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PREFACE

The Conferences in Boundary Element Techniques are devoted to
fostering the continued involvement of the research community in
identifying new problem areas, mathematical procedures, innovative
applications, and novel solution techniques in both boundary element
methods (BEM) and boundary integral equation techniques (BIEM).
Previous successful conferences devoted to Boundary Element
Techniques were held in London, UK (1999), New Jersey, USA (2001),
Beijing, China (2002), Granada, Spain (2003), Lisbon, Portugal (2004),
Montreal, Canada (2005), Paris, France (2006), Naples, Italy (2007) and
Seville, Spain (2008).

The present volume is a collection of edited papers that were accepted
for presentation at the Boundary Element Techniques Conference held at
the Amarilia Hotel, Vouliagmeni, Athens, Greece, during 22"%-24™ July
2009. Research papers received from 18 counties formed the basis for the
Technical Program. The themes considered for the technical program
included solid mechanics, fluid mechanics, potential theory, composite
materials, fracture mechanics, damage mechanics, contact and wear,
optimization, heat transfer, dynamics and vibrations, acoustics and
geomechanics. The Keynote Lectures were given by D.E.Beskos and
J.T.Katsikadelis.

The Organizers are indebted to the School of Civil Engineering of the
National Technical University of Athens, to the Attiko Metro S.A. and to the
Greek Club of Imperial College Alumni for their support of the meeting.
The organizers would also like to express their appreciation to the
International Scientific Advisory Board for their assistance in supporting
and promoting the objectives of the meeting and for their assistance in the
form of reviews of the submitted papers.
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July 2009
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Boundary element analysis of 2-D and 3-D cracks in gradient elastic solids
G.F.Karlis", S.V. Tsinopoulos ?, D. Polyzos® and D. E. Beskos*

' Department of Mechanical and Aeronautical Engineering, University of Patras,
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Abstract. A boundary element method based on the simplified version of Mindlin’s Form II gradient elastic
theory is presented for two- and three-dimensional gradient elastic solids containing cracks. A special crack
element is described and employed to both, the 2D and the 3D cases. This element is of variable order of
singularity, depending on the field it describes. It is placed near the crack in order to deal with the field
singularities occurring at that location. 2D and 3D numerical problems are presented to demonstrate the effect of
the microstructure on the stress and displacement distribution near the crack.

Introduction

It is well known that in classical elasticity theory all the fundamental quantities and material constants defined at
any point of the analyzed elastic body are taken as mean values over very small volume elements the size of which
must be sufficiently large in comparison with the material microstructure. Considering a very simple one
dimensional example and taking Taylor expansions for displacements around the point of interest, Exadaktylos
and Vardoulakis [1] explain that this assumption is possible only when displacements are constant or vary linearly
throughout the aforementioned representative volume elements. In cases where non-linear variations of
displacements are observed, higher order Taylor expansion terms and thus higher order gradients of displacements
should be taken into account. Making use of higher Taylor terms, however, some new internal length scale
constants correlating the microstructure with the macrostructure are introduced in the constitutive equations of the
considered elastic continuum [2]. Thus, in fracture mechanics problems where near the tip of the crack abrupt
changes of strains and stresses are observed, enhanced elastic theories that take into account higher order gradients
of strains and stresses and introduce new internal length scale parameters to describe microstructural effects,
should be applied.

Integral Representation of the Problem

Consider a linear gradient elastic body of volume V' surrounded by a smooth surface S. The geometry of this body
is described with the aid of the unit normal vector i on S and a Cartesian coordinate system with its origin
located interior to V. Considering isotropic material the stored potential energy-density has the form [2]

W=%:8+[iiVe M
where T is the Cauchy stress tensor being dual in energy with the macroscopic strain tensor €, fi is a third order
tensor, called by Mindlin double stress tensor, which is dual to the strain gradient V€, while the two and three
dots indicate inner product between tensors of second and third order, respectively. Considering zero body forces,
taking the variation of the potential energy-density (1) over ¥ and performing some algebra [4], one obtains the
following gradient elastic equation of equilibrium

V- (#-V-i)=0 @
accompanied by the classical and non-classical boundary conditions (3) and (4), respectively,
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p(x)=ﬁ-f—<ﬁ®ﬁ):%—ﬁ-(vs~a>—ﬁ-[vs-(ﬁ)“]ws-ﬁ)(ﬁ@ﬁ):ﬁ—(vsﬁw:po 3
and/or u(x)=u,

ou(x)
SR, 0

where p, R represent the traction and double stresses traction vectors, respectively, u stands for displacements, q

