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Abstract Thas study presenis a new approach for physical and malenal modelling of space
frame-rafl-sml system. The physical modelling consisiz afl a modified Timoshenke beam bending
clement walh sia degrees af freedom per node 1o model the beams and columns of the superstructure,
a imwdified Mindlin's plste bending element with five degrees of freedom per node 16 represent the
siroitural slabs and raft, and the coupled fimite-infmie elements wath three degress of freedom par
mode to mode] the soil media. The constitutive modelling involves the use afl ibe Byperbolic model
b account for the soil ponlinearity. The applicsbality of the propossd physicsl mode! s demonstrated
by analysing a [our siorey, five bay by three bay space frame, Morever, an attempt has been made
to compare the linexr and nonlinear interactive behanvior of the space frame-raft-soil system.

Key Wards Mhysscal Modelling, Cosstatutive Modelling Modified Thimodbenko's Beam Bending
Element, Seredipity, Hyperholic Model, Junction Trestmeni
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INTRODUCTION

The physical and material modelling of the space
frame-raft-soil system has been the concem of the
warious rescarchers for a long ome, Haddsdin [1]
propased the substructure approach for investigating
the effect of ineraction on the hehavior of the space
frames, and Hain and Lee [2] propesed the ratonal
annlysis of space frame-rafi-so0il system, The
supporiing soll was represented by either of the two
types of soil models { Winklerand hal [ space models),
Comparison of the interactive behavior of a seven
storey space frame was made using cither of the twao
soil models. King et al. |3.4,5] suggested the finite
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element method for the analysis of rafied
multistoreyed space frames. Sankaran and
Srinivasaraghavan [6,7] presented a parametric study
iNuserating the effect of the rel ative stiffness berween
supprestructure and foundation and that berseen soil
amed the foundation on differential senlement of a
square raft resting on an elastic homogensous soil
system using the finite element method, The effect of
the progressive loading on the inerictive behaviorof
the space frame was studied by Navak et al, [R] and
Browmn et al. [9]

The review of the literasure indicates that most of
the early investigntors represent the supporting soil
mass by either the winkler on the half space models
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where a linear stress-strain relationship for the soil
was assumed. The finike element modelling was
based on the vuncaion approsch, Moreowver, the
effecy of stiffness of structural slab on the interactve
behavior of the structure-foundation-soil system was
ignored.

Thus, kecping the above shomcomings inmind an
attempt is made in this study to account for; -(aj- an
improvement in the physical modelling in terms of
physical representation and computational cost (bj-a
nonlinear stress-strain relationship of the soil, and
{c)-the representation of the structural slab as an
iniegral pan of the superstruciure.

FHYSICAL MODELLING OF SPACE
FRAME-RAFT-S0IL SYSTEM

The physical modelling of space frame-raft-soil
sysiem is represenied by the following elements:

{a) Three Noded Parabolic [soparameiric Beam
Bending Element with 6 DUOLF per Node

The present beam bending element {Hinon ew. al.
[10] and Viladkar et al. [11]) has been used to
represent the beams and columns of ihe superstnocture,
Moreover the fommulation of this element is such tha
(Nosorened [1Z]) i allows for the deformation due o
tramsverse shear (Figore | a-c), i. e,

a,:-%‘u; (13
and
ﬂ:=§-—+¢, @

where, ¢, and ¢, are the rotations due to shear in XZ
and XY planes respectively. (Figure 1 b-c)

The generalized forces acting on the element
section are defined as follows:

Axial forces: Pxw H.EE (3)
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{¢) Cross-Sectional Deformation of the Ream in 2-2 Plane

Flgure 1. Thres noded soparameins: beam bending clement i
[, 0, Finode)

Shear forces: Py=5.*=ﬂﬁz-g‘—?}. and
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Bending Moments: Hr-EL%— El,%. and
M;:gt,ﬁ_ {5)

ax
Torsional moment; Mx=0J ? (a)
x

where, A=cross sectional area, El, = El, = Flexural
rigidity, = Constant which allows forwarping effect
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= 1.2 (in this case) J = Polar moment of inertia and
GeShear Modulus,

With these pieces of information in hand, the
generation of stiffness matrices can be carmed out in
usual manner,

ib) Eight noded isoparametric plate bending
element

This element (Figure 2b) is the modified version of
the clement presented by Hinton and Owen [10]
which includes two sddinonal degrees of freedom
due toanplane action. This isoparametric plate bending
element can allow for deformation due 1o transverse
shear as:

v

v
= (7
.

