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Purposes”

Lol 1 o g8l cans Al 4y 5 e Jase Ldiiad (uba) pea A il Jo L Jad daiie Adalaa
dlaad) cilaladiud

Fawzi Abu Al-Adas*!, Abdul Razzaq Tougan? & Mahmud Dwaikat?
Gl 9 gana (G gha (3150 e cuand) g3l (5550
! M.Sc. graduate student, faculty of graduate studies, An-Najah National

University, Nablus, Palestine. > Department of civil engineering, An-
Najah National University, Nablus, Palestine

*Corresponding Author: f.abuadas@live.com
Received: (16/6/2016) Accepted: (24/1/2017)

Abstract

The non-uniform settlements represent a big challenge for the
structural engineers because of the problems caused by this phenomenon,
where many cracks in the walls, columns and slabs occurred due to the
non uniform settlements, which ranges from small cracks to major cracks
that threat the safety of the building and the residents. Along the years,
the geotechnical engineers have developed many methods to find the
settlements in soil. However, these methods need certain expertise in the
properties and the conditions of soil and some other tests, which the
structural engineers in Palestine lack of such expertise. Therefore, and
because of the importance of the soil structure interaction, this paper
focuses on a simplified method to estimate the settlements of soil, where
by using simple equations the settlement of soil can be predicted with
acceptable accuracy for the practical purposes, like design or field
checks.

Key words: Soil-Structure interaction, Soil settlement, Displacement
of structure, Modulus of elasticity of soil, Direct approach, Finite
elements.
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1 Introduction

It is well known that structure and soil can be considered as one
system that bears the external forces as one unit. Thus, understanding the
interaction between soil and structure is a key element for the structural
and geotechnical engineers. The debate is generally about the quantity of
the interaction and the significance of each part. What is currently
available for engineers are assumptions that have been used to simplify
the analysis and the calculations.

Generally, two main assumptions are commonly used: the flexible
soil-rigid structure assumption, which is adopted by the geotechnical
engineers, and the rigid soil-flexible structure, which is used by the
structural engineers to (Lai & Martinelli 2013). However, these
assumptions do not reflect the real behavior of the soil structure
interaction, where both the soil and structure are flexible, and realistic
model of structure and soil interaction can lead to an optimal and
economical structure (Breeveld, 2013).

Underestimating the soil structure interaction effects leads to
structural problems that sometimes cause severe damage for the
structural elements. For example, consider a structure built on two types
of soil with a significance variation in stiffness. Ignoring the soil
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differential displacements will lead to non-uniform settlement that will
cause unexpected stresses on the structural members, which sometimes
may lead to failure.

Many methods were followed in order to deal with the soil-structure
interaction problem. There are the direct and the indirect approaches.
According to (Lai & Martinelli 2013), in the direct approach the soil
volume and the structure are both part of the same model which is
analyzed in a single step by using one of several numerical discretization
techniques (e.g. Finite Element Method, Spectral Element Method, Finite
Difference Method, etc.). That means the direct method depends on the
actual modeling of the soil as three dimensional multi-nodded elements
using a finite element tool with the actual properties of the soil, in
addition to the modeling of the structure with its actual properties. This
method is the most accurate method, but the disadvantages of this
method are many, including the difficulty of the analysis, the long
calculation time, the need of certain expertise in mathematics and finite
elements theory and tools, and the need of detailed information about the
soil.

On the other hand, the indirect method which is defined by (Kausel
& Roesset, 1974) as a “technique by which a soil structure interaction
problem is solved by decomposing the superstructure-foundation-soil
system into two subsystems”. The response of the overall system is then
obtained from the application of the theory of superposition. This method
is considered easy to implement and not time consuming. However,
because it is built upon simplified assumptions, it gives approximate
results and has a lot of limitations.

