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Abstract

In this paper, behavior of foundation plates with transverse shear deformation under time variable loading is presented
using modified Vlasov foundation model. Finite element formulation of thick plates on elastic foundation is derived by
using an 8-noded finite element based on Mindlin plate theory. Selective reduced integration technique is used to avoid
shear locking problem which arises when smaller plate thickness is considered for the evaluation of the stiffness
matrices. After comparisons are made with the results given in the literature, the effects of the ratio of plate thickness to
shorter span of the plate, aspect ratio, subsoil depth, loaded area, time variable loading type and pulse duration of
impulsive load on its responses are analyzed. The results demonstrate that these parameters have significant influence on
the dynamic behavior of the plate on elastic foundation.
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1. Introduction

The dynamic analysis of soil-structure interactipmoblem such as beams or plates on elastic
foundation is finding wide application in many emgering field because the solutions of dynamic
analysis are guide for engineers in the structieaigns. Among the various plate theories available
today, the mostly used is the Kirchhoff plate tlyeahere transverse shear deformation effects are
neglected. But, the Kirchhoff plate theory is natli@ for higher plate thickness. Mindlin plate
elements include the effects of transverse shdarrdation which became important as the ratio of
plate thickness to shorter span increases. Thesgeals based on Mindlin plate theory can be used
for the analysis of the thin and the thick platéewever, the stiffness matrix obtained from Mindlin
plate elements becomes too stiff and gives zenttieak if the thickness of plate is quite smallisTh
phenomenon is called shear locking problem. Reducesklective reduced integration techniques
are recommended to avoid this problem in many etuddn the other hand the subsoil is usually
represented by spring elements in the soil-streatuteraction problems. The springs are assumed to
be discrete in Winkler model and any interactiobween the springs is ignored. However there is
not only pressure but also moments or rotationshatpoint of contact between structure and
foundation. For this reason more realistic fourmtatmodel is needed for more accurate analysis.
Therefore a number of idealized foundation modelfsciv represent relationship of soil structure
interaction in realistic manner have been develapede the soil exhibits a very complex behavior.
Two parameter models such as Pasternak and VlasmelVare derived as an extension of the
Winkler model by assuming the interaction betwdendpring elements. But, there is not any certain
consensus about determination of the soil paras@tetwo parameter models. Modified Vlasov
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Model is used in this study since it leads to naweurate results because a shear interaction betwee
the springs is included in the model and soil patans are calculated using an iteration technique.
The main advantages of Modified Vlasov model i thaonsiders interaction between the springs

and determines the soil parameters depending orpribygerties of subsoil, loading and surface

displacements [1].

In recent years, a lot of studies concerning amalgs plates on elastic foundation are performed.
Omurtag et al. [2] developed a mixed finite elemimniulation based on Gateaux Differential for
free vibration analysis of Kirchhoff plates on g¢iagoundation. Shen et al. [3] performed the free
and forced vibration analysis of Reissner-Mindliatgs resting on Pasternak-type elastic foundation.
Huang and Thambiratnam [4] studied dynamic respohgdates on elastic foundation subjected to
moving loads and the investigated effects of v&ypcubgrade reaction, moving path and distance
between multiple moving loads on responses. Surd¢fived a closed-form solution of dynamic
response of a Kirchhoff plate on a viscoelastimfitation subjected to impulse and harmonic circular
loads. Malekzadeh and Karami [6] presented a @iffeenl quadrature solution for free vibration
analysis of thick plates with continuously varyitigckness on two parameter elastic foundation.
Celep and Guler [7] studied the static behavior &mded vibration of a rigid circular plate
supported by a tensionless Winkler elastic fourmtiaby assuming that the plate is subjected to a
uniformly distributed load and a vertical load hayian eccentricity. Er6z and Yildiz [8] presented a
finite element formulation of forced vibration pftelm of a prestretched plate resting on rigid
foundation. Yu et al. [9] presented the dynamigoese of Reissner-Mindlin plate resting on an
elastic foundation of the Winkler-type and Pastkstygpe using an analytical-numerical method.
Wen and Aliabadi [10] used boundary element mefloodhe analysis of Mindlin plates on elastic
foundation subjected to dynamic load using Winlkdaed Pasternak Model. Motaghian et al. [11]
studied free vibration problem of thin rectanguates on Winkler and Pasternak elastic foundation
model which is distributed over a particular admiyr area of the plate. Kutlu et al. [12] preserded
method of analysis for investigating the dynamispanse behavior of Mindlin plates resting on
arbitrarily orthotropic two parameter foundatiordgrartially in contact with a quiescent fluid os it
other side. Ozdemir [13] developed 17 noded fielament for shear locking free analysis of thick
plates resting on elastic foundation using Winkliedel.

