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SUNMMARY .
raft foundation.

An examination of the influence of interaction between a three dimensional frame structure and a
The effect on column loads, raft differential settlement and maximum positive and negative
bending moments is considered for 3 bay and 5 bay multistorey structures.

The supporting soil is considered

to be ap isotropic perfectly elastic continuum with either a constant modulus or a modulus which increases

linearly with depth.

Results of the analyses are presented in terms of two relative stiffness parameters in such a way that

predictions of interaction behaviour for a wide range of structure and raft conditions can be made.

The

graphs show under what conditions interaction can reasonably be ignored or when a full interaction analysis

will be required.
1. INTRODUCTION

The designer has two basic problems to consider in
the design of a raft foundation for a framed struct-
ure. Firstly the total and differential settlements
of the foundation must bc predicted and compared to
the allowable scttlements that the structure can
withstand. Secondly the distribution of bending
moment within the raft must be predicted so that the
detailed structural design can he completed.

Traditional methods (Teng, 1962) for calculating
settlements and bending moments of raft foundations
ignore the influence of the structure thus implying
that the forces transmitted to the raft are indepen-
dent of the differential settlements of the system.
Recent studies have shown that for certain situations
this is not the case and structure-foundation inter-
action should be considered (Lee and Brown, 1972)

and (Hain and Lee, 1974). The extent to which inter-
action causes a redistribution of forces will depend
on the stiffness characteristics of the frame struct-
ure, the raft and the supporting socil. Thus it is
essential that the designer have at his disposal a
means of readily assessing the stiffness character-
istics of these three components and thus predicting
the interaction behaviour.

Meyerhof (1953} suggested a means of evaluating the
combined stiffness of the structure and the raft
which he then compared to the stiffness of the supp-
orting soil to give one relative stiffness parameter.
The influence of structure foundation interaction
could then be assessed using behaviour of a uniformly
loaded raft of stiffness equal to the combined struc-
ture and raft. This approach was subsequently adop-
ted hy the A.C.T. Committee 436 (1966) for their
recommendations regarding raft foundation design and
the influence of structure-Toundation interaction.
liowever, this simplified approach can be shown to
lead to an overprediction of differential settlement
and raft bending moments.

Brown (1975) examined the behaviour of a multibay
piane frame on a strip foundation in tewms of three
relative stiffmess parameters,  The results enable
an assessment of the likely influence of interpetion
for a twe dimensional situation; however they may
not always be reliable for the three dimensional
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situation invelving a raft foundation. Hain (1977)
has shown that a two dimensional analysis which
neglects twisting moments in the raft and the redis-
tribution of load that occurs between frames can
lead to significantly different results to a three
dimensional analysis which considers these aspects,

The present paper presents the results of a serie.

of three dimensional analyses of a multibav muvi.
storey space frame supported on & raft foundation.
The  system is described b tvo velative stiffness
parameters and the results ase presented wn such a
way that the designer ean readily follow the trends
in behaviour and therefore predict the likely cflects
of structure foundation interaction.

2, NOTATION

a = thickness of shear wall

Bp = width of the raft foundation

E? = Young's modulus of the materials used in the
structure _

By, = Young's modulus of the supporting soil layer
at a depth of Ly/2

E, = Young's modulus of the supporting soil layer
at the surface

" Ly 2

Ex = E /(1 ~vg%)

Eg = Young's modulus of the supporting soil layer
at depth

h = height of shear wall

hp =  storey height of lower columns atsto i

h, = storey height of upper collumns at str

i = frame number

Iy = moment of inertia of thehewm at storey j

Ip' = effective moment of inertia of the boam at
storey j

Tp = moment of inertia of lower columns at storey
J

fu v moment of inertia ol upper columms at storey
]

j = storey number



Kp = Iy/& = stiffness of the beam at storey j

(Kg)q = effective stiffness of frame i

Kp = ldplhyp = stiffness of the lower columns of
storey j

Kp = stiffness of the raft foundation per unit
width compared to the stiffness of the
supporting soil

