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The Significance of Structure-Foundation Interaction
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SUMMARY.

An examination of the importance of structure-foundation-solil interaction with regard to the

effect on differential displacement of the column bases, bending moments in the structure and column loads

is presented.

The structures considered are plane frames with pin-based coilumns, the foundations considered

are strip footings of finite length, and the soil is regarded as being an isotropic homogeneous perfectly

elastic continuum of infinite depth.

The purpose of the paper is to show which factors are most important in contrelling the magnitude of
interaction effects and to provide graphs of change in differential displacement, bending moment and column

load for a range of the most important of these variables.

From these results it should be possible to de-

cide when a £ull interactionh analysis needs to be carried out for the structure under consideration, or to

decide that interaction effects are of little significance and

1 INTRODUCTION

Design of a framed building requires a decision
regarding the importance of structure-foundation-
s0il interaction on the behaviour of the building.
When the differential displacement of the column
bases is sufficiently small, interaction effects
can safely be ignored and the building can be ana-
lysed as an independent entity. When interaction
effects are significant, differential displacements
will be found teo decrease, and a full interaction
analysis will lead to safer or more economical de-
sign of the building frame or the foundation.

Previously published papers on interaction such
as those by Meyerhof (Ref.l), Lee and Harrison (Ref.
2), Lee and Brown (Ref.3), Hain and Lee (Ref.4) and
Poulos (Ref.5), have considered techniques for intexr-
action analvsis and some of the trends in behaviour
as various parameters are changed. However no
published paper appears to contain a survey of the
effects of stiffness, number of storeys and frac-
tion of foundation covered by the building, as is
presented here.

The present paper deoes not aim to provide a
method of interaction analysis, or graphs whose use
will generally enable interaction analysis to be
avoided., Instead it attempts to provide a broad
survey of interaction effects, which it is hoped
will provide a sound basis for estimation of the
significance of the various types of interaction
effect,

2 NOTATION

B = strip footing breadth

E = Young's modulus of structural material

Ep = Young's modulus of footing material

Eg = Young's modulus of scil

I = gsecond moment of area of beams

Iy = second moment of area of footing

Ky = stiffness of building

Ky = stiffness of strip focting

Kg = stiffness of soil

Kpy = relative stiffness of building to strip
footing

Kyg = relative stiffness of strip footing to seil
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a complete analysis can be avoided.

Kgp = relative stiffness of soll to building
A = span length of beams
L = length of strip footing
n = numker of storeys
t = fraction of stxip footing covered by building
X = column height per storey/f (when Igey = I}
Vg = Poisson's ratio of soil.
3 THE ANALYSIS
In order to reduce the range of cases to manage-
able proportions it has been assumed that

(1) the soil can be represented by an isctropic
homogeneous perfectly elastic continuum of
infinite depth,

(ii) the foundations are strip footings of finite
length and are unaffected by horizontal loads
or reactions,

(iii) the structures are symmetrical frames of rec-

tangular form, with pin-based columns and
uniform leoading on every beam.

Analysis of the frames considered was carried
out using the expressions provided by Kleinlogel
(Ref.6) where possible, and by a standard computer
program for the other cases. Foundation load-
settlement results were taken from Brown (Ref.7)
and the interaction analyses were carried out using
the method described by Poulos {Ref.5).
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Fig. 1 The Type of Problem Considered

The cases (see Fig.l) studied include footings
whose length/breadth ratio is 5 and 10, structures
whose columns have the same moment of inertia as
the beams and lengths equal to or half that of the
beams (x 1.0 or ©.5), and the fraction of the
footing covered by the building (t) ranges from



0.90 to 0.98. In the case of two-bay frames one
storey and four storeys were considered, for three-
bay frames one storey and three storeys, and for
four-bay frames one storey was considered. The full
set of results consists of various combinations of
the above factors.

