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Abstract. In present paper, we have given the investigations of the plate bending problem by
numerical treatment using hybrid-type penalty method (HPM). The HPM assume linear and non-
linear displacement field with rigid displacement, rigid rotation, strain and its gradient in each
subdomain and introduce subsidiary condition about the continuity of displacement into the frame-
work of the variational expression with Lagrange multipliers. For the purpose of this paper, we
accepted the Kirchhoff theory that neglects the transversal shear deformation. In the first step
of the work, we are giving the equilibrium equations for a deformable body in 3D case and as
boundary conditions we are giving geometrical (for displacement field) and kinetic (for surface
force) boundary conditions. Secondary we apply Kirchhoff theory to the displacement field of the
3D case for plate bending problem. For this purpose, we use quadratic form that includes rigid,
linear and nonlinear parts of the displacements. The parameters used in this displacement field
are independently defined in each subdomain. We introduce penalty function that presents strong
spring connecting each subdomain. Then, we take the matrix of the subsidiary condition according
to the surface integral of the contact surface of each sub-domain. We apply nonlinearity in penalty
function such as spring system, which allow us to calculate hinge line. If hinge line makes mech-
anism then we can calculate limit load. We used load incremental method called r-min method
in a material nonlinear analysis. We can calculate growing hinge line systematically using this
algorithm for the nonlinear analysis. Finally, we calculate some simple problems to check accuracy
of elastic solution and limit load.

Keywords: plate bending, penalty method, hybrid-type virtual work, discontinuous Galerkin
method
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1. Introduction.

In this work for obtaining numerical results for the plate bending problem, we have used
hybrid-type penalty method (HPM), which applied the concept of the penalty method
[1] to the principle of hybrid type virtual work [7]. The HPM is based on discontinuous
Galerkin (dG) method [4]. The HPM applies the concept of the spring of RBSM [3] (Rigid
Bodies-Spring Model) in Lagrange multiplier and assume independent displacement field
to each subdomain. Because compatibility requirements of the intersection boundary on
adjacent sub-domain are secured by using the penalty method, the displacement field can
be assumed regardless of the shape of sub-domain [6]. However, we cannot obtain high
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accuracy solutions when it uses shape other than the triangle at the linear displacement
field. For the reason, it is difficult to use the mesh division of arbitrary shape. To solve
such a problem, we proposed the method of applying the second-order displacement field
that added the gradient of the strain to linear displacement field of HPM |[5].

Usually, for the finite element method, it requires C!' continuity. However, many plate
elements and numerical results are not satisfying this completely. Then, by using C° ele-
ments instead, it imposes the continuity of slope weakly. It calls this method discontinuous
Galerkin method [2].

In this paper, we proposed the new element model on the plate bending problems by
using HPM based on the dG method. In the first part of the paper, we have given brief
formulation of proposed method, and in second part, we have given some numerical results.

2. Governing equation and hybrid-type virtual work

2.1. Governing equation. Let Q C R™im with (1 < ngyy < 3), be the reference config-
uration of a continuum body with smooth boundary I' := 99 and closure  := Q U 99).
Here R™im is the ng;, dimensional Euclidean space.

AVA
def.
Fu = aQu

Fig. 1. Reference configuration €2 and smooth boundary 952

The local form of the equilibrium equation for a deformable body is as follows:

dive+f=0 in £, (1)

oc=0o" in Q, (2)
where, f : Q — R™im is the body force per unit volume, o : Q — S is the Cauchy stress
tensor respectively. Here, S = R(dimt1)naim/2 ig the vector space of symmetric rank-two
tensor and e; is the standard base vector of R™im so that the stress tensor becomes
o = 0;j€; ® ej, where ® denotes a tensor product. u : ) — R™im is a displacement field
of particles with reference position x € 2. We write this displacement field to be u(x) and
denote the infinitesimal strain tensor by

1
e=Vu:= 3 [Vu+ (Vu)'], (3)
where V := (0/0z;) e; is the differential vector operator, V* shows the symmetry part of
\%

Then, we assume that the boundary I' :=T', UT,,.

r=r,ul,, ' ,yn'y =10 (4)
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here I',, := 0,82 C 092 where displacement are prescribed as

ulr, = @ (given) (5)
where as 'y := 0,0 C 092 where tractions t := on are prescribed as

olp,i =1t (given). (6)
Here 11 is the field normal to the boundary I',. The constitutive equation to the elastic
body is provided as follows by using the elasticity tensor C.