(Das, 2009) states that in general, settlement of a foundation consists
of two major components, elastic settlement and consolidation
settlement. Also he sorts the settlement calculation methods into three
main categories depending on the methodology, which are:

1. Methods based on observed settlement of structures and full scale
prototypes. These methods are empirical, and depend on the results
from empirical tests, like standard penetration test (SPT) and the
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cone penetration test (CPT). Many methods are developed to find the
settlement empirically: Terzaghi and Peck (1948, 1967), Meyerhof
(1965), DeBeer and Martens (1957), Hough (1969), Peck and
Bazaraa (1969), and Burland and Burbidge (1985).

2. Semi empirical methods. These methods are based on a combination
of field observations and some theoretical studies. They include the
procedures outlined by Schmertmann (1970), Briaud (2007), and
Akbas and Kulhawy (2009).

3. Methods based on theoretical relationships derived from the theory
of elasticity. The relationships for settlement calculation available in
this category contain the term modulus of elasticity of the soil.
Equations 1 and 2 are based on the theory of elasticity for area loads
(Das, 2008):

B
&‘comm‘:j_ﬁ.(l_uzjx ‘r'; (1)
ﬂce‘ntﬂ=%(1_uzj *‘IQ (2)
Where:

q: external pressure value.

A: elastic settlement of soil.

B: width of area load.

E": modulus of elasticity of soil.

U: Poisson’s ratio.

I5: influence factor that depends on the dimensions of the area load

(Das, 2008).
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However, the previously mentioned methods are geotechnical
engineers’ specialty, which makes it difficult for structural engineers to
apply because it requires certain expertise and knowledge in geotechnical
engineering. Therefore, the aim of this paper is to fit a simple equation
that can be used to calculate the soil settlement easily with acceptable
accuracy, in order to facilitate the practical needs for the structural
engineers.

To achieve this purpose, a detailed three dimensional structural
model is created for the problem using SAP2000 (CSI, 2010), and the
settlement of the soil and the displacement of structure are obtained for
various set of parameters of the model. Then these results are normalized
and fitted to a simple equation which can be used to predict the
settlement of soil. In order to simplify the procedure, the normalized
results will be presented as ratio to the total displacement. The ratios of

Azpil

soil settlement to total displacement and the ratios of displacement

total

Srructure

. A . .
of structure to total displacement are obtained. The importance

total
of this step is that the settlement of soil can be found by finding the

displacement of structure and knowing the displacement ratios.
2 Finite elements model description
2.1 Geometric properties

The used model for the problem is chosen to be as simple as
possible. A square column with vertical stress applied to the top of the
column, and a square single shallow footing placed on a soil. The square
shape is used to simplify the calculations and to reduce the number of
variables. Both the structure and the soil are defined as three dimensional
multi nodded elements using the finite element tool SAP2000.

According to (CSI, 2010), the solid element is an eight node element
for modeling three dimensional structures and solids, which is based
upon an isoperimetric formulation that includes nine optional
incompatible bending modes. Each element has its own coordinate
system for defining material properties, loads and for interpreting output.
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The size of the mesh is selected from previous experiences based on
achieving sufficient accuracy and to reduce time of analysis. Trial and
error approach is followed by changing mesh size unit and it is conceded
that stress and strain results do not vary significantly. The mesh sizes are
selected to gradually decrease when moving towards the structure in
order to satisfy acceptable accuracy of the results. Figure 1a shows plan
sketch for a representative model, while Figure 1b shows a cross section
sketch. Figure 1c shows a representative meshed plan and Figure 1d
shows a representative meshed section.

2.2 Model parameters

The chosen parameters of the model as shown in Figure 1 are: the
dimension of footing side I, the dimension of column side c, depth of
footing d, height of column h, compression stress assigned to the top of
the column &, dimensions of soil, which are fixed as 25m*25m area with
15m depth, in addition to the stiffness of soil, which is considered as a
main parameter.

Poisson’s ratio that is used is 0.3, which represents the average of the
ratios of the soil, and this ratio exists in all the soil types. Using Equation
1 and 2, it is concluded that the maximum error for the higher and lower
ratio does not exceed 15%, which is acceptable.