Preliminary studies showed that interaction be-
haviour was dependent on relative stiffnesses rather
than absolute stiffnesses. The relative stiffnesses
are ratios of the stiffnesses of the building (Kp),
the strip foundation (K,) and the soil (Kg) aad are
defined as follows

_ nEI X = Erly X = Es
Ky = 7% o r ! s I-vg?

= number of storeys
E = Young's modulus of structural material
1 = second moment of area of beams
L = length of beams
Ey = Young's modulus of footing material
I, = second moment of area of footing
L = length of footing
Eg = Young's modulus of soil
Vg = Poisson's ratio of soil,

and the adopted ratios are Ko = K. /Kg, Kgp = Ke/Kp
and Ky, = Kp/Kp.

4 DISCUSSION OF RESULTS

Although the three relative stiffnesses are not
independent, it is convenient to plot the results
in terms of all three stiffnesses in the manner
shown in Fig.2. However any two relative stiffnesses
are sufficient for reading the graphs.
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Fig. 2 The Coordinate Directions on Graphs

{a) Differential Displacement

The differential displacement considered is
the largest differential displacement between two
adjacent column bases. The variation due to inter-
action is specified as the percentage by which the
actual differential displacement is a reduction of
the differential displacement which would arise if
the column loads were unaltered by interaction
effects.

The reduction in differential displacement is
principally dependent on the number of bays in the
frame, and is virtually independent of the length/
breadth ratic of the footing. Fig.3 shows the com-
binations of relative stiffness at which the re-
duction in differential displacement is 50% and 80%
for 2-, 3~ and 4-bhay single-storey £rames when
t = 0.90, beam and column lengths are equal (x = 1)
and L/B = 5 (B = footing breadth). Some minox
reductions in addition to those shown in Pig.3 arise
due to increases in column stiffness, n and t.

With the most adverse combinztion of these factors
and relative stiffriesses, Fig.3 could indicate a re-
duction of 50% in differential displacement when

the actual reduction was 80%, but such extreme

combinations and errcrs are likely to be rare. Thus
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the results shown will almost certainly be conserv-
ative for normal problems.

(b} Bending Moment

The means selected for describing the variation
of bending moment in the structure due to inter-
action is the percentage increase in magnitude of
eaves moment compared with the result of a normal
structural analysis. For 3- and 4-bay frames, the
increase in eaves moments is virtually identical
and is almost independent of column stiffness, n
and L/B. However the increase in eaves moment is
significantly less for t = 0.98 than for t = 0.90.
The results plotted in Fig.4 are for 3- and 4-bay
single storey frames when t = 0.90 and 0.98, beam
and column lengths are egual (x = 1) and I/B = 5,
and indicate the conditions for 5% and 20% increase
in eaves moment.

For 2-bay frames the resulits are guite similar
except that the effect of variation of t is some—
what greater for the case plotted. However the
2-pay interaction effects are reduced more by an
increase in column stiffness and number of storeys
than the 3- and 4-bay results and for certain com-
binations of parameters the increase in eaves moment
due to interaction may be extremely small. This
situation arises because when t 2 0.90 the distribu-
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Fig. 3 Decrease in Differential Displacement

of colwmn loads is similar to that required to pro-
duce zero differential displacement. Consequently
a small change in the structure, particularly for
the larger values of t, can cause differential dis-
placement and eaves moment to change considerably.
For this reason the results shown in Fig.5, which
apply for £ = 0.90 and 0.98, x =1, n =1 and

L/B = 5 indicate considerably higher increases in
eaves moment than occur in certain other cases.
However the considerable number of parameters in-
volved precludes the presentation of more than the
conservative set of curves provided.

(¢) Column Loads

The means selected for describing the wvariation
of column loads due to interaction is the percent-~
age increase in outer column load. The results
shown in Fig.6 are for 3-bay single storey frames
when t = 0.90 and 0.98, x = 1, L/B = 5. These
curves may be applied to 3 bay and 4-bay frames
without invelving errors of more than a few percent,
regardless of the values of other parameters. When
applied to 2-bay frames, the curves in Fig.6é are
quite accurate for some combinations of parameters,
while in other cases they grossly overestimate the
increase in cuter column load for the reasons in-
dicated in the preceding paragraph.