c=C:ec. (7)
2.2. Virtual work equation (weak forms). Let denote by U the space of admissible
displacement field, defined as

U:=7{u:Q— R"mulp, =1a}. (8)
And, let denote by V the space of admissible virtual displacement field, defined as

V= {0u: Q — R"m=|ju|p, =0}. 9)
We now use equation (1) and integrate volume of the body to give a weak form of the
static equilibrium of the body as

ow ::/(diva+f)-5udV:O You € V. (10)
Q

A more common and useful expression can be derived to give the divergence of the vector
odu as

div (odu) = (divo) - du+ o : grad Ju. (11)
Using this equation together with the Gauss theorem enable equation (10) to be rewritten
as

/U:gradéudV—/f-éudV—/ t-6udS=0 YoueV. (12)
Q Q

This equation is virtual work equation. If uis the weighing function, this is a weak forms.
It is U c H' (Q) and V C H'(Q) where denotes the Sobolev space H! (€2) of function
possessing space integrable derivatives.

2.3. Hybrid-type virtual work equation. Let € consist of M sub-domains Q) ¢ Q with
the closed boundary T'(®) := 9Q(©) as shown in Figure 2.

That is

M
0= U Q€ here QU NQD =0 (r#£q). (13)
e=1
In what follows, we assume that the closure Q(¢) := Q) U §Q(©).
We denoted by I'cgp> the common boundary for two sub-domain Q@) and Q® adjoined
as shown in Figure 3, and which is defining as

Legps =@ NTO), (14)
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= F<ab>

Fig. 2. Sub-domain Qle) Fig. 3. Common boundary Ty of
sub-domain Q@ and Q®

The relation for (® and a® are following:

i@ =a® on T_gps. (15)
They are the displacements on the intersection boundary I'< g in sub-domain Q(%) and
).
This subsidiary condition is introduced into the framework of the variational equation
(12) with Lagrange multipliers A as follows:

Hegpo =6 A (a@ _ ﬁ<b>)ds, (16)
T'cab>
where § (o) shows the variation of (e) Physical meaning of the Lagrange multiplier \ is
equal to the surface force on the intersection boundary I' <.

A =t@@) = —¢®@®), (17)

where t(®) and t() are the surface force on the intersection boundary in sub-domain Q(®
and Q®). The hybrid type virtual work equation can be described as follows about M
subdomain and N intersection boundary:

M N
> ( / o : grad (6u)dV — / f. 5udV) -> (5 / A@@ — ﬁ(b))ds) -
e=1 Qe Qe s=1 Fes>

(18)
—/ t-6udS =0 Voue V.
s

3. Independent displacement field and relative displacement

3.1 8D displacement fields. In the following work, we consider three-dimensional dis-
placed field u € U with ng;,, = 3 and carry out Taylor’s expansion of displacement u(x)
for point x, = (zp,Yp, 2p) € Q© from Q© arbitrary domain. Consequently, the second-
order displacement field in the arbitrary sub-domain Q(¢) is as follows by matrix form:

u® = NId© + NEO© 4 N©©) 4 N | NOlo) (19)

where
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100 0 Z -Y X0 0 Y2 0 Z2
NI o010 -zo0o X , N9=] 0 v 0 X/2 Z/2 0
001 Y -X0 0 0 Z 0 Y/2 X/2
[ X2%/2 -Y?%/2 —-Z%2/2 0 -YZ/2 0
N& =10 XYy 0 X2/2 zX/2 0 ,
0 0 ZX 0 Xvy/2  X?/2 |
XY 0 0 Y2/2 0 YZ/2
N = | -X%/2 Y?/2 -7%/2 0 0 -ZX/2 |,
| 0 0 YZ 0 Y?/2 XY/2
ZX 0 0 YZ/2 0 zZ2/2 ]
N& =1 0 YZ 0 zZX/2  Z%/2 0 :
| —X?/2 -Y?/2 7?2 —-XY/2 O 0 |

t t
d= [upvvpvaaemveyaez] , €= [Emagyaazaf}/a:yv’)’yza’yzx] 5
_ t
Eax = [5x,:ra5y,x,5z,x,’71y,x»’7yz,xv'7za:,x] )

t
€y = [Euy Eyys E2ys Vayys Vyzys Vewy) s

t
€z = [Eac,za Ey,zy€2,25 Vry,2> Vyz,2> ’sz,z] ,

X=v—xp, Y=y—Yp, Z=2—2.
3.2. Displacement for thin plate. The thin plate is defining as follows:

Q= {(2,y,2) e R*z € [-1/2,1/2], (z,y) € A€ R*}, (20)

where is plate thickness and A is plate area.