2.3 Materials description

The materials of soil and structure are assumed fully elastic,
homogeneous and isotropic in order to simplify the model (Kocak and
Mengi, 2000). The soil is assumed to be dry with no water pores in order
to find the immediate settlement only and ignore the consolidation
settlement (Bowles, 1982). According to (Bowles, 1982) this method is
“used for all fine-grained soils including silts and clays with a degree of

saturation S = 90 percent and for all coarse-grained soils with a large
coefficient of permeability”. The modulus of elasticity of soil can be used
as a main property and parameter for the calculations, where it is
considered one of the acceptable methods used to find the settlement of
soil (Das, 2009), and as (Holtz and Kovaks ,1981) stated “the immediate,
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or distortion, settlement, although not actually elastic is usually estimated
by using elastic theory”. The structural material of the column and
footing is concrete, and it is considered to behave elastically with
modulus of elasticity of 24500 MPa. The soil is considered elastic and
stiffness used for soil vary from a very soft soil of 5MPa modulus of
elasticity, to a very stiff soil with 10000MPa modulus of elasticity
(Geotechdata, 2016). The materials for both soil and structure are
assumed weightless, in order to ignore the settlement due to the own
weight.

25m = ‘

15m
25m

(c € d

Figure (1): a) The plan of the model. b) The elevation of the model, c)
Plan view of the meshed model. d) Side view of the meshed model as
simulated in SAP2000
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2.4 Basic assumptions
In order to reduce the number of parameters, the parameters are

normalized as: width of footing side to depth of footing G) width of

column side to length of footing side G) and the ratio of the soil

- - .. E -
modulus of elasticity to the concrete modulus of elasticity—=2—,

ESIJ"II crture

where E trpeture 1S CONsidered to be represented as the modulus of
elasticity of the material used, which is the concrete. The normalized
ratios are considered the main variables, while the column’s height is
assumed constant with 3m, and the stress is assumed constant with the
value of 6000kN/m?, which represents the average service load capacity
of the reinforced concrete column. Although, as the results are ratios of
the total displacement in elastic conditions, the stress has no significant
effect on the ratios due to the elasticity of the materials.

Because of the large dimensions that are assumed for the soil, end
restrains have negligible effect because the amount of stresses at the
edges is negligible. Beneath the depth of the soil, a layer of rigid bedrock
Is assumed. The base joints of soil are restrained with pin supports. The
interface between the joints of the footing and the soil is assumed
continuous, and separation between joints of footing and soil due to the
shear deformation is ignored as the frictional forces on shear are very
small and negligible for the case of vertical forces only, where the
horizontal forces are neglected in this study.

3 Procedure of analysis

. . . Agpi A . .
In order to find the displacement ratios (—2L —SETUCEUTe) iy cortain

] total *':"mm_.!
model, the raw displacement values are found by analyzing the model

for each set of parameters. Once the total displacement and the soil
displacement are found, the displacement of structure can be obtained by
subtracting the two values. The same model is analyzed using different
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. I c
parameters. For a certain (E) value many (E) values are used, and for a
. c . .
certain (I) value all the proposed soil materials are used. Random
. I
geometrical parameters are used. There are: (E) values of 3, 6 and 8.

And G) values of 0.15, 0.2, 0.25 and 0.3.

4 Results and Discussions
I
Table 1 represents a tabulated raw output data as a sample, for (E)

value of 6 and G) value of 0.15. The table shows the total displacement,

soil displacement, structural displacement and the displacement ratios.
A Asoi
structure and soil

Figure 2 is a representative diagram that shows
Aroral Aroral

curves for the model with values G) =6 and G)zO.lS.