Kg = stiffrness of the structure per unit width
compared to the stiffness of the supporting
soil

Kr = Kg+ K = total stiffness of the structure
and raft compared te the supporting soil

Ky = Iy/hy = stiffness of the upper columns of
storey j

£ = bay length of frame i

Lg = total length of frame i

by = length of the raft foundation

ng = number of structural frames spaced across
the foundation width B

ng = number of storeys in the structure

ty = thickness of the raft foundations

Vg = Poisson's ratic of the supporting soil

3.  INTERACTION ANALYSIS

The interaction analysis used in this analysis is
based on the substructuring method and has been
presented by Hain (1977). The components of the
system have been modelled as follows:-

(1) the supporting soil is represented by an
isotropic perfectly elastic continuum of
infinite extent with either a constant nodu-
lus or a modulus which increases linearly
with depth.

(ii) the raft foundation is represented by an
assemblage of thin plate bending finite
elements (Zienkiewicz, 1971).

{iii) the structure is represented by a three

dimensional assemblage of beam elements ace-
ording to traditional methods of structural
analysis,

Figure 1 shows a simplified two dimension represent-
ation of the problem considered. Two multistorey
structures, 3 bays and 5 bays in both directions,
were considered for uniformly distributed floor
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Figure 1. The problem analysed

loadings on every storey. Two supperting soil cond-
itions, homogencous and linearly increasing modulus
with depth such that I /Ee = 2, were also considered.
For these cases analyses covering the practical range
of structure, raft and supporting soil stiffnesses
were performed.

4. RELATIVE STIFFNESS PARAMETERS

The problem can be described by three independent
paramcters - the structure stiffness, the raft stiff-
ness and the supporting soil stiffness. From these
two independent relative stiffness parameters were
selected as follows:-

stiffness of the raft foundation per unit width

Kg = stiffness of the supporting soil (H
Ko = stiffness of the structure per unit width 0
5 stiffness of the supporting seil

A third parameter, the combined stiffness of the
structure and raft compared to the supporting seil,
was given by:- .

Kp = Xg+ Kp (3
The parameters Kp and Kg, can be calculated from:-

4 Ep Bp tp® (1 - vg”)

kp = " (4
3 .M. Ey - LR
isnf (Kgi
. B
i=1 R
ks = =0 )
E* . Lg

Meyerhof (1953) suggests the following approximate
expression for the stiffness of & i subjected to
differential settlement of the coluw &. -

j=ns

(Kgyy = B
=1

lb' [}-f

5. DISCUSSTON OF RESULTS

. k', al
R T (6)

where Tp," = ke * & by,
K, + KE + K, (T)

The relative stiffness parameters defined in equat-
ions (1) and (2) allow the examination of the totzl
system stiffness as well as the distribution of stiff
-ness between the structure and the raft. Analyses
were performed for Ky = 10.0, 1.0, 0.1, and 0.01 for
Ks/Kg values covering the range 0.01 to 100.0.

5.1 Column Loads

Figures 2 and 3 show the results in terms of the
column loads for various ratios of Kg/Kp when

Kr = 1.0. Actual column loads have been normalized
with respect to the average ¢olumn Ioad and curves
are shown for the corner ceolumn, the average of all
the edge columns and the average of all the interior
columns. When Kg/Kp tends towards 0.0%, the distrib-
ution of column loads approaches the rigid raft (zero
differential settlement) conditions. As Kg/Kp
increases, interaction leads to a transfer of load
from interior columns to edge and corner columns and
the perfectly flexihle raft condition is approached.
Most of the redistribution of celumn Toads occurs
within the region 0.1<Kg/Kp < 10.0 and thus this
would appear to be the arcd where an interaction |
analysis may be necessary. For values of Kp withind
the range 0.1 to 10.0 the interaction results were
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found to be virtuvally identical to results shown

in Figures 2 and 3. For Ky = 0.01 there was signif- ™ E /é =1.0
icantly less redistribution of column load as this - L e
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sitvation represents a very stiff supperting soil.
As could be expected the stiffer non-homegeneous -1
supporting soil leads to a reduction in column load 10

redistribution compared to the homogeneous case.
5.2 Differential Settlement

The differential settlement presented is the maximum
differentizl settlement which occurs between the
corner column and the interior column closest to the
centre of the raft. Figures 4 and 5 show the varia-
tion of raft differential settlement for Kp = 1.0
and various Kp values.