In this paper; 8-noded Mindlin plate elements ateptéed for the analysis of thick plates resting on
Modified Vlasov foundation under time variable loagl For this purpose a computer program is
coded in Fortran. Newmaitg-method is used for time integration. Selectiveuosd integration
technique is used to obtain stiffness matrix otgdaThe effects of the ratio of plate thickness to
shorter span, the aspect ratio, the subsoil dép#lded area, time variable loading type and pulse
duration of the impulsive load on its responsesaaiyzed.

2. Modified Vlasov M odel

For a plate on two parameter elastic foundatiorstaswvn in Fig.1, if the assumptions with the
displacements of the sdil,v andw in x, y andz direction respectively

u(x,y,z)=0 (1)
v(x,y,2)=0 @
and
w(x, y,2) = w(x y)¢(2) )3

are made, total potential energy of the platessmgtem can be written as
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wherew, [D], g are displacement of the plate in z direction,ftleural rigidity of the plate and load
on plate respectivelk and2t in above expression are the soil parameters agdmaefined as

k= T 1 Vo) (‘M’sz
1+v 1 2|/ 0z

0
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WhereH is the subsoil depthEg is modulus of elasticity of the subsoil, and is the Poisson ratio
of the subsoil.¢(z) is the mode shape function that gives the variatbnthe deflection in the
vertical direction. The boundary conditions of matiape functionz(z) areg(0) = landg(H )=

3

Rigid Base
Fig. 1A plate resting on an elastic foundation
The main field equation of the plate on an elastimdation can be written as follows

DD4W—2tD2W+ kVV:q (6)

where 0 is the Laplace and]* is the biharmonic operators. The mode shape famatan be
expressed as
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wherey represents the vertical deformation parameterimvitiiie subsoil and is calculated using the
eqguation shown below.
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As seen from the Eqg. (5) and Eqg. (8) the modulusubigrade reactiotk, and the second parameter
2t representing the shear deformation of the sod, oth dependent on the vertical deformation
function gand the depth of the sail whereas the value gfvaries with the displacement of the plate
and the depth of the subsoil. The paramgtean be evaluated after determinimgx,y) which
satisfies differential equation below and aroundhef plate. It is obvious that the solution teclueiq

for y parameter have to be an iterative procedure. Metails for the modified Vlasov model can be
found in references [14] and [15].

3. Finite Element Modelling

According to finite element method, the generalagigun of motion for the plate-soil system is given
by

[M i3 +[K{w} ={F} ©)

where K] is the stiffness matrix of the plate-soil systgid] is the mass matrix of the plate-soil
system, £} is the applied load vectonvandw are the displacement and acceleration vectoreof th
plate, respectively. In this study the Newm@rkaethod is used for the time integration of Eq.{®)
using the average acceleration method [16]. Evianaif the stiffness and mass matrices are given
in the following sections for a plate resting onedastic foundation.

3.1. Evaluation of the Stiffness Matrix

An 8-noded rectangular finite element based on Nhintheory is used to develop the element
stiffness matrices (Fig.2).

n
4 7 3
8 £
1 5

Fig. 2The 8 noded finite element used in this study
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Nodal displacements at each node are
w,9,.9, (10)

wherew is the transverse displacemewt,, ¢, are the rotations of the normal to the undeformed
middle surface. It is assumed thatg, and ¢, varies quadratically over the element so that

u=zg, = z_zn: N\

V= _Z¢x = _Zi Ni¢xi (11)
i=1

the displacement shape functions are given as
[N]J=[N, 0 0 N, 0 0. .. N, 0 0 (12)
The shape functionsy, are given in [17] and [18].