Figure 2 clarifies the limits of the main two assumptions mentioned
earlier. The rigid structure-flexible soil assumption can be applied for
soft soils, and it is obvious from Figure 2 that for small value of

Ezoil Agpil

the value of —— is approximately 1. On the other hand, the
E:sr;f'uctu{'e . Atotal . . . .
rigid soil-flexible structure assumption is applied for structures built on
Ezoil

hard soils, which gives high values of , and from Figure 2 the

ESE'J"H cture

A . Ecoil . .
value of —SUEHIE fo high —=2 js approximately 1.
total Eztructure

I c

By reading all the resulting curves for all set of (d) and (z) ratios, it

Ezoil

can be said that for of 4+ 10™* or less the rigid structure

ESIJ"L[ crture
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flexible soil can be safely used, and for —Fsoil of 0.4 or higher, the
) o ) Estructure
flexible structure rigid soil can be used safely. This means that for the

modulus of elasticity ratio ranging from 4 = 10™*to 0.4, both the soil
and structure cannot be considered rigid, and the relative flexibility of
soil and structure must be considered in calculation of settlements. The
physical meaning of the intersection in Figure 2 is that for a certain
modulus of elasticity ratio, both the soil and structure has an identical
displacement, and each one shares half of the total displacement.

Table (1): Representative sample showing the results from SAP2000
model, with G) =6 and G’) =0.15

. . . A
E Soil A total . A E Soil/ A Soil/ Structure/
mm A Soil mm | Structure E A
MPa mm A total

Structure | Total

5 33.35 32.40 0.93 2.0E-04 | 0.97 0.03

10 17.30 16.35 0.93 4.0E-04 | 0.95 0.05

50 4.44 3.51 0.93 2.0E-03 | 0.79 0.21
100 2.81 1.88 0.93 4.0E-03 | 0.67 0.33
500 1.45 0.50 0.93 2.0E-02 | 0.35 0.65
1000 1.23 0.30 0.93 4.0E-02 | 0.25 0.75
5000 1.02 0.09 0.93 2.0E-01 | 0.09 0.91
10000 0.99 0.06 0.93 4.0E-01 | 0.06 0.94
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. . . . i Aggi
Figure (2): A representative diagram showing ‘*;';":;'” d ﬂ:i‘; curves
o il

for the model with values G) =6and G) =0.15.

Figures 3 through Figure 5 show the soil displacement ratio
diagrams, while Figures 6 through Figure 8 shows the ratio of structural

Ezpil

displacement. The logarithmic value of is used to refine the

) ) Estructure .
drawings into more understandable drawings, and to facilitate the data

fitting.

The diagrams confirm the limits of the main two assumptions
mentioned earlier. From Figure 3 through Figure 5 for small value of

Esoi Bsoil ; . _
50t the value of —2% s approximately 1. Moreover, from Figure
Estrucrure total
- . E - .ﬂ .
6 through Figure 8 for high value of —=2%— the value of —Z-CUCHILE g
Estructure Aroral

approximately 1.

. . .. . Eeni
It was noticed that for a certain modulus of elasticity ratio ——soil__

ESIJ"IICIL[J"E
the soil displacement ratio increased with the increasing of (E) and G)
ratios. This can be explained using the mechanics of materials principles.
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The increase of these two ratios will affect the stiffness difference
between the column and the footing.

. c . . - .
Increasing f value will increase the dimensions of the column,

which will increase the stiffness of the column, or reduce the dimension
of the footing reducing the stiffness of the footing. On the other hand,

increasing G) value will reduce the depth of the footing, which will
reduce the moment of inertia. It is noticed from Figure 3 through Figure

(8 that G) effect is significant, and any change will affect the results.

However from Figure 9 it is noticed that (E) effect is less significant

than (E)
I

—4—1/d = 3 ¢/I= 0.15

\ o6 / /
—m—1/d=3c/l=02
\\\:\l\\\( 0.4 I/d =3 c/I= 0.25
. ——1/d=3c/lF03

]

A soil/A total

Log(Esoil/Estructure)

Agml

Figure (3): The change of ﬂ:.m curves for G) value 3 and various

C
(I) values.
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A soil/a total

—+—I/d=6¢/I=0.25

\%\’\\ |

i fd = 6 ¢/I= 0.3

T T T T U . 1
-4 -3 -2 -1 0 1 2

Log(Esoil/Estructure)