ASxE, L /EP

ey
DI
D

The maximum differential settlement cbtained when
only the raft is analysed is shown as the CCL (con-
stant column load) rTesult. The constant column loads
applied to the raft were determined from a zero diff-
erential settlement analysis of the structure. The
importance of the CCL result is that all interaction
Tesults will converge to this result as Xg tends to
ZEeTo.

The results indicate that providing the structure is -3
at least as stiff as the raft, i.e. Kg>Kg, then 10 L ! ]
the maximum differential settlement is determined 0,001 0.01 0.1 1.0 - 10.0
by the total system relative stiffness, Ky, indepen- Kn

dent of the raft rclative stiffness, Kp. This diff- Figure 5. Raft differential settlement for Ky = 1.0
erential sottlement is always of the order of 50% of when Ep/E, = 2
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the maximum differential settlement of a raft with-
out a structure of the same stiffness as the actual
structure and raft. TIndicating the effectivencss
of the structure in reducing differential settle-
ments because it reinforces the raft between those
points where the maximum loads, and hence scttle-
ments, cccur. If the raft is stiffer than the
structure, 1.e. Ky * Kg, then the differential
settieoment is very sensitive to the ratio Kp/¥p and
there is considerable increase in volucs as this
ratio tends towards one.  The present value for

Kp = 1.0 can he used to indicate results for values
K¢ in the range 0.1 to 10.0. Within this range Xy
contours are practially ldentical in shape and will
intersect the CCL curve at the point where Xp = K.

5.3 Raft Bending Moments

Figures 6 und 7 show the maximum positive raft
bending moments for ¥p = 1.0 as a function of Xy,
For the frames considered the maximum positive bend-
ing moment occurs at the interior column closest to
the centre of the raft. Interaction which redist-
ributes some of this load to the peripheral columns

5.0 T T

EL:/EQTLQ
4.9
3.0F
8.
T 20
o~
13 /
"
% e
i ':_l):\) :Cg‘;/ / .
= gg‘// /, ’
- ﬁﬂ: Kr""‘)"-g\% / — 3 BAY ]
{],Sﬂ___,,_,._..,_‘—-”/ ——5 BAY ]
1A ! A 1
000 B0 A 1.0 10.0
Ra
Figure 6. Maximum positive bending moments for

Kp = 1.0 when EL/EU =1

produces a significant reduction in bending moment
most of which eccurs over the range 0.1<Kg/Kp< 1.0.
Results for other values of Kp in the range 0.1 to
10.0 can be predicted using the present results.

For (.01« KR/Ky< 1.0 all K+ contours have a similar
shape while for KR/KT < 0.0% a2ll contours asymptote
to the same value of maximum bending moment for a
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Figure 7. Maximmm positive bending moments for

Kp = 1.0 when £(/Eg = 2

given frame and Ey/E, value. Again the CCL result
is shown and it is noted that Kp contours converge
onte this result as Kp/Kr tends towards 1. A better
appreciation of the reduction in bending woment that
occurs when interaction is considered can be obtained
from a study of Table 1 which compares interaction
bending moments with those obrained frem the conven-
tienal CCL analysis.