R(x)=n-fi-i =R, and/or q(x) =

is the normal derivative of displacements, ug, po, Ry, qo denote prescribed vectors and the symbols ® and V¢

indicate dyadic product and surface gradient, respectively.
According to [3], strains e, , double stresses £, , relative stresses s;;, Cauchy stresses 7, and total stresses o, are
G=7+5, §=-V-i=-g’V’%, i=g’Vi 5)

- I |

T=2€+A(V-0)l, e:E[VquuV] 6)
where g’ is the volumetric strain energy gradient coefficient, the only constant that relates the microstructure with
the macrostructure and I is the unit tensor. Adopting the above simple strain gradient theory and inserting the

constitutive eqs (5) and (6) into eq.(2) one obtains the equation of equilibrium of a gradient elastic continuum in
terms of the displacement field u

VU (A+ @)VV u—g* V[V u+ (A + 1)VV-ul =0 (7
As it is proved in [3], the integral representation of the above described problem is
&(x)u(x)+ [ {5 (xy)u(y) - (xy)p(y) } o5, = | {W<R(y)—ﬁ‘(x,y)<q(y)} ds, ®

where ﬁ*(x,y) is the fundamental solution of eq.(7) given in [3], p’(x,y), R*(x,y) are the fundamental traction
and double stress traction tensors taken by inserting the fundamental displacement ﬁ*(x,y) in relations (3)-(6),
respectively and E(x) is the well-known jump tensor being equal to 1/21 for X €S and equal to T when
xeVS. All the kernels appearing in the integral equation (8) are given explicitly in [3]. Eq(8) contains four
unknown fields u(x) ,p(x), R(x) and q(x). Thus, after the satisfaction of the classical and non-classical boundary
conditions, one more equation is required. This equation is obtained by applying operator &/dn, on eq(8) and
reads

(0 0 (2] () ) ) s, - Hazﬁ'(x’” Riy)- B ) s, ©

P Py
on, g X on, 0On,on, on,

The kernels of eq.(9) are given in [3]. Eqs (8) and (9) accompanied by the classical and non-classical boundary
conditions form the integral representation of a gradient elastic boundary value problem obeying eqs (2)-(6).

Unified 2D and 3D discontinuous elements

Karlis, Tsinopoulos, Polyzos and Beskos [5] proposed a new variable singularity element suitable for representing
fields developed near the crack tip of a 2D gradient elastic solid. In the present section a new 3D variable
singularity element is proposed and 2D and 3D special elements are presented in a unified manner. According to
[6-13], the fields u, q, R and P near the crack tip vary as »*',7"2,r""2,r™? respectively, with r being the distance
from the tip. In the present work, adopting the idea of using variable order singularity boundary elements around
the tip or the front of the crack for the description of the near tip behavior and the evaluation of the corresponding
SIFs as described in [14,15], special variable order of singularity discontinuous line and quadrilateral boundary
elements for 2D and 3D analyses, respectively, are proposed.

The crack side of the special elements is always discontinuous, having as main advantage that no functional nodes
are located at the crack front and thus, despite the singularity of R and P there, the field nodal values are finite and
can be computed.

2D discontinuous elements of variable-order of singularity

The local coordinates of the functional nodes of the special element are identical to those of a classical, partially or
fully discontinuous, 3-noded, quadratic line element. The tip of the crack can be located either at £ = —7 or at & =
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1 for the special element being to the left or right of the tip. In order to unify these two possible cases a new
variable p is introduced via the linear transformation

p=(1+c&)/2 (10)
with ¢ =zl1for the tip located at & =71, respectively. Thus, the tip of the crack is always located at p=0 and the
interval & e[-1,1] is transformed into the interval p €[0,1].