Figure (4): The change of fﬁ curves for Gi) value 6 and various

o
(E values.
Y 0.8
E \%‘ —4=—|/d=8¢/l=0.15
z \ \\ o —=—1/d=8¢/l=02
< \ 04 —#—1/d=8¢/I=025
2 I/d=8c/1=0.3
i 3 2 -1 0 1 2
Log(Esoil/Estructure)

Figure (5): The change of fﬁ curves for GJ value 8 and various

T
(E values.
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—4—I/d =3 c/l=0.15

—m—I/d=3c/l=0.2

—e—I1/d = 3 ¢/I= 0.25

A structure/A total

—=|/d=3c/l=0.3

Log(Esoil/Estructure)

. . Astructure] Iy _ ;
Figure (6): The change of g CUTVES for value (A) =3 and various

T
(E values.
SE.. ;/,’/ - ——1/d=6c/l=0.15
g / / o —m—1/d=6¢/l=0.2
E / A/ 6:4 —a—1/d=6¢/l-0.25
= j é : 82 ——1/d=6¢/I=0.3
4 3 2 1 0 1 2
Log(Esoil/Estructure)

Figure (7): the change of ﬂ%::l“’] curves for value Gi) =6 and various

L
(E values.
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Figure (8): the change of %ﬂl curves for value (E) =8 and various
G) values.

— = T

& soil/ total

6:6 —4—L1/D=3C/L=0.2
0.4 —@—L1/D=6C/L=0.2
04

L L/D=8C/L=0.2

Log(Esoil/Estructure)

Figure (9): The change of ;TEE curves for G) value 0.2 and various GJ
values.

Changing the ratios will lead to flexible behavior in the footing due
to the stiffness differences between the column and the footing, which
will affect the stress distribution from the footing on the soil and increase
the magnitude near the column which will cause higher soil settlements.

The slope of the curves can be related to the stresses in soil and
structure. The slopes of most curves are almost identical as can be seen
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from Figure 3 through Figure 8, this behavior is expected because the
materials are assumed elastic.

It can also be explained using the practice of the footing design.
When the stress of the structure affecting the soil is higher than the
bearing capacity of the soil, the designer must increase the footing area in
order to increase the distribution area on the soil and decreasing the stress

magnitude. This practice corresponds to changing G) ratio by

decreasing it, which will give a lower —soll atio. Although, decreasing

total

c . I . Acni .
(I) values will increase (E) thus increase —2L g little, but because the
total

effect of changing G) value is much higher than changing (é) value,
the settlement of soil will decrease.

5 Data fitting

5.1 General equation

In order to use the data for practical reasons, it is important to have a
general equation that can be used to predict these data for any similar
structure with similar conditions.

The curves can be fitted using a type of the logistic function
(Weisstein, 2016), which is governed by the following equation:

X
fO) = —=o=p (3)
Where:

X4: is the curve’s maximum value.
k: is slope of the curve.

Xg: is the x value of the Sigmoid's midpoint.
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After fitting the data, Equation 4 and Equation 5 were concluded to

find the displacement ratios. k gives a values of the range 1.85 to 2.1,
thus the average is approximated to the value 2, and the calculations are
adjusted for this value

Asoil _ 1
Atotal  1+e2-(108(51)+x0) (@)
Astructure _ 1 _ 1

Atotal 1 1+e2+(10g(5r) +x0) 5)
Where

Esnil
Sr=—=%— 5
Estructure ( )
X, = In(a) * In G) -
{ - I

a = 0.0043 (E) +0.0443 (E) ~3.1721 ®)

5.2 Equation verification

To test that the equation converges to the results of the cases of upper
and lower limits of the modulus of elasticity ratios, the following
calculations have been conducted. For the flexible structure rigid soil

assumption, the Sr value is @0, and the structure must participate of
100% of the total displacement.