[ ==a—l+ﬁ anid
where ¢, and ¢, are the average shear rotation of the
midsurfnce nomals as indicated in Figure 2a. The
detailed formulation of this element hiss alresdy béen
presented by Godbaole, et al, [13] and it has been used
in this study for the discretization of the structural
slnb as well as the raft,

{ch Mapped infinite elements

Thie sight and sixteen noded infinite elements with
Ifr and 11 types of decay which are compatible
writh the eight and sixteen noded isoparametric finite
elements have been used for the discretization of the
unboundsd 201l domain. These elements with theie
functicns are presented in Table 1, The coupling of
these elements with conventional finite element, their
implemientation in the finite softwane, and tharvalidiny
are explained by Viladkar et al. [14]

TREATMENT OF JUNCTION BETWEEN
BEAM, PLATE AND 3-D BRICK ELEMENTS

In the couple finie-infinite elements idealisation of
the space frume-raft-soil system., the isoparmmetric
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beam bending clement with six DUOCF per node (u, v,
w, Bx, By, Bz) has been used for represeting bewm and
columns, and plate bending element with five DLOUF
per node (u, v, w, 8x, B2 has been used 1o represent
the raft and the structural slabs, while, 3-D brick
clements with three D,OLF pernode (u, v, w) hasbeen
utilised o mode] the soil medie, A rypical connection
of these three types of elements has been
demonestrated in Figure 2 . The junction between
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Figure 2al, Deformation of the cross section of plale of
homogeneous section, (b). Pambolic tsoparametric plate
element {e). Junction of beam, plabe and beick ebemenis,
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Table 1. Mapping'Shape Functions for 31 Serendipily Type Isoparametric Infinite Elements.

Type of Element  Element Figure Mapping Shape Functions
(1/r) type decay (1r) type decay
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(Tahle 1. Contd...)
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these element has been given special treatment by
rearranging the global stiffress mamix of beam
element for compatibility with the corresponding D.
0, Fofthe plate element. The additional 0. O. Fof the
benm element aswell as of plate element are eliminamed
in the solution procedure by specially developed
Fromtial solver (Godbaole et al, [15])

CONSTITUTIVE MODELLING OF SOILS

The stress-strain behavior of 20l mass s essentialy

138 - Val. 8, Mo. 3, August 1995

nomlingar, The nonlineanty significantly inflsences
the hehaviorof any structure-found stion-soil system.
In most of the ey investigations inlo soil-structure
interaction phenomenon, it 15 assumed that the stress-
strain response of the soil mass is linear, panicalarly
because the solution is then achicved in a single step.
Ini this study, an anempl s made w0 account for actual
nonlinear behavior of 2o0il obtained from riaxial west
dlata.

Due to the generality of the hyperbolic model and
its ability io represent the siress-strain behavior of
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soil ranging from clays amd silis throogh sands,
pravels and rockfills, it can be used Tor panly or fully
saturmted soils, and for dmined or undrained loading
conditions in compacied earth matenals or naturally
oecunng soils (Duncan, [ 16]). Hence it is possible o
make wse of such a model in the nonlinear interactive
analysis of framed structure-foundation soil
interaction for predicting the behaviorofthe strsciure.
Moreover, its implementation in the fimte element
softwane 15 ot complex,

O the basas of the hyperbolic approach suggested
by Kondner, et al. [17] and Duncan, et al. [13], the
tngent Young's modulus and tangent Poisson s mtio
of soil wre expressed as

i

y 1

firm I_R-u{l -mﬂ}tm:ﬂﬂ E: s
Heoo@ +emaaEn @ )

ol
G-FLngt';—’I

e (9)
.Ill_fﬂl-ﬂllldlll
VoA

where

E=K p.["_’) { 10a)

P

ol

A I_Rq{l-ﬁﬂ}!m-m.] E, (10b)
Zix cos i + oy 50 )

Rop={c - o) i/ (0 = & [ 10c)

where,
¢ = tohesion,
Ry = failin: ratio,
& = Angle of intemal friction
k = modulus number
P, = stmospheric pressune
n = exponem
G = the value of w, ot umit atmosphenc pressune
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F = the rate of change of initial poisson ratio, v,
with confining pressure, o,
d = the parmmeter expressing rate of change of
u, with strain
However. inthis study a constant value of poisson’s
ratio, is chosen and the tangant modulus E has been
varied in the analysiz on the basis of the stress level.