After the transformation, the tip of the crack is located at p=0. Consider a point x(p) on the element and a point
(0) located at the crack tip. The fields of interest F at the point x, can be expressed in terms of the asymptotic
solutions as

F=Kr* +Lr* +C (11)
where K, L and C are constant vectors to be determined. Vector F could represent u, q, R or P and 4 and 4, take
the values displayed in Tab.1. Considering that interpolation functions N’ exist, field F can be approximated as

F=N'F, i=123 (12)
with F'being the three nodal values of F. In view of eq (11), N* should have the form
Nf(r,p,ll,ﬂ,z):bir}"+b'r}”'+z’ (13)

where r = ‘x’ (p)fy(())‘ is the distance of the functional node j from the crack tip, as illustrated in Fig. 1, while the

vectors K, L, C of eq (11) are given by
K=dF, L=bF, C=ZF (14)

x Functional Nodes
o Geometrical Nodes

Crack front
Crack Tip
p=0
Figure1: A 2D, dispont@nuqus, variable order of singularity element Figure 2 : Projection of point x to the crack front
The constants ', b', z' can be obtained by solving three linear systems, of three equations each, arising from the
requirement that each interpolation function must satisfy the relations
N'(p corresponding to node /) = &, i,j=12,3 (15)

It can be verified that > N' =1 for all the combinations of 4,4, provided in Table 1.

3D discontinuous elements of variable-order of singularity

As in 2D, near the crack front, the fields u, q, R and P vary as P22 2 and respectively, with r the

distance from the crack front. Once more, adopting the idea of using variable-order continuous elements ([14,15]),
a new discontinuous, quadrilateral, eight-nodded element with variable-order singularity is proposed for treating
the fields around the crack front.

The local coordinates of the functional nodes are identical to those of a classical, partially or fully discontinuous,
eight-noded, quadratic, quadrilateral element. In order to be able to deal with all the possible cases of the crack
front location, the local numbering of the element nodes is changed, so that the crack front always resides on the
first side of the element. The result of the local renumbering is described in Table 2 for all the possible cases.
Consider a point x(¢&',&£',)on the element and a point y(¢&',—1)located at the crack front having the same &;-

—3/2

coordinate as x, as shown in Fig. 2. The field of interest F at the point X, can be expressed in terms of the
asymptotic solutions as
F(&',r)=K(&))r* +L(&)r™ +C(&Y) (16)

where r is the distance » =|x—y|, the symbol F represents u, q, R and P and 4, 4, take the values from Table 1.

In addition, the fields F can be approximated using the interpolation functions N’and their corresponding nodal
values F' as follows:
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F(&\,r)=N'(&,r)F, i=1.8 a7
Combining Egs (16) and (17) and assuming a quadratic behavior for the functionsK (&'), L(&') and C(&'), the
interpolation functions N'should be of the form
N'(&',r)= (e,’ +e;§',+e§§'lz)r*‘ +(e; +e§§'l+eé§'lz)rll +e +el +elén (18)
where ¢, (j=1,...9) are constants to be determined. Since eight-noded elements are used, one of the nine terms of
the above expression must be omitted. Here, having in mind that the coefficients of +* and 7* will be used for the
SIF calculation, this term is taken to be ¢, . The remaining eight constants can be easily obtained by solving a set
of eight linear systems, of eight equations each, which come from the delta property of the interpolation functions
N(&].r)=6,, ij=1.8 (19)
Where &,is the Kronecker delta, r/ = ‘x(g v,EY ) - y(f ‘,’,—1)‘ and (§ v E ';) are the local coordinates of the j
functional node. It can be verified that >' N* =1 for all the combination of 4,4, provided in Table 2.

BEM Procedure and SIF Calculation

The goal of the BEM is to solve numerically the well-posed boundary value problem constituted by the system of
two integral equations (8) and (9) and the boundary conditions (3) and (4). To this end the global boundary S is
discretized into eight-nodded, quadratic, quadrilateral, continuous and discontinuous isoparametric boundary
elements in the 3D case and into three noded quadratic line continuous and discontinuous isoparametric elements,
while special variable-order singularity, discontinuous elements are placed around the crack front (or crack tip in
2D). Then, the integral eqs (8) and (9) for a node k& are written as

1 M M M M
FLRILTEI ST G XTTEDNIEY
p=1 p=1 p=1 p=1

1 M Mo Mo M (20)
7qk+ZS; ‘uﬂ+z ;q/’:Zv; ~pﬂ+ZW; R’
2 p=1 p=1 p=1 p=1
‘\T T ret F| N\ Ao Nodes Crack on:
s 0.05m TAEVEE Side 1 | Side2 | Side3 [ Side 4
I§ 1 2 3 1
Q2] 1 2 2 3 4 1
R |-12 1 37 3 4 1 2
P |-32]-12 4’ 4 1 2 3
5 5 6 7 8
6 6 7 8 5
7 7 3 5 6
L ] 8’ 8 5 6 7
A A A A A A A Coord. & I & -G R
« 18 > Coord. & & -& -& &

