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SUMMARY

In the present paper, the finite strip method has been used to model

4 structure resting on Winkler foundation over parts of the structure .
Comparsion between the resutts based on different methods {s shown. Sugg-

estions for design charts for foundation using finite strip method concl-
ude the paper.

1. INTRODUCTION

There are three basic types of foundations, namety an isolated foot-
ing, a strip or continuoys footing, and a mat or raft foundation. Raft
foundations make the settlement of ‘the subgrade material still more even
and are used §if :

- The bearing capacity of the sofl s low relative to the reaction from
structure.

The daformation of the foundation materfal exceads the atlowable vaiue.
- The soil is weak and inrhomogeneous.

- The structure is subjected to heavy and nonuniformly distributed loads.

Undger load, the raft and the associated subgrade material act tegeth-
er, theraby forming a singie system. Their interaction gives rise to what
fs known as the contact soil pressure. For design purpose, engineers dis-
tinguish rigid footings whose deflections under load are negligible in
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comparison with the deflections of the subgrade material, and flexible foo-

tings whose deflections arecomparable with the deflection of the soil. Thare
are three different methods of analysis of flexible mat foundation, the elast-
ic plate, the finite difference and the finite element method (1,2,3,4). The
fourth method developed {n the present work is the finite strip method (5) .

The finite strip approach does offer a number of advantages over alter-
native .- +hods of analysis {6). Anr important feature of the method is
that it can be used for a wide range of structures and is not specific in its
application.

2.MODEL OF DISCRETIZATION DF MAT FOUNDATION

In the finite strip method, the mat is idealized as an assembly of plates
{strips) rigidly connected together, at their longitudinal edges (Fig. 1)
Assuming a polynomial function in the transverse direction of the strip and a
series function in the longitudinal direction, the components of displacement
can be represented. From this assumption, it is clear that there are two deg-
rees of freedom, namely out-of-plan deflection {w) and @ rotation about the
edge ( B}, at each edge of the sirip as shown in Fig. 1. The applied external
load can exist in the direction of each of the above deformation.

The soil is divided into finite stripsidentical to those of the mat and
idealized as a set of isolated springs capable of resisting compression only
{9). The model is based on the assumption that the settlement of the soil at
a given point is independent of the settlement at the other points and is
proportional to the pressure exerted at that point. This modeling incorporates
a general form of the contact pressure which enables the reduction in subgrade
stiffness matrix due to localized separation between the mat and the soil to
be taken intoe account.

3. COMPARISON WITH PREVISOUELY PUBLISHED RESULTS

Two examples have been studied to investigate the accuracy of the prese-
nt finite strip method. For the purpose of comparison, different methods of
analysis have been considered. The description of each example is as follows :
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3.1, EXAMPLE 1.
The first example is a combined = 104-331 Cpm131.541
footing 579.0x239.0 cm in plan and
76 cm thick {1). 1t s designed to I7e E%t::% .
support two reinforced concrete sq- L=373 cm '
B=239 cm 1

var columns (33.0x33.0 cm and
38.1x38.1 ¢m). The columns transfer

a. Dfmenafons gnd Loads

to the footing a total vertical d = | a.
load of 235.87 t. The lcad and dim- @ @ f
) Ci @ m "
ensions of the footing are shown 1n —F
‘ @ =
Fig. 2 . N ™ m ] vl
— 579 ¢cm Y
The reinforced concrete used to b-4 Sirips ““E{ [

construct the footing is of a comp- |c “C
2 !
ressive strength equal to 225 Kg/cm ! @ @ __
and the modulus of elasticity, £
feity, €, © o
assumed to be 211.0 tfcm . The soil
is classified as a medium sand and

:ﬂifi

1
-4 411-E-]

'
*

$79 cm
c- 2 Stripv Madwel

T

the moduivs of subgrade reaction Fig. 2 Combined Footing ( Exampla §)

assumed to be 2.44 KgICma.