Fig. 4. Thin plate

Since for thin plate we have following Kirchhoff-Love’s assumptions:

€2 = Tyz = Vzx = 0 (21)
we will obtain deflection for thin plate as follows:
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1 1 1
w=w,+ Y0 - X0" — §X25§,Z - ZY%h - -XYAE,

(22)
Consequently, the displacement at arbitrary point will be:
ul® = ZyN{)dl) + 2N el (23)
where
-z 0 00 -1 -X 0 —i
Zy=|0 -z 0|, N=]010 |, N),=0 -v -5 |,
0 0 1 1Y —-X X Y Xy
2 2 2
wp eh 2 ul®
dl) =0 o b, )= e b u@={ 0@ },
95 5gy,z w(e)
(23) we can write by matrix form:
ul® =z, NEy©, (24)
where

N = NN, | U = {dﬁa%t.

3.8. Relative displacement. Now we have to do transformation from global coordinate
system to local. The local coordinate system matrix form is follows:

a© = Ry, (25)
where R(®) is:

where

Y43 x43
T R A KN N

The relative displacement on the intersection boundary will be:

(5<ab> - Z R<ab>U(<eab> (26)

and the matrix form for relative displacement is:

5<ab> = ZMB<ab>U<ab>v (27)
where

e a o b .
B(<‘)Lb> - {Ring( )R(<c)1b>N(b)J y Ucap> = LU( )U(b)J )
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4. Discretization for HPM

4.1. Lagrange multiplier and penalty function. Physical meaning of the Lagrange multi-
plier X is equal to the surface force on the intersection boundary. Generally, in a hybrid-type
variational principle, this multiplier is dealt with as an unknown parameter.

Since it has the meaning that Lagrange multiplier A is the surface force on the boundary
I'c4p> in sub-domain Q@ and QO the surface force is defined as follows:

)\<ab> =k- 5<a,b>-

(28)
Here 6.4~ shows relative displacement on the sub-domain boundary I' 4, and it is

shown in three dimensional problem (also plate bending problem) as follows:

>\n<ab>

kn 0 0 5n<ab>
)\sz<ab> = 0 ks:]c 0 5scc<ab> ) (29)
)\sy<ab> 0 0 ksy 5sy<ab>
where
kp = kg = ksy =D

where p is a penalty function.

4.2. Discretization for subsidiary condition. The (16) expression we can write by follow-
ing way:

— (a) (0) —
Hew> = _5fr<ab> Neaps (W05 — u<ab>)_df =
= —0 fr<ab> t<ab>k<ab>5<ab>dr = *5Ut<ab> frzy<ab> Bt<ab>k<ab>B<ab>deyU<ab>'

(30)
Where

U<ab> = M<ab>U7

here M is a matrix which relates the total degree of freedom and the degree of freedom of
each sub-domain. It is similar for virtual displacement:

6U<ab> = M<ab>5U'
Then we obtain following equation:

H<ab> = _5UtK<s>Ua
where

_ t t L
Koss = M<S>/ B, kes>Booodl'y;yMos,
1—‘acy<ab>
where

_ t/2 %k:n 0 0
ke = [ ZhkZwdZ= | 0 Gk 0
t/2 0 0 ths,
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4.8. Discretization virtual work equation for each sub-domain. For thin plate theory a
reduced form of the constitutive relations is obtained by making o, = 0 and subsequently
eliminating e,. Strains in thin plate are:

ou 0w ov 0w
T or T o VT oy T o 32
ov  Ou 0w ou  Ow ov  Ow (32)
v = T oy T oedy T 0: T W T o oy

After application of thin plate strains we obtain D matrix for an elastic isotropic mate-
rial:

1 v O
_ E
D= 1 s|v 10 (33)
oo
Next we are bringing strain vector into the matrix using displacement field.
9 = Lul® = ZzBU®, (34)

where

B = LN,

we will have:

_ t
/ [Lou]'od = / 5D OO g0 = <5U(e)> / BB a0, UC.  (35)
Qfle) Qe ol
We have:
U = APU, sUE = AsU.

As mentioned above, it obtains the following:

/ [Loul'odQ = SUK®U (36)
Q(e)

here A(®) is a matrix which relates the total degree of freedom and the degree of freedom
of each sub-domain.