Table 2: The renumbering of the element nodes, so

Figure 3 : Gradient elastic plate with a horizontal line Table 1: Orders of magnitude of the that the crack front always resides on the first side

crack asymptotic fields
where M is the total number of nodes. Explicit expressions for K G4 L', 8, T;, Vi and W; are given in [4].
Collocating eqs (20) at all nodal points M and applying the boundary conditions (eqs (3),(4)) one produces the
final linear system of the form A-X =B, with X, B containing all the unknown and known nodal components of
the boundary fields, respectively. The singular and hypersingular integrals involved, are evaluated applying a
methodology for direct treatment of CPV and hypersingular integrals [4], noting that an extra singularity due to
the singular behaviour of the interpolation functions (12) near the front of the crack should be taken into account.
Finally, the linear system is solved via a typical LU-decomposition.
Approaching the crack tip or front (» — 0) the traction p, according to eq.(11) for the 2D case and eq.(16) for the
3D case, admits a representation of the form:

p :I:K] (pl,...,pg)/\/ﬁ]!jir(}r’% J{Kz (pl,...,px)/\/ﬁ]lrilr(}r’% +C(pysensPy) 21
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where (pl,...,pg) are the tractions of the functional nodes and the components of the vectors K; and K, stand for
the SIFs corresponding to x, y and z directions according to the following relations:

K, (£)=v27K=+27a'P,, K,(&)=v27zL=+27b"P, (22)
and K, (&)=v27(D,+&D, +&'D,). K, (£)=v27 (D, +£D+ED,) (23)

with j=1,.3for 2D, D, =¢/P,,i =1,.6 andj =1,..8 for 3D and a’,b’,¢/ obtained by solving the systems (15), (19).

Mode-I Crack Problem

Two mode-I fracture problems are studied in this section. The first deals with a 2D crack, while the second
concerns a rectangular 3D crack both subjected to a tensile loading. The obtained crack profiles as well as the
corresponding SIFs are presented and compared against those of classical elasticity.

2D Mode-I crack problem

Consider a square gradient elastic plate with rounded corners of small radius of curvature (in order to have a
smooth boundary) in a state of plane stress. The plate contains a central horizontal line crack and is subjected to a
uniform tensile traction Py =100MPa normal to its top and bottom sides (Fig.3). The crack length is chosen to be
equal to 2a = 1m and the side of the square plate is L = 16a. The Young modulus and the Poisson ratio of the
gradient elastic plate are E =210GPa and v = 0.2, respectively. Due to the problem symmetries, only one quarter of
the plate is discretized, with the following boundary conditions along the axes of symmetry: P(0,y) = 0 and R(0,y)
=0for0<y<a,uy0,y)=0andR(0,y) =0 for a <y < L/2 and u,(x,0)=0 and R(x,0)=0 for 0 <x<L/2.

Fig. 4 displays the crack opening displacement obtained by the present BEM for four different values of the
gradient coefficient g. In the same figure, the crack profile of the classical elasticity theory (g = 0) is also shown.
The crack profile in the gradient elastic case remains sharp at the crack tip and is not blunted as in the classical
case. This cusp type of profile is identical to the one coming out of Barenblatt’s [18] cohesive zone theory. Also,

0.0005 -

—=— (), (Order of i

0.0004 -

0.0003

K/ (xa)"")
K/IP (na)"]

0.0002

0.0001

Displacement u_ (normal to the crack)

0.0000 0o 005 0% 0% 02 02 03 03 040

000 005 010 015 020 025 030 035 040 045 050 Gradient coefficient g b
. a
Distance from the origin (crack tip at x=0.5)

Figure 4 : Upper right quarter of the COD profile Figure 5 : a) SIF (X)), and b) (K), as function of the gradient coefficient g
it should be noticed that as the gradient coefficient g increases, the crack becomes stiffer. In Figs 5 (a) and (b) the
two mode-1 SIFs for the gradient elastic case, (K;); and (K;),, are plotted versus the gradient coefficient g. The
interesting remark here is that the SIF (K;); tends to zero as the gradient coefficient g tends to zero. As a result,

eq(21) becomes P, =(K,), / 2z lim 2 with (Kj), being the mode-I SIF as defined in classical elasticity theory.