NUMERICAL EXAMPLE

refinition of the problem
The proposed physical model has been used for the
interactive analysis of o four storey, five bay by three
bay space frame-raft soil system (King et al. [3.4.5]).
Figure 3 shows the isometric view of the space
frame raft-soil system. The layout details of the frume
are shown in Figure 3b. Figures 3¢ and 3d show the
fromt and side elevations of the frame along with
otherdetails. The peomctrical details of the frame, its
componenis and the mft are presented in Tahle 2.
Figure 4 shows the coupled finite-infinite element
discretization of the entre system including
superstuctune, raft and soil medium using a quaner
Table . Geometrical details of space frame and raft

Al Mo,  Struciure Component Size

inh 12 (31 141

L Frame Mo of sireys 4
N of bays §x3
Seorey height (m) i85
Ray width {m) S0
All beams (meem ) (0D 6T)
Intenor columm of
ground and first ({80 =) 400)
floor {msxm )
Dher columns {36 0.36)
(mxm}

1 Raft Plan size (mxm) (35 x15.]
Thickress (m) .40

3, Strisctiaral slab  Thickness (m ) 018
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Figure 3. Geometric delails of the space [rame

symmetry. Figure 4 also shows the discretization of
top floor slab in detail. The slabs of other loors have
also been idealized in a similar manner. The loading
patterm on the structure and the rafi are <hown in the
Figure 5.

The validity of the proposed physical model
the behavior of the space frame with and without slab
effect have been already discussed in detuml by
Godbole, etal. [13] Here, the effect of soil nonlineany
hais beenhighlighted and the emtire nonlinear analysis
has been carfied out by using the irerative solution
technigue.

SOIL NONLINEARITY

In order 1o consider the effect of soil nonlinearity,
nomally the stress-strain curve for soil obtained
from Iahoratory triaxial tests. for different confining
pressures should be considered. In the present study,

the range of the nonlinear soil parnmeters pesenied by
Duncan [16] is considered. Table 3 shows the
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numercal values of various soil paameters such as,
k, n, Ry cic. (Equations 10a, b, and ¢} required 1o
determine the tangenet modulus of soil, Ey, (Equion
R) ar any deviatoric stress level in soil. The initial
tangent modulus of soil, E; has been considered w

Table 3, Soil constants reguired fo defineg hyperbolic
muade] | Ducan [16])

81 No. LConstunts Symhol  Value

inp LF 4] {3 i4]

L Angle of sheaning resistance il 4
in degress

Intercepl of iranslormed 4 L5000
bypartals

i Coheswon (kn/m?) E 50.0

4, Slope of rmnsformed [ 0.0k
hyperhela

L Fatliste ratic i, .25
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Figare 4. Muliselement wealisation of structure-rafi-soil system inclsding struciural slibs

vary with depth in order to account for soil
nonhomogencity of which the variation is presented
in the Figure 4,

Raft Settlements

The total settlement, the differential semlement, ancl
the ingulir distortion of the rafi, defined s a ratio of
differentinl setlement o the spacing between ithe
center and comer of the mft, have been presented in
the Table 4 for the snke of comparizon for both the
linzar and nonlinear analy=e=, It has been ohserved
that for the frome under sody, althoagh the wial
settelement of the mll obtined by the nonlinear

Journal ol Enginearing, istamic Republic of bran

analysig is on higher side as compared to that of linear
analysis, the difference in the differential settlement,
which is a magor factor in alerng the behavior of the
superstructune, is marginal, The deformation profiles
of the raft in the longiudinal direction along sections
An', BB, and CC', {(Figure 3b), are presented in
Figure & for both analyses, Similar plot= in the
transverse direction for the raft are shown in Figune
7 for gections A'B'C, DD and COC' and EE' (Figure
Ak, 1t has been found thit the nonlinear infemctive
analysis wvields 1.5 10 2 times higher values of
settlements than those due the lincar interactive

nnalyxis,
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Table 4. Comparksan of total amd differential seiilements and wngular distortion of raft

Type of interactive  Cormer of the raft  Centre of the raft  Differential setflement  Angular Distortion hetween

analysis centre and corner of raft
{mum] {mnm) [ mum) w 1 rud

A} L} 1] 1] (5

Linsar 1732 27,20 588 0677

Honlirear 2109 .0 1181 010

Contact Pressure

The contect pressune distribution below the raft has
been plotted in Figure § for the longitudinal direction
along sections A A'. BB' and CC and in Figure 9 for
the transverse direction along sections A'B'C, DDY
and EE’. The contact pressure is made non-
dimensional with respect o total pressure intensity, g
(=total load/Aren of raft=6.2 t/m?). It is obvious
irom these plots that the matenal non-linearity of the
soil plays a major role in redistribution of the stresses

gy = 28 KM

iy = 1% KNimi
r iy = DA KM

Figure 5, Seitlement profils of the raft in longitudinal darection
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Figure 8. Contact pressure distribution below the raft in kangitadial
direction

3 "
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Figure 9. Contact pressis duste bition bebos the raf L lransverss
direcisnm
externally applied load on the structure foundation
systerm.