The stiffness matrices of the plate-soil systemlmaevaluated as

U =2 ([ ]+, + o] o) 9

where kg], [ka] and ko are stiffness matrix of the plate, vertical deflen element stiffness matrix
of the foundation and shear deformation elemeritnes matrix of the foundation, respectively.
{we} is the nodal displacement vector for an elememtaining 24 components.

In this study, the selective reduced integratide an the shear terms is used to obtain the element
stiffness matrix of the platekf] to avoid shear locking problem under the thintglamit. The
number of points of integration for shear energynteof plate stiffness matrix are reduced 2x2 & th
selective reduced integration whereas 3x3 of Gaasts are used for both bending and shear
energy terms of plate stiffness matrix in the fategration. The element stiffness matrices aremiv

in explicit forms by reference [19] for plate elem@nd by reference [20] for the vertical defleatio

of foundation and the shear deformation of fourarati

Boundary conditions need to be applied before aglhthe system of equations. The effect of the
infinite soil domain outside the plate is appliesl @quivalent stiffness parameters on the plate
boundary in the modified Vlasov model. Equivaleoicks due to surrounding soil domain on the
boundary of the plate are computed as a functidhetlisplacement on the boundary [15 and 20].

3.2. Evaluation of the Mass M atrix

According to Hamilton's variational principle, thatal kinetic energy of the plate-soil system may b
written as
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= —j "l (%)

where [u] is the mass density matrix andiv§ represents the partial derivative of the vectér o
generalized displacement with respect to time éial he general formula for the consistent mass
matrix, [M], can be written by substitutingg = N,w, into Eq. (14)

M= [{N, J [efN}d (15)

The matrix [¢] in EQ. (15) is a square symmetric matrix of tbenf

pph+%pSH 0 0
1
W= o PNt 0 (16)
1
0 0 —ph?
i 127" |

where p, is the plate densityy is the plate thickness andgis the mass density of the soil. The
following expression can be written for each firpiece

N

dN
[N,]= vl (17)
dN

| dx

The consistent mass matrix of the plate and thlecaoi be evaluated after substituting Eq. (17) into
Eqg. (15). By assembling the element mass matrigiobd, the system mass matrix is evaluated. The
matrices are presented in reference [21].

4. Numerical Examples

4.1. Example 1

At first dynamic responses of a plate on elastienfitation subjected to uniformly distributed load
and concentrated load are compared with those feferece [16]. Daloglu et al.[16] analyzed the
problem by MZC rectangular element based on Kirthiptate theory. In this study 8 nodded
rectangular elements based on Mindlin plate theotly selective integration techniques are used.

The properties of the plate-soil system are aowdl The modulus of elasticity of the plate is
E,=27000000 kN/rfy poisson ratio of the plate ¥$=0.20, the modulus of elasticity of the subsoil is
Es=20000 kN/nf, poisson ratio of the plate ¥§=0.25. The mass densities of the plate and subssil
taken to bepp,=2500 kg/ni and ps=1700 kg/ni respectively. The uniformly distributed load ore th
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plate is 30 kN/and concentrated load at the center of the p#at®d0 kN. 6 elements are used for
10 m length and 0.01 s time increments for disteaduload and a 0.001 s time increment for
concentrated load. The shorter span length of thte ps kept constant at 10 m. The maximum
displacements foly/Ix=1.0 and 2.0h=0.5 m andH=5 m has been compared first with the results
obtained in reference [16] to verify the accuratyhe present formulation in Table 1. As seen from
Table 1 the results obtained in this study for blothd cases are in a good agreement with the
reference results.

Table 1Comparison of maximum displacement of plate ost&ldoundation

Distributed Load Concentrated Load
10mx10m 10mx20m 10mx10m 10mx20m
plate plate plate plate
Wmax Wmax Wmax Wmax
(mm) (mm) (mm) (mm)
Ref.[16] 10.170 12.800 6.590 5.800
In this study 10.170 12.840 6.570 5.898

4.2. Example 2

A parametric study is carried out for various valoé¢ subsoil depthH), aspect ratiogflx), the ratio

of plate thickness to shorter span of the plate)( loaded areaa(ly, b/ly), time variable loading type
and pulse duration of impulsive load. The effedtshe parameters mentioned above on maximum
displacements and corresponding moments of theg#ae presented in graphical form.