000 o005 010
Gradient coefficient ¢

Moreover, Fig. 5(b) shows the behavior of the SIF corresponding to ? traction term as a function of the gradient

coefficient g. It should be noted that for g > 0.1 the contribution of this term is much smaller than that of the term
corresponding to ¥, For small g it is apparent from Fig. 5(b) that as g approaches zero, (K;), becomes dominant
and goes to the classical elastic case. However, the most important observation is that the SIF (K;), takes only
negative values. This means that in gradient elasticity the stresses near the tip not only go to infinity with a
different order (+—*?) than those of classical elasticity ('), but are also compressive and not tensile. This
explains the different shapes of the crack profile in gradient and classical elasticity theories, as shown in Fig. 4.

3D Mode-I crack problem

Consider a gradient elastic cube with rounded corners of small radius of curvature. The cube contains a horizontal
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Figure 6 : a) The gradient elastic cube with a central horizontal
rectangular crack b) the discretized domain

rectangular crack and is subjected to a uniform tensile traction Py = 100MPa applied normal to its top and bottom
sides (Fig. 6(a)). The material characteristics are the same as before. Due to the octant symmetry of the problem,
the analysis is performed by taking into account two Cartesian symmetries with respect to the XZ and YZ planes,
while on the XY symmetry plane the following boundary conditions are considered: P(x,y) = 0 and R(x,y)=0 for
0<x<a and 0<y<L/2 and u,(x,y)=0 and R(x,y)=0 for a<x<L/2 and a<y<L/2. The mesh used is shown in Fig. 6(b).
Fig.7 displays the lower right of the crack opening displacement profile, at y = 0, obtained by the present 3D BEM
for four different values of the gradient coefficient g, as well as the profile corresponding to the classical elastic
case (g = 0). The profiles are compared to the 2D ones of Fig. 4 and found to be the same as expected.

Figure 7 : Shape of mode-I crack for different values ofthe gradient coefficient g

References

[1] Exadaktylos, G., Vardoulakis, 1., “Microstructure in linear elasticity and scale effects: a reconsideration of basic rock
mechanics and rock fracture mechanics”, Technophysics 335, pp. 81- 109 (2001).
[2] Mindlin, R. D.: “Microstructure in linear elasticity”, Arch. Rat. Mech. Anal., Vol. 10, pp. 51-78 (1964).
[3] Polyzos D., Tsepoura K. G., Tsinopoulos S. V. and Beskos D. E., “A Boundary Element Method for solving 2-D and 3-D
Static Gradient Elastic problems. Part I: Integral Formulation”, Comp. Meth. Appl. Mech. Engng., Vol. 192, Issue 26-27,
pp. 2845-2873 (2003).
[4] Tsepoura K. G., Tsinopoulos S. V., Polyzos D. and Beskos D. E., “A Boundary Element Method for solving 2-D and 3-D
Static Gradient Elastic problems. Part II: Numerical Implementation”, Comp. Meth. Appl. Mech. Engng., Vol. 192, Issue
26-27, pp. 2875-2907 (2003).
[5] G.F. Karlis, S.V. Tsinopoulos, D. Polyzos and D.E. Beskos, “Boundary element analysis of mode I and mixed mode (I
and II) crack problems of 2-D gradient elasticity”, Comp. Meth. Appl. Mech. Engng., Vol. 196, pp. 5092-5103, 2007.
[6] I. Vardoulakis, G. E. Exadaktylos, E. D. Aifantis, “Gradient elasticity with surface energy: mode-III crack problem”, Int.
J. Solids Struct., Vol. 33, pp.4531-4559, 1996.
[7]1 G. E. Exadaktylos, I. Vardoulakis, E. Aifantis, “Cracks in gradient elastic bodies with surface energy”, Int. J. Fract., Vol.
79, pp. 107-119, 1996.
[8] I. Vardoulakis, G. Exadaktylos, “The asymptotic solution of anisotropic gradient elasticity with surface energy for mode-
II crack”. D. Durban (Ed.), Nonlinear Singularities in Deformation and Flow, Kluwer Academic Publishers, Dordrecht,
pp. 87-98, 1997.
[9] G. E. Exadaktylos, “Gradient elasticity with surface energy: mode-I crack problem”, Int. J. Solids Struct., Vol. 35, pp.
421-456, 1998.
[10] L. Zhang, Y. Huang, J.Y. Chen, K.C. Hwang, “The mode III full-field solutions in elastic materials with strain gradient
effects”, Int. J. Fracture, Vol. 92, pp. 325-348, 1998.

[11] M. X. Shi, Y. Huang, K.C. Hwang, “Fracture in a higher-order elastic continuum”, J. Mech. Phys. Solids, Vol. 48, pp.
2513-2538, 2000.