Bending Momenis

@) Raft

Figures 10and 11 show, respectively, the variation of
the bending moments M, and M, in the longitudinal
direction along sections AA°, BB and CC'. Ithas been
noticed that the soil nonlinearity has just marginal
effect on the bending moment variation in the raft at
these sections., Itean be said that the bending moments
in the raft will be influenced mainly due to the
magnitude of the differential settlement and relative
stiffness between raft and soil media.
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Figure 18, Variafion of maomend M‘ in Ike raft i longrudsnal
direction

Figure 11. Variation of moment M, in the rafl in longniudinal
direction

(&) Frame

il Momenis

The comparison of bending moment, M, in the
longitudinal direction along section-BB’ 15 presented
in Table 5 for the beams and columns of first, thind
and Founh storey levels (colwmns-4 and 5) for linear
and nonlinear interactive analyses. Column-6 shows
the departure in the values of momens due 1w zoil
nonlinearity, which is in the range of -22 0 +9
percent. On the basis of the detail study of resulis (no
included here due to limitation of the space), it hns
been found that the bending moment, M, obtained via
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Tahle 5. Bending moment, M (kg-m) variation for linear
and nonlinear Interaciive analyses in longitudinal
direction (section-BHR')

Flsor Member Ends  LIA NLIA % differonce

bent. 4 & §
1 ) 3) (4) )] (6)

By 4 A4ITRAD 45920 +5.82

9 1F040 154190 -&2.14

I B, 9 -3RI193T 404960 6.0
14 295050 22219 1.1

14 348650 349119 +HL13

4 827170 -S3BOTE +5.86

T 150300 119000 - 2020

m B, 10 375000
12 283953

-IRR7 59 +3.67
267000 547

By i2 -333293 331554 52

By 1 342080 361200  +559

6 28LIE  2TRSE 850

IV B, & 353938 350667 <160
11 297460 Fl LR =i K]

By 11 -3270.16  -3237.00 -1

C, 5 G857 134593 g

4 225010 30255 #2167

I G, 10 179237 260100  +45.20
o Qi 1R300 +76.54

c, 15 2400 S9L9u .

14 41489 6A2F1 45004

Chp 2 S45528 STIRTT 4520

1 B4ES34  T025.61 500

IV Cy 7 168051 205830 42174
] 172351 2129.15 + 1345

Ca 12 3328 STET0 - #3138

11 45921 35970 #2187

** Comespomd to Percentage difference above 100 percent,
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nonlinear analysis is, in general, on the higher side. In
particular, the nature of moment, M, in the column
members at the first storey level has changed due o
soilnonlinearity. The variation inthe column moments
is of the order 20 10 75 percent. This fact can be due
10 redistribution of the contact pressure in soil mass
below the raft. Similar behavior is also reponed by
King et al, [6],

i) Axial Forces in Columns

The values of the axial forces in the column members
at various storey levels al section-BB' for both the
linear and nonlinearinteractive anilyses are presented
in Tahle 6, A glance at this table evinces that axial
forces have been reduced just marginally by about 2
percent at this pamicular section due o =il
nonlineanty.

Convergence

In order to illustrate the nature of convergence
achieved durning the solution procedure, variation, i
., eeduction in the nomm of the residual forees with
respect to the iterations is plotted in Figure 12, It is
clear thial a convergence with the reduction of the
residual force 10 just 2 percent was achieved in just 9
interations.

CONCLUSIONS

i) The proposed physical model of the space

-k TREATE M

SR LF R

Flgure 12, Yanatwon of sorm ol (orce-residual with number of
iernison
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Table 6. Axial forces (km) in the columns mi varions
storey levels (Seciion-BE")

Storey Sembers Lia MLLA
bevel
[y 2y L] (4
Ch 20258 19930
w o 204 87 200100
Cip 112.05 1 1000
Cy 4053 195 90
1] Cy 400 80 1496 1K)
c, 23324 230,40
G 6013 50 91.90
n [+ HCK 99 597.60
C, 151.10 34870
C, Rilé A T8940
1 Cy #15.20 797 40
C, 471.00 46500

frame-raft-2oil system is animproved form of phvsical
modelling of the system,

i} The finite element discretization which includies
the slab as pan of the superstructure is the most
npiural way of the representation of the spuce frame-
raft-soil mass system.

iii) Based onthe type of the problem studied in this
investigntion, the non-linear inerctive anal ysis using
the hyperbolic constilutive models produces the
following:

() Differential scitlements hove increased,

() Furher redistribution of the contact pressunes
bencath the rafl is achieved,

(i) Nominal effect inthe values of moment, M, in
bheams at section-BB' is observed, while the section-
AA has experienced funther redistribution in the M,
wilues.

{d) The column moments al these two sections
have substantially increased by about 76 percent.

{2 The axial forces inthe column members have
reduced only rominally (Section-BBE').

iw) The ilertive solution echnigue is best suited

Journal of Engnesring, Islemic Repubdc of fran

forsoch a three dimentional type of the problems and
resulis in substantial saving in the computaional
time and effort.
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