The properties of the plate-soil system are a®vial The modulus of elasticity of the plate is
E,=25000000 kN/mfy poisson ratio of the plate V$=0.20, the modulus of elasticity of the subsoil is
E<=20000 kN/m, poisson ratio of the plate ws=0.25. The mass densities of the plate and suassil
taken to bg,=2500 kg/mi andps=1700 kg/ni respectively. Longer span length is consideretiOas
15 and 20 m foh/ly=1.0, 1.5 and 2.0 respectively while the shortemsiength of the plate is kept
constant at 10 m. The thickness of the plate isidened as 0.5, 1.0, and 2.0 f@k=0.05, 0.10 and
0.20 respectively. The analysis is performed faoeehsubsoil depth1=3, 5 and 10 m. The time
variable load g=gF(t) is applied on the plate, in which maximum aryale of patch load ¢is 30
kN/m?. F(t) is a unit function of any impulsive load caseeq Fig.3 in the time domain.

Case 1 Case 2 Case 3 Case 4 Case 5
Sudden Step Triangular Sine Exponential
F(t) F(t) F(t) F(t) F(t)
A A
I t=0.1s
1 1 1 1 to= 0.05
—rt to >t o t 1
t Tt
_ _fLt=t, 1——,t<t Sin—,t< ¢t _ -
F)= F(t) = {D,t - tﬂ,‘fj = to o) ={°"%, o F(t)=e™*

0,t=t, 0,t =t,

Fig 3 The various types of time variable loads
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A convergence study for the mesh size and the thoeement is performed first for the sake of
accuracy. It is concluded that the results haveeable error when equally spaced 8 elements for 10
m length if a 0.0001 s time increment are used.

In these examples, dimensionless forms of timetrakdisplacement and bending moment are used
and they are defined as follows respectively.

2

{:i E V_v:w.Ep.Ex.h M = M. .02

3 X 2 2
N\ P, -1 0pLy-n
The results are presented in Fig. 4-10. Fig. 4caiéis the effects of loaded area on the maximum
displacement and bending moment of the plate stdgeto patch load foH=10m, h/,=0.10,
[/ly=1.0 and sudden load case. The ratio of loadesl direensions to plate dimensiorl,= b/ly)
are taken as 0.2, 0.5 and 0.8 as the plate dimensiee kept constant. As expected, these results
show that the displacement and moment increadeededded area increases.

80 8 o
I, fa=l, 1b=0.2 !, /a5, 10=0.2 Ty
..... I, fa=| 1b=0.5 6l T fa=,, /b=05 o iy
~ 60| wrennns I /a=|y /b=0.8 e K /a=ly /b=0..8 ".: . ". = -_
:So :f>' 4 - ,:. '.:;l'l “‘\ “..‘.:' ",I “‘\\ ‘:..‘::"i
= 40 g S DN v
= o 20 FON.AS Y v
w S T £ \ ™ -
> ool e TN = M
- ,// 0 4 1
0 [ -2 L L
0 5 10 15 0 5 10 15
(t/Iy)\/(Eplpp') (t/)VE, Py
(a) Central deflections (b) Bending moments

Fig. 4 Effect of the loaded area on dynamic behaviotthiok plate

The variation of the central displacement and bemdnoment of the plate as a function of time for
various values of the ratio of plate thicknesshorter span length of the platie/lf) is plotted for
H=10m,l,/I,=1.0, a/l,= b/ly=0.5 and step load case in Fig. 5. The ratio afepthickness to shorter
span length of the plate is taken 0.05, 0.10 a@@ @hile the shorter span length of the plate st ke
as 10 m. Here, as seen dimensionless equation$israse affected plate thickness. So, figures seed
to be explicated in reverse. The central displasgndecreases as the ratio of plate thickness to
shorter span length of the plat#l{) increases while bending moment increases wittreasing the
ratio of plate thickness to shorter span lengthhef plate I/l). It can be seen that the transverse
shear deformation has a significant effect on yreachic behavior of the plate.
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Fig. S5Effect of the plate thickness to length of theglatio on dynamic behaviors of thick plate