[12] A.C. Fannjiang, Y. S. Chan, G.H. Paulino, “Strain gradient elasticity for antiplane shear cracks: a hypersingular
integrodifferential equation approach”, SIAM J. Appl. Math., Vol. 62, pp. 1066-1091, 2002.

[13] H.G. Georgiadis, “The mode III crack problem in microstructured solids governed by dipolar gradient elasticity: static
and dynamic analysis”, J. Appl. Mech. ASME, Vol. 70, pp. 517-530, 2003.

[14] KM. Lim, K.H. Lee, A.A.O. Tay, W. Zhou, “A new variable-order singular boundary element for two-dimensional
stress analysis”, Int. J. Numer. Meth. Engng., Vol. 55, pp. 293-316, 2002.

[15] W. Zhou, K.M. Lim, K.H. Lee, A.A.O. Tay, “A new variable-order singular boundary element for calculating stress
intensity factors in three-dimensional elasticity problems”, Int. J. Solids & Structures;42:159-185 (2005)

[16] G.I. Barenblatt,“Mathematical theory of equilibrium cracks in brittle fracture”,Adv.Appl.Mech.,Vol. 7, pp.55-129, 1962.



Advances in Boundary Element Techniques X

Nonlinear Vibrations of Viscoelastic Membranes of Fractional
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Abstract. The nonlinear dynamic response of viscoelastic membranes is investigated. The employed
viscoelastic material is described with fractional order derivatives. The governing equations are derived by
considering the equilibrium of the undeformed membrane element. They are three coupled second order
nonlinear hyperbolic fractional partial differential equations in terms of the displacement components. Using
the AEM, these equations are transformed into a system of three-term ordinary fractional differential
equations (FDEs), which are solved using the numerical method for the solution of FDEs developed recently
by Katsikadelis. A membrane of arbitrary shape is studied to illustrate the proposed method and demonstrate
the efficiency of the solution procedure. The presented method provides a computational tool to analyze
viscoelastic membranes enabling thus the investigator to have a better insight into this complicated but very
interesting response of membrane structures.

Introduction

Membranes made of linear viscoelastic materials are extensively used in structural membranes in modern
engineering applications. These materials exhibit both viscous and elastic behavior and various models have
been proposed in order to describe the mechanical behavior of such materials (e.g. Maxwell, Voigt, Kelvin,
Zener). Recently, many researchers have shown that viscoelastic models with fractional derivatives are in
better agreement with the experimental results than the integer derivative models [1,2].

The dynamic response of viscoelastic membranes using integer order derivative models have been
examined by many investigators. However, viscoelastic membranes of fractional type derivative have not
been analyzed. The reason is that the response of such membrane is described by a system of nonlinear
fractional partial differential equations, for which no analytical or numerical methods have been developed
as yet. There are only some analytical methods for the analysis of linear response of viscoelastic beams.

Without excluding other models the employed herein viscoelastic material is described by the Voigt type
model with fractional order derivative

1w 0 || +nDk,
= v 1 0 EV-&-UD“E (1)

¢y

1-vily, +nD!v,,
2

where E,v are the elastic material constants, 7 the viscoelastic parameter and D¢ the Caputo fractional
derivative of order o defined as

, m—1l<a<m

L
1 f u (T? ir
T(m—a)Jo (t — )t
a"
u
dt™

where m is a positive integer. The advantage of this definition is that it permits the assignment of initial
conditions which have direct physical significance [3]. Apparently, the classical derivatives result for integer

Deu(t) = @

(t) m=a
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values of a. An advantage of this two parameter viscoelastic model is that it can described more
complicated models for appropriate values of the two parameters, namely « and 7 [4], besides the

simplicity to formulate the equations of structural viscoelastic systems.