TABLE I

COMPARISON OF RAFT BENDING MGMENTS FOR Ky = 1.0 AND

Ky = 0.1
3 Bay Trame 5 Bas Frome

Ep, ) Ej, ) By, . , EL "

i, By Fo By
No interaction
considered 106G 85 100 78

{CCL)

Interaction .
considered 46 52 24 27

Figures 8 and 9 show the variation of the maximum
negative bending mements for Kp = 1.0:as a function

of Kp. The maximum negative bending woment occurs
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Figure 8. Maximum negative bending moments for

for = 1.0 when By /8, = 1

aiong the line between an edge column and an interior
column and is influenced by the size eof the edge
column load as well as the raft velative stiffness.
Interaction between the stracturce and the raft re-
distribates load from interior columns to wige col-
umns and hence negative bending moments will increase.
For a given Xr value the maximam negative bending
moment occurs when the structure and raft relative
stiffnesses ave equal (i.e. Kp = Kg}. 1f Kg is then
increased and Ky appropriately reduced, then little
additicenal change in column loads cccurs and hence
negative bending moments reduce as Ky reduces,

Comparing the curves for the 3 bay and the 5 bay
structures in Figures 8 and 9 indicates that althou-
gh the values are greater for the 3 bay structure,
there is a greater range of values for the 5 bay
structure. Comparison with Figures & and 7 shows
that negative bending moments are generally of a
similar size to the pesitive bending mements when
interaction is considered.

Results for values of Ky in the range G.1 to 10.0 can
be estimated from the Kp = 1.0 curves shown in Figures
8 and 9 by observing the following chavacteristics.
All Ky contours have a similar shape in the range

0.1 < Kp/Kp < L0 with a maximum value when Kp = Kg.
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Figure 9. Maximum negative bending moments for

KT = 1.0 when EL/EO =2

This maximum value is essentially constant regard-
less of Kp. As Kp tends towards .00} the K¢ con-
tour asvmptotes to the CCL curve.

6. CONCLUSIONS

The interaction behaviour of a three dimensional
frame and a raft foundation c¢an be predicted if the
relative stiffness of the components is expressed
by the parameters presented herein. Consideration
of a large number of analyses of 3 and 5 bay frames
indicates the following trends:-

(i) most redistribution of column leoads occur for
0.1 « KS/KR < 10.0.

(i1) diflferential sertlemwents of o structure eaft
sysroem are dlwavs less than those for o orary
with K egoal to Kp.

(iii} for a given ¥Kp the larger the value of Kg,
then the smaller the maxiwum positive raft
bemding moments .,

(vl ftor a given K the largest negative bending
moments ocecur when Ky = Kg.

(v) differential settlements increase with the
number of bays in the structure and reduce as
the rate of increase of the soil modulus with
depth incresses.

{vi) the reduction in maxiokm positive bending
moment that occurs because of interaction
increases with the number of bays in the stru-
cture and reduces slightly as the rate of
increase of soil modulus with depth increases.

(vii} the increase in maximum negative bending mo-
ment that occurs because of interaction in-
creases with the number of bays in the struc-
ture and reduces as the rate of increase of
50il modulus with depth increases.

7. REFERENCES

AMERICAN CONCRETE INSTITUTE (1966). Suggested de-
sign procedures for combined footings and muats.
Journal of the American Concrcte Tnstitute, Vol. 63,
No. 10, p. 1041,

BROWN, P.T. (1975). The significance of structure-
foundation interaction. 2nd Australia-New Zealand
Conference on Geomechanics, Brisbane, pp. 79-82.

HAIN, S.J. and LEE, I.X. (1974). Rational analysis
of raft foundation. Journal of the Geotechnical
Engineering Bivision, ASCE, Vol. 100, No. GT7, pp.
84 3-B8060,

HAIN, S.J. (1977). A rational analysis for raft and
raft-pile foundations. Ph.D. Thesis, The University
of New South Wales, Australia.

LEE, 1.K. and BROWN, P.T. (1972). Structure found-
ation interaction analysis. Journal of the Struct-
ural Engineering Division, ASCE, Vol. 98, No. sTIIL,
pp. 2413-31. :

MEYERHOFF, G.G. {1953). Some recent foundation
research and its application to design. Structural
Engineer, Vel. 31, part 1, pp. 151-167.

TENG, W.C. (1962).
Prentice-llall,

Foundation Desipn. MNew Jersey),

ZIENKIEWECZ, OG0 (1971},

The Finite Elemenl Method
in Engincering Scicnce.

London, McGraw-1i1l1,

2-225



