, 1976.

2.

Chamecki. S., Structural rigidity in calculating
settlements. ISMF Div., ASCE, Vol 82, No SM1, 1956.

3.

Grasshoff, H., Influence of flexural rigidity of
superstructure on the distribution of contact pressure
and bending moments of an elastic combined footing.
Proc. Fourth ICSMFE, Vol 1, Mexico City, 1957.

4.

Heil, H., Studies on the structural rigidity of re
inforced concrete building frames on clav. Proc.
Seventh ICSMFE, Vol II, Mexico City, 1969.

5.

Kosicyn, B.A., Staticzeskij rasczjot krypnopanielnych
i karkasnych zsanik,

(Static calculation of large panel

and frame buildings), Moscow, 1971
6.

(in Russian).

Larnach. W.J./Wood, L.A., The effect of soil-structure
interaction on settlements. Proc. Int. Conf. on Com
puter-Aided Design, Univ. Warwick, 1972.

7.

Lee, I.K./Harrison, H.B., Structure and foundation
interaction theory. J. Struct.Div., ASCE, Vol 96,
No ST2, 1970.

8.

Lee, I.K., Structure-foundation-supporting soil inter
action analysis. Proc. Tech. Session of the Symp. at
the Univ. of New South Wales, Kensington, N.S.W.,
Australia, 1975.

9.

Szagin, P.P. Procznost i ustojczivost Krupnopanjelnych
zdanij na silno i neravnomernych crzimajemych osnovanij,
(Strength and stability of large-panel buildings on
weak and nonhomogeneous soil), Moscow, 1961

SGI nr 196

Klintland Grafiska, Linkoping

(in Russian).

18

STATENS GEOTEKNISKA INSTITUT

10. Sommer, H., A method for the calculation of settle
ments, contact pressures and bending moments in a
foundation including the influence of the flexural
rigidity of the superstructure. Proc. Sixth ICSMFE,
Montreal, Vol II, 1965.
11. Vu cong Ngu, Phung due Long. On stiffness of buildings
of prefabricated frame type. Proc. The Second Vietnamese
Con£. on Mechanics, Hanoi, 1978 (in Vietnamese).
12. Vu cong Ngu, Phung due Long. A recommendation on the
distance between deformation gaps

(a soil-structure

interaction problem). Proc. Third Scientific Con£. of
IBST, Hanoi, 1978.

(in Vietnamese)

13. Recommendation for designing large-panel buildings
CH 321-65, Hanoi, 1972.

SGI nr 196

Klintland Grafiska. Linkoping

(in Vietnamese)