'ﬂsnil . 1 .
'ﬂ‘total N 1 + g2*(log +x,) N
A

structure _ 1 . 0 _ 1

&‘total
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On the other hand, for the rigid structure flexible soil assumption, the

Sr equal zero which gives exponential value of —co.
'ﬁsoil . 1 -1
'ﬂ"tc:tal N 1 4+ e2#(log(0)+x,) B

&‘structu re

'ﬂ'tc:tal

The equation that resulted from the data fitting is further validated

: : - . I
against other independent finite element results with new values for (E)

and G) ratios, where the displacement ratios were calculated for random

ratios and compared with the finite element results in Figure 10 and
Figure 11. The calculated values of the slopes of the curves are around
between 0.98 and 1.02, which is considered an acceptable value.

0.6

Slope=1.0208

R*=0:9846

0.5 /
0.45 /

0.35 /u

0 2

¥

0.55

Asoil/Atotal equation

0.25

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

Asoil/Atotal SAP2000

Figure (10): ;STE from SAP2000 vers,usﬂ‘?:T'i‘_”l from Equation 4.

As a comparison, Figure 12 shows an example for the structure
displacement ratios results from the finite element tool SAP2000, and
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from Equation 5 with the variables values G) = 4 and G) = (.2 for

various modulus of elasticity of soil. From Figure 12, it is obvious that
the two results are approximately equal.

0.75
Slope=0.984
0.7 RZ= Uy
0.65

0.6 /

0.55

0s W
o

g

0.4 T T T T T 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Aztructure/Atotal equation

0.45

Astructure/Atotal SAP2000

Figure (11): ‘Tﬁ from SAP2000 versus‘h‘;’“ﬁ from Equation 5.
t t

/ ——Eq2
/ h ——SAP2000

A structure/a total
D o
[»

Log(E soil/
E structure)

Figure (12): results from the finite element tool SAP2000, and from
Equation 5. The variables values are G_) =4and (5)=0.2.
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6 Conclusions

Using a square footing of width | and depth d with a square column
of width ¢ and height of 3 meters, several points were concluded.

- : . I
— The settlement of the soil increases by increasing the parameters (E)

)

— Equations were developed that can predict the displacement of the
soil with acceptable accuracy by knowing the displacement of the
structure, using any structural analysis program, and by knowing the
modulus of elasticity of the structure and the soil.

— It is concluded that the effect of G) ratio is more significant than
the (é) ratio, where any small change of G) ratio changes the

displacement ratios significantly, while changing (E) ratio gives a
small change in displacement ratios.

— The main assumptions used in structural and geotechnical
engineering were discussed, and from the data resulted from the
models, the limitation for each assumption is found from the main
displacement ratios curves. Therefore, for soil modulus of elasticity

Ezoil

ratio of 4= 10™* or less, the fixable soil-rigid structure

ESIJ"HCIHJ"E A L. A
can be used safely. While, for modulus of elasticity ratio of 0.4 or

higher, the rigid soil-flexible structure can be safely used. However,

for the modulus of elasticity ratio of 4 = 10™* to 0.4, both the soil
and structural displacements must be calculated.
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— This method can be used as footing design method. The designer can

. . . . I
choose a suitable displacement ratio and assume suitable (E)' Then,

the needed G) ratio can be found from the curves or the equation,

and by knowing the width of the column, the width and the depth of
the footing can be found. However, it must be noted that the footing
dimension must be checked for the shear and punching shear forces,
and the bearing capacity of the soil must be taken into consideration.

— It was noticed that the equations have limitations for certain G)

I : I
and (E) ratios, where for G) value of less than 0.15 or (E) value
more than 8 the equations failed to predict accurate settlements.

Decreasing G) ratio would not be practical and most of the footing

area would not be as effective. While increasing G) ratio will cause
a sever reduction in the rigidity of the footing, which gives it flexible
behavior comparing with the column rigidity, which will affect the

stress distribution.

— Noticing that all the previous models were simple models of very
simple structure, it is predicted to have certain errors if applied on
frames. Small errors are expected if the soil beneath the frame was
considered uniform of the same soil property. On the other hand,
considerable errors are predicted in the actual displacements for
frames with different types of soil. The unequal properties of soil
will cause a less displacement than the calculated for the weak soil,
and higher displacement for the stronger soil.
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