Solutions were obtained with the combined footing divided into
different numbers of strips between two and four strips. The deflection along
the centar line of the footing and along its edge has been determiped. The re-
sults compared better with finite difference results than with the results based
on a beam on elastic foundation {1} ac shown in Table 1. It is ¢lear that the
deflection of the footing based on finite strip method overestimates the resu-
1ts based on the beam on elastic foundation by upto 30 % in some point and
underastimates the results by up to 40‘i~ in other points. These ratios become
2% and 6 5 respectively when the finite strip results are compared with the
finite difference results.

Because the breadth teo depth ratio {b/t = 3.0) is relatively small, there
is no change in the deflection in the transverse direction as shown in Jable 1.
It is clear from this table that convergence is quite rapied with the combined
footing divided into two strips.

In Table 2, the soil reaction, shear force and the bending moment have been
calculated using the finite strip method. The results are compared with previ-
souly opublished results based on the finite difference, the beam gn elastic



C.65 Dr. Nabil Mahmoud

Table L. Deflection {em.) of the combined footing shown in Fig. 2.

Dista- Finite Strip Method Finite Beam
nce i ) difference |on elastic
2 Strip 4 Strip * |foundation
L tdge Center line Edge Center line (1) (1)
0.0 0.9131 0.9188 0.911¢% 0.9186 0.8297 1.228
0.1 0.8050 0.8098 0.8041 0.8097 0.7663 0.95¢4
0.2 0.7070° 0.7115 0.7062 0.7114 0.7090 0.716
6.3 0.6346 0.6404 0.6340 0.6404 0.6651 0.529
0.4 0.5994 0.6085 0.5%90 0.6086 0.6383 0.439
0.5 0.6007 0.6143 0.6003 0.6145 0.6306 0.415
0.6 0.6255 0.6453 0.6270 0.6457 0.6419 0.466
0.7 0.6633 0.6842 0.6631 0.6848 0.6697 Q.588
0.8 0.697¢< 0.7192 0.6975 0.7199 0.7087 0.759
0.9 0.7250 0.7456 0.7252 0.7465 0.7519 0.960
1.0 0.7480 0.7667 0.7485 0.7677 0.7937 1.158

foundation and the rigid methods. Again the finite strip results compared very
well with the finite difference results while the results from the two other

methods are different.

3.2 EXANPLE 2

For the purpose of comparison of finite strip and finite element methods of
analysis, a beam and loading as shown in Fig. 3 was chosen {S). In the finite
element analysis, three cases for the subgrade beneath the beam has been consi-
dered, Winkler's subgrade and discrete springs at 2 m and 1 m spacing. The re-
sults are summarised in table 3 and in, Fig. 3. Table 3.illustrates the distri-
bution of the contact stresses while Fig. 3 1llystrates the distribution and
magnitude of the shear forces and bending moments. It is clear that the finite
strip method results are in good agreement with the finite element results. The
difference between the results from the two methods diminish as the number of
springs increases in the second method.

4, RESULTS AND ODISCUSSION
To cover a wide range of practical cases,a typical strip (divided into twe

substrips) with variable flexural stiffness and variable subgrade properties
were used. The strip shown in Fig. 4 has been anatysed for a range
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of value of the parameter A L between 2.0 and 5.0,

N AT
&C (1)

where

L = Length of the strip

b = Strip width

¥ = Minkler's coefficient of subgrade reaction

E = Young's moduius

I = HMoment of inertia of the strip.

Table 3. Comparsion between finite element method and finite strip method results

Distance X/L -
Contact 0.0 0.1 0.2 0.3 0.4 0.5
Stress {KN/m?)
(i) 133 177 184 195 187 194
Finite Element : —_
Method (5) (1) 136 176 183 194 187 194
{(iii) 137 175 182 194 187 194
Finite Strip 129 129 153 177 198 211 216

The solution of the finite strip method for strip with constant E]1 and acted
by a concentrated load at L/2,LAorat left end are shown in Fig. 5.