K© — @t g0,
afy) !
here
t/2 _ 3 g 1 v O
k(®) = / 7D zdz = L S|y 10 (37)
/2 121-02 | 4 o 1=

¥ ‘

The discretization of the body and surface force is as follows:

Su'fdQ) + Su'TdQ = §U'P©), (38)
Qe) T(e)
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where

Pl — (A@)t/m) <N(€))tZMfdQ+/() (N(€)>tZMTdF.
. e

Finally, we obtain following discretized equation:

sUt (Z K+ K<s>) U - sUt (Z P(@>) —0. (39)

Since 0U is arbitrary, we can write Equation (39) as follows:

KU =P, (40)

where

K=> K9+Y K., P=> P

The discretization equation of this model becomes a simulteniuos linear equation shown
in equation (40). Left coefficient matrix K consists of stiffness in the sub-domain and
subsidiary condition on the intersection boundary for the adjacent sub-domain. It can
express the discontinuous phenomenon of hinge etc., without changing degree of freedom
by changing the value of k of equation (28) to zero.

5. Numerical example.

As numerical examples, we present some simple problems.

At first, we give both-end fixed beam with uniform distributed load. The beam has the
following material properties and geometrical properties:

Young’s Modulus = 1x10° kN/m? , Poison’s ratio — 0, Length—4m, width—=1m and
thickness=0.1m, Uniform-distributed-load=1kN /m?.

It has given comparison between exact solution and HPM results. The results for this
case have given by the figures 5 and 6. Here for the moment analytical and numerical
solutions are equal.

15 - . :
e\ —— Exact - ?
TEN O Moment Mn
A Moment Mx /
)\ oo 09

0 3 ; : g : 08 / T T
B SR S e e m— T/
b i b o | i

~

Deflection (w/Wexact)

0.5

Moment (kNm)

0 0.5 1 1.5 2 2:5 3 35 4 8 12 16 204
Distance x (m) No. of mesh division
Fig. 5. Moments Fig. 6. Ratio of deflections by ex-
act and HPM

The next example is fixed supported circle plate with distributed load. Plate material
and geometrical properties are following:
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Young’s Modulus = 1x10% kN/m? | Poison’s ratio = 0, Radius=1m, thickness=0.1m,
Distributed Load=1kN/m?.

In the figure 7, it has also given correspondently contours of moment distribution for zz
and zy components and mesh division for circle plate.

,;

|
®
™ —_—
> l ey 0.060706
< s [ 57
" 0.0se84
¢ ; Eoowes] 0020163
K - 00066491
001843 9
& 00017607 0 000651
3 i - 0.020379
L oDGIET -0.033894
oy 0047408
0050522

Fig.7 Contours of Moment-xx and Moment-xy distribution and Mesh Di-
vision

Also as shown in figure 8 numerical result of the deflection is high accuracy.

1
)
= 099
§
z
Z 098
=
-
2
el A RN TR RN R—
S o
0
A
0.96 T
0.95 - i
300 500 700 900 1100

No. of mesh division

Fig.8 Ratio of deflections by exact and HPM

Next example is simple-supported rectangular plate with concentrated load. The plate
properties are following:

Young’s Modulus = 1x10% kN/m? | Poison’s ratio = 0, Length=4m, width=4m and
thickness=0.1m, Concentrated-load=4kN.

In figure 9 and 10, it show the results obtained for this case. Here we obtain high
accuracy between exact and HPM results for moment calculations, but not exactly the
same solutions.

In figure 11, it has given correspondently contours of moment distribution for zz and zy
components and mesh division for simple supported plate with concentrated load.

The last example is again simple-supported plate, but with uniform distributed force,
which is equal 1kN/m?. Material and geometrical characteristics are the similar with pre-
views example. Results for this case are given in figures 12 and 13.

In figure 14, it has given correspondently contours of moment distribution for xz and zy
components and mesh division for this case.