1291y Kep

Increase in Eaves Moment for 3 and
4 bay frames

Fig. 4

Values of column load are required both for
design of the columns and for determination of the
behavicur of the foundation.
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Fig. 6 1Increase in Outer Column Load

{d) Extension of Application

Analysis of two types of multi-storey frame
indicated that the results presented in this paper
could well be applied to such frames when their
columns are pin-based. Curves presented by Hain and
Lee (Ref.4) suggest that fixity of the column bases
will have little effect on the interaction behaviour
and hence on the applicability of the graphs pro-
vided. Satisfactory results from application of
the curves to pitched-rocof portal frames would be
expected, since modern trends are to use such low
pitch angles that the effect of the non-rectangu-
larity is very small in the cases examined.

5 EXAMPLE

The use of the results provided may be clari-
fied by consideration of the example shown in Fig.7.
The building consists of rectangular portal frames
at intervals of 4m, each frame being 4m high, con-
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Fig. 7 The Example Considered

Fig. 5

Increase in Eaves Moment for 2 bay
frames

sisting of three 6m bays with column centres Im from
the edge of the raft, and is constructed of universal
beams UB 460 of 74 kg/m whose second moment of area
is 334 x 10°m". The reinforced concrete raft is
20m wide and for the present purpose is considered
to consist of 4m wide strips 20m long each carryving
one portal frame. The effective depth of the raft
is 150mm and was designed on the basis of a modular
ratio of 12 and allowable stresses in concrete and
steel of 9 MPa and 138 MPa respectively, and
balanced desiqn with full cracking. This gives

I, = 1125 x10°mm"and K, = 0.12 kPa. The underlying
soil has a Poisscn's ratio of zero and a Young's
modulus of 0.65 MPa and hence Kg = 650 kPa. Since
the beams have I = 334 x 10°%m" and & = &m,

Kp = 53 kPa, and the relative stiffnesses are

Kpg = 1.84 % 107", Kgp = 12.2 and Kp, = 446.

The uniform loading to be supported by the
building is 5 kPa and if there is no differential
settlement of the columns Kleinlogel's formulae in-
dicate that the cuter and inner column loads are
54 and 126 kN respectively and the bending moments
at the eaves and innexr ends of the outer beam span
are —-33.3 and -69.1 kNm respectively. Application
of these coliumn loads to the strip footing consid-
ered produces a differential displacement in the
outer bay of 20mm or 1/300 of the span of that bay.

Making use of the calculated relative stiff-
nesses and the fact that t = 0.90, inspection of
FPigs.3, 4 and 6 indicates that the following inter-
action effects are to be expected:

(i) a decrease in differential displacement of
approximately 50%,

(ii) an increase in eaves moment considerably
greater than 20%,

{1ii) an increase in outer column load somewhat
greater than 20%.

These results indicate that a complete interaction
analysis is needed. Such an analysis gave the
following results:—

(i) a decrease in differential displacement of
58% reducing it from 20mm to approximately
9mu which should cause no cracking,

(ii) an increase in eaves moment of 138% from
-33.3 o ~79.3 kNm and at the inner end of
the beam a decrease from -69.]1 tec -18.3 kNm,

(iii) an increase in outer column load of 30% from
54 to 70 kN, and a decrease in the inner
column load from 126 to 110 kN.

The bending moments in the raft can be determined
using the latter wvalues of column load.



6 CONCLUSIONS

A series of curves indicating the effect of
structure-foundation-soil interaction on the major
aspects of the behaviour of the structure have been
presented for plane rigid-jointed structures on
strip footings on a deep bed of soil. These can be
used as an indication of which situations merit an
interaction analysis, although in certain cases the
actual interaction effects may be much smaller than
those predicted from the curves
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