Fig. 6 shows the effects of pulse duration on thetral displacement and bending moment of the
plate subjected to centrally patch load f+10m, h/1,=0.10,1,/1,=1.0, &/l,= b/ly=0.5 and triangular
load case. Herp indicate$z,/1,.),/E, /p,. As expected, results indicate that central dispieent and
bending moment increase as the pulse durationases
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(t11,)VE, Py (t/ly)\/(Ep/pp)
(a) Central deflections (b) Bending moments

Fig. 6 Effect of the pulse duration on dynamic behavairthick plate

Fig. 7 shows central displacement and bending mowiea square plate subjected to central patch
load as a function of time for various subsoil tiepThe subsoil depth is 3, 5 and 10 m while other
parameters are kept &gly,=1.0, h/I,=0.10, &/ly= b/l,=0.5 and sine load case. As seen figure, the
subsoil depth has a significant effect on the dyinamesponse of the plate. The central displacement
and bending moment increase as the subsoil deptbases. This behavior is understandable in that
a plate on elastic foundation with larger subseptth becomes more flexible.

15 4

3
(g1
-
¢ o

I h/

=0
w
= 5 H=3m
""" H=5m
.......... vl
-10 .
0 5 10
(t/1)VE, ) ft/ly)\/(Ep/pp)
(a) Central deflections (b) Bending moments

Fig. 7 Effect of the subsoil depth on dynamic behavidrhizk plate
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The variation of the central displacement and bemdnoment of the plate as a function of time for
various values of aspect rati/k) is plotted in Fig. 8 foH=10 m,h/l,=0.10, a/l,= b/l,=0.5 and
exponential load case. The aspect ratio is taken115 and 2.0 while the shorter span length of the
plate is kept as 10 m. The central displacementlmmtliing moment increase as the aspect ratio
(Ix/ly) increases.
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(a) Central deflections

(b) Bending moments
Fig. 8 Effect of the plate aspect ratio on dynamic betvavof thick plate

The variation of the central displacement and bemdnoment of the plate as a function of time for
various impulsive loading types such as suddensloatép loads, triangular loads, sine loads and
exponential loads given Fig.3 is plotted in Figp®H=10 m,h/1,=0.1,a/lx= b/l,=0.5 and,/l,=1.0.

25
LC1
20l | 77777 LC2
i p— e
m_;‘ - LC 4
g 15 LC5 e ]
~ 10
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5 .4"-"/
o™’ ‘ 2 ‘
0 5 10 0 5 10
(l/ly)\/(Ep/pp) .(t/|y)\/(Ep/pp)
(a) Central deflections (b) Bending moments

Fig. 9Effect of the time variable loading type on dynarméhaviors of thick plate

7. Conclusions

In this study, 8-noded Mindlin plate element arem@dd for the dynamic analysis of thick plates on
elastic foundations subjected to time variable Ipdé@ds and the effects of the thickness/shorter-
span ratio lf/ly), the aspect ratidy(ly), the subsoil deptfH), the loaded area, time variable loading

type and pulse duration of the impulsive load om ¢kntral displacement and bending moment of
thick plate on elastic foundation subjected to tiwagiable loads are determined using Modified

Vlasov Model.

The applicability of the 8-noded element to analysi thick plates on two parameter elastic
foundations subjected to time variable loading gdihodified Vlasov model is confirmed in the
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initial example for the first time. In the latterample, a parametric study has been carried. The
following conclusions can be drawn from the results

I.  The results demonstrate that thickness/shorter-sgdm of the plate, aspect ratio; subsoil
depth, loaded area, time variable loading type fanlde duration of the impulsive load have
significant influence on the characteristics of thaamic behavior of the plate on elastic
foundation.

ii.  The displacements and bending moments of the platease as the soil depth increases
since the elastic foundation become more flexible.

iii.  The displacement and bending moments are increastte pulse duration increases.

iv. It can be noted that the effect of loaded areaampebct ratio plays more crucial role on the
dynamic response of the plate compare to othenpeteas considered.

v. The transverse shear deformation of the plate Iseggndicant effect on the dynamic behavior
of the plate.

vi. The dynamic behavior of the plate varies accordmghe type of loading. Sudden and
exponential load types are more effective on theadyics response.
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