When the load applies at L/2, the max deflection at that point increase as

A L facreases,while when the load applies at any of the two other points {0,L/4)
this deflection decreases asil increases. The deflection curves for AL<2, and for
any case of loading, are approximately linear. Thus, for 31 <2, the analysis based
on a rigid beam can be used. For AL>Z the flexibillty of the faundation must be
considered in the analysis. For load at L/2 the varition of the central deflect-
ion, for all valves of AL, is within 20% where.as, for loadat L/4,this value incr-
eases to 50% and 100% at £/2 and L/4 respectively. Thus, effect of this flexibil-
ity depends on the eccentricity of the applied load, and as the eccentricity decr-
cases this effect decreases.
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Each curve shown in Fig. 6 corresponds to a strip acted by a load at
the left end {x=0}, x=L/12, x=L/6, .......... from the left end. The defi-
ection is shown i{n terms of 60. where 60 is the average deflection of the
strip. This average deflection decreases as the parameter A L increases and/
or .as the eccentricty of the Toad decreases.

These curves are useful in practical problems, and can be used as design
charts for isolated footing, combined footing, strip footing and mat foundation.
First divide the footing intoa number of strips bxt, where b is the width of
the strip and t its thickness.. Knowing the coefficient of subgrade reaction k,
the value of X is computed from Eq. {1}. Choose the chart corresponding to )L,
where L is the length of the strip. For every applied concentrated load Pi
choose the applicable curve and from the equilibrium equation.

L
bk of sdL (2}

-
n

The coefficient C depends on the area under the curve and is shown in Fig.
6. Obtaining 60 the actual deflection curve due to the applied load Pi can be
calculated. Superimposing the actual deflection curves for atl the other appl-
jed concentraied loads, the overall deflection is known and thus the distribut-
jon of the stresses on soil can be obtained from

g =KS. {4)

hence the actual bending moment and shearing force on each strip can be calcu-
Tated.

For the purpose of illustration assume a column footing 400x200 c¢m fn plan
and 40 cm thick. It is designed to support a reinforced concrete column {120x30cms)
that transfers to the footing a vertical load of 200 t. The load and dimens-
ion of the footing is shown in Fig. 7. The Winkler's coefficient of subgrade
reaction = 0.0025 t/cm® and the Young's modulus = 210 t/cm?. From Eq. (1).

b}
AL

i

rt.ed . (6)

4.86 x 1073 cm ! {5)
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Using Fig. 6.a. where AL = 2.0 and choose the curve for x -+ , the value

Dr. Nabil Mahmoud.

of ¢ 4is found to be 0.8980. The average deflection 6, can be calcuiated

from Eq. (2) and Eq, (3).

éo = 1.020 cm

The deflection and the stress on soil are given in Table 4.

From this

table the bending moment and the shearing force can be calculated at different
sections. The destgn bending moment according to ACl Code
where the stress on sgil is assumed to be vniform and equal 2.5 kg/cm? as shown

= 45.56 t.m

in Fig. 7. The corresponding bending moment based on finite strip method =

40.132 t.m.

[t is clear that the ACI Code overestimates the present results by about
13% . As the factor AL decreases the footing will act as a rigid plate and the

finite strip results will become closer to AC! Code results.

Table 4. Deflection and stress under fsolated footing.

Position 0.0 a.} 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Defle. 0.737 0.888 1.027 1.150 1.233 1,265 1.260 | 1.150] 1.013| 0.849| 0,665
(6), cm '

Stress 2 1.750 | 2.170 | 2.550 | 2.875 3.120 | 3.163| 3.120 | 2.875/2.550| 2.170| 1.750
(o},kg/em

5.CONCLUSION

The finite strip method, used for a wide range of structures,has been deve-

loped by the author to analyse  structures restinrg on elastic foundation.

The

analysis involving the concept of the modulus of subgrade reaction is applicable
to localized compressed sof! only. A computer program based on the present meth-
od has been developed and the results have peen tested for different structures.
For practical purpose, design charts for a wide range of AL{2,3,4 and 5)

presented with appiicable illistration example.

that :

are

From these results,it is clear
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The finite strip method results are in geod agreement with previous
published results.

The results based on Winkler's analysis tend towards the rigid-beam
solution for X L Yess than 2.0.

The ACI Code averestimates the present results by a factor of safety that
depends on the rigidity and the length of the footing and the type of
subgrade soil. (i.e. on the factor xL).

For AL>2 {within the considered range) the conventional methods of fou-
ndation design overestimate the actual straining actions and underest-
imate the maximum stress on soil.
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