Problem Statement and Governing Equations

We consider a thin flexible initial flat [5] membrane of thickness h and mass density p consisting of
homogeneous linearly viscoelastic material occupying the two-dimensional, in general multiply connected,
domain €2 in z,y plane. The membrane is prestressed either by imposed displacement ., v: or by external
forces N;,N? acting along the boundary I'. Moderate large deflections result from nonlinear kinematic

relations, which retain the square of the slopes of the deflection surface, while, the strain components remain
still small compared with the unity. This theory is good for considerably large deflections with the exception
in the vicinity of the boundary where the stress resultants of the finite deformation of membrane should be
considered to satisfy the equilibrium and explain the folding near the edge. Thus, the strain components are
given as [6]

€ = Uy + 1 w2 gy = Uy + 1 w,) Yay = Uyy +V,2 +W,z Wy (3a,b,c)
2 2
where u = u(z,y,t), v=uv(z,y,¢) are the inplane displacement components and w = w(z,y,t) the
transverse displacement. The membrane is subjected to the transverse load p. = p.(z,y,¢) and the inplane
loads p: = p:(z,y,t) and py, = py(z,y,t).
On the basis of Eqs (1) and (3) the stress resultants are written as

N.): = N:): + an!N;z: ]\7;/ = Ng/ + nD:LNI/ Nn/ = N:):y + TlDsz;y (4a,b,c)
where
N: = Clue +vvy +%(w,ﬁ +rw,y) (5a)
1
Ny = Clvu,: +u,y +§(1/wﬁ- +w; )] (5b)
1—-v
Ny =0C (Uyy +0,0 +w,z wyy ) (5¢)

with C = Eh /(1 —v”) being the membrane stiffness.

The governing equations result by taking the equilibrium of the membrane element in the undeformed
configuration. This yields

Niye +Nuyy —phii = —ps (6a)
]ny,f JFNy?y —phi = —py (6b)
Nzwm‘m: +2N1yw7zz/ +Nyw:~1/y TP Wy _pz/ww _/)h’ﬂ} + phﬁwvr +ph1)w~y =P (6C)

Without restricting the generality, we consider displacement boundary conditions on I’
Un = Un , ur = Ut , w=w (7a,b,c)

Using Eqs (4) in Eqs (6) we obtain the membrane equations in terms of the displacements in

1, . A ) 1, . r
C{lu,, +vv,, +§(w,j Fvw,d ) 4+ nDE u,, +vv,, +§(w,i +vw, ) e (50
a

1-— o .
C D) Y {(u7y 0, +w,, Wy ) + 7/D0 (uw 0, Fw,, W,y )}71/ —Phu = Dz

1— a
CTI/{(UW +U7;r +w,, W,y ) + an (U,y F0,5 W, W,y )}m (Sb)
1 ; ; " 1 ; ..
C{[l/u,, +v,y +§(vai +w=§ )} +nD: [Vuw +0,y +§(l/w,ﬁ +w7,'21 )]}7,'/ —phi = —DPy
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1 ; o 1
C{luye +vv,, += (w2 +vw,l ) + nDE [uy, +vo,, += (0,2 +rvw,, ) w,,,
+C(1— V){(Uw F Fw,e wyy )+ 1D (U v, Fw,, w,, )}wu‘y (8c)
1 . . 1 .
FO{se +oy + 2 (v s )]+ 1D s oy, + 2 (s oy )y,
—PoW,y —PyW,y —pht + phiiw,, +phiw,, = —p.

Equations (8) are subjected to the boundary conditions (7) and initial conditions

U(I, Y, 0) = ﬁ (Iv y) , U(I’ Y, 0) =0 (I’ y) (93)
v(z,,0) = f(z, y)’ (2, y,0) = g2(,y) (9b)
w(zv Y, 0) = f5 (1’7 y) , w(z, Ys 0) =93 (Iv 'U) (9(;)

Obviously, the equation for the elastic membrane result for n = 0 [7].

Equations (8) constitute a system of three coupled nonlinear fractional partial equations of hyperbolic
type that are solved using the AEM as presented in the following sections.

The AEM Solution
Since Eqs (8) are of the second order with regard to the spatial derivatives, the analog equations will be
Viu = bi(x,t) V2 = ba(x,t) Viw = bs(x,t) x:{z,y} €Q (10a,b,c))

where bi(x,t), i =1,2,3 represent in the first instance unknown time dependent fictitious sources. The
solution of Eq. (10a) is given in integral form [8].

eu(x,t) = j;)u*bdQ - f; (v'g—qu)ds xeQUT (11)

in which ¢ = u,n; " = fnr /27 is the fundamental solution of Eq. (9a) and ¢* = u, its derivative normal
to the boundary with r = ||§ — x|, x € QUT and & € I'; ¢ is the free term coefficient (¢ =1 if x € 2,
e=a/2r ifxeland e =0 ifx € QUT; a is the interior angle between the tangents of boundary at
pointx ; ¢ =1/2 for points where the boundary is smooth). Eq. (11) is solved numerically using the BEM.