6. Discrete limit analysis
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Fig.11 Contours of Moment-xx and Moment-xy distribution and Mesh Di-
vision
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6.1. Constitutive Low: In case of plate bending problems yield function has following
forms:

f(M) = <Aj\j”>2—1. (41)

n
If a plastic hinge will occur, the bending moment on intersection boundary is assumed

to be zero:
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Fig.14 Contours of Moment-xx and Moment-xy distribution and Mesh Di-
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f(My) =0. (42)
For this case we can obtain incremental bending moment as follows:
AM,, = kPAG, (43)
where AJ is the relative displacement and
ke af 0Q ke
— OA O\
R = (’“ T o0 | (44)
oA™Y OA

6.2. Load Incremental Method: Load at the (i+1)-th step can be calculated by using the
load at the i-th step:

P = (1 — ) PO (45)

where 7; is a rate of load increment which we can calculate using this equation:

£ (M, +rAM,) = 0. (46)

After solving following equation:

2
(Mn-l—rAMn) 1-0

My,
we will obtain 7 :

Mpn - Mn
S U — 4
r AL (47)
In case of bending moment, residual load at the n-th step will be:
n—1
PO =TT 101 - ri)P. (15)
i=0

Cumulative rate of load increment is as follows:

n k—1
rTOTAL = Y (H [(1- Tz‘)]) Tk (49)

k=1 \i=0
When rrorar, = 1, iteration is finish.
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7. Numerical examples for discrete limit analysis: In case of discrete-limit analy-
sis, we have computed simple supported plate with distributed load. The plate has following
geometrical and material properties: Young’s Modulus = 1x10% kN/m? , Poison’s ratio —
0, Yield Moment: M, = 0.1Nm, Length=2m,width=2m and thickness=0.1m, Distributed
Load=1kN/m?2.

As a result of calculation, it has obtained Load-Displacement curve, which has compared
with exact solution and as we can see bellow in the graph numerical and exact solutions
are the same:

H H
30 Upper bound : 27.7 [

25 Plastic analyses:24.0 ‘
———1———1———1‘-—— 5@-@—‘ Present : 24.0

0 I I
0 01 02 03 04 05 06

Fig. 15. Load-Displacement Curve

Also it has done comparison between numerical and analytical plastic hinge and we can
see bellow for two cases obtained the same results:

\\\ 22.08 ///\\ 22.88//

7 N\

Fig. 16.  Theoretical Fig. 17. Numerical Hinge-line
Hinge-line

/7 \W/

AN

Next example is again simple supported plate with same properties, only now applied
concentrated load, which is equal 4kN. For this case, also it has done the same calcula-
tions and the same comparisons and in this case also theoretical and numerical results are
congruent.

Below given Load-Displacement curve obtained analytically and numerically.
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Fig. 18. Load-Displacement Curve Ratio of deflections by exact and
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Fig. 19.  Theoretical Fig. 20. Numerical Hinge-line
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Next it has given hinge lines obtained analytically and numerically.

8. Conclusions. In this paper proposed new approach for solving plate bending problem
by using HPM. After comparison of analytical solution and HPM results for deflection and
bending moment in case of several examples we can see that we have high accuracy between
them. Numerical results for limit load equal to the solutions of plastic analysis. And we
can get same collapse pattern about theoretical assumption. As a result, we can conclude
that HPM corresponds to all requirements for solving the elastic or elasto-plastic problems
such as plate bending.
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H. Takeyuwu,A. B. Bapgassa

VIIPYTOIIJIACTUYECKUN AHAJIN3 N3TNBA ILJIACTUH C
NCIIOJIbSBOBAHUVEM METOJA IIEHAJIBTU I'MBPMNHOT' O TUITA

Xoceti ynusepcumem, Toxuo, SAnonus

Hrnemumym mexanuru Hayuonaavnot Axademuu nayx Apmernuu

AHHOTanms. B pabore paccmarpuBaercs u3rnd NJIACTUHBI YHCJIEHHBIM MEHAJBTH METOIOM
rubpuanoro Tuna (HPM-Hybrid-type Penalty Method). anubiii MeTos yaurbiBaer B JIMHEHHBIX
U HEJIMHEHHBIX CMEIIEHUSIX KECTKOe CMeIeHNe, YKeCTKOe KpydeHue, JedOpMAInio U I'PATUEHT
nedopManuu B KaykJI0il MOM00/IaCTH, U ONKMCHIBAET JIOTOJIHUTE/IbHBIE YCJIOBUSI HEIPEPBIBHOCTH
CMeINeHNT B paMKax BapHAllMOHHBIX BBIPAYKEHWIl C JIArPAHXKEBBIMU MHOXKUTE/IsIMA. BBomuTCs
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[IlapHupHbIE JUHUN BBIYUC/ISIIOTCS ¢ UCIOJIH30BAHNEM HEJIMHEHHOCTH B (DYHKIMSIX MEHAJIBTH KAK
NPYKUHHBIX cucTeM. [IpUBOJISITCS TPUMEpHI pelieHns 3a/1a49 H3ruba MIaCTUH YUCICHHBIM [TeHAJIBTH
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