The boundary integrals are approximated using N constant boundary elements, whereas the domain
integrals are approximated using M linear triangular elements. The domain discretization is performed
automatically using the Delaunay triangulation. Since the fictitious source is not defined on the boundary, the
nodal points of the triangles adjacent to the boundary are placed on their sides (Fig1). Thus, after
discretization and application of the boundary integral Eq. (11) at the N boundary nodal points we obtain

_ (1)
Hu = Gq + Ab (12)

M domainpoints

N boundary points
5 4

Figure 1. Boundary and domain discretization.
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where H,G are N x N known coefficient matrices originating from the integration of the kernel functions
on the boundary elements and A: is an N x M coefficient matrix originating from the integration of the
kernel function on the domain elements; u,u. are the vectors of the nodal displacements and slopes and b®
the nodal values of the fictitious source at the M/ domain nodal points. Further application of Eq. (11) at the
domain nodal points and use of Eq. (12) combined with the boundary conditions to eliminate the boundary

quantities, we can express u and its derivatives at the domain nodal points in terms of the fictitious source

u,pq (t) = S7I7f1 b(])(t) + S(l)ﬂiq S p,q= 07 T,y (13&)
Similarly, we obtain

Voq (1) = 8,00 BP () + 5(2),pq’ pg=0zy (13b)

Wopq (£) = 8,00 DO (t) + 5% 4 , p,q = 0,2,y (13¢)

For homogeneous boundary conditions we have s, »¢ = 0. Applying now Eqs (8) at the M domain nodal
points and substituting the involved derivatives from Eqs (13) we obtain

F(b", Db b0 =~{p p, p}, i=123 andk=12..,3M (14)

where the functions F, depend nonlinearly on the elements of the vector arguments. The initial conditions
(9) for b” become

b(0) = ST'f, b(0) = S'g, (15
Equations (14) constitute a system of 3 three-term nonlinear FDEs, which are solved using the time step
numerical procedure developed by Katsikadelis [9] and is presented below. The use however, of all the
degrees of freedom may be computationally costly and in some cases inefficient due to the large number of

coefficients b,ﬁi)(t). To overcome this difficulty in this investigation, the number of degrees of freedom is
reduced using the Ritz transformation, namely

b — gy (16)
where z,(fi)(t) ,(k=1,..,L < M) are new time dependent parameters and U@ are M x L transformation
matrices. In this investigation the eigenmodes of the linear problem are selected as Ritz vectors [10].

Numerical Solution of the of the Nonlinear FDEs
We consider the system of the & nonlinear three-term FDEs
F(D/u, Dfu,u) = p(t) 17)
with 0<a<(3<2 ¢>0, aicR, det(ar) =0
under the initial conditions
u(0)=u, ifg<1 (18a)
or
u(0) = u,, u(0) =1,,if 1 <3 <2 (18b)
Let u = u(t) be the sought solution of Eq. (17). Then, if the operator D/’ is applied to u we have
Dlu=q(t), 0<B<2, t>0 (19)

where q(f) is a vector of unknown fictitious sources. Eq. (19) is the analog equation of (17). It indicates
that the solution of Eq. (17) can be obtained by solving Eq. (19) with the initial conditions (18), if the q(¢) is
first established. This is achieved by working as following.
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Using the Laplace transform method we obtain the solution of Eq. (19) as

u(t) = wo + [ceil (8) — it + % I "a(r)(t — ) dr 20)
where ceil() represents the ceiling function, e.g. ceil(3) yields the integer greater or equal to . The use of
this function permits to realize computationally the proper initial conditions prescribed by Eqgs (18). Eq. (20)
is an integral equation for q(t), which can be solved numerically within a time interval [0,7] as following.
The interval [0, 7] is divided into N equal intervals At = h, h =T /N, in which q(¢) is assumed to vary
according to a certain law, e.g. constant, linear etc. In this analysis q(t) is assumed to be constant and equal
to the mean value in each interval i . Hence, Eq. (20) at instant ¢ = nh can be written as

u(t) i
y Uy ", A i i Uy
‘ N
A hfh g hF-h A= hF-h—f-h - h=Fh - h—f

T =nh
Fig. 2: Discretization of the interval [0, 7] into N equal intervals h =T /N .
. . 1 m [ B-1
up = uo + [ceil(3) — 1nhao + —— nh—71)""dr
feeil(8) 1] wla S, =)

2 ) nh )
+qy j:[ (nh—7)"tdr - + q?{lf (nh — 1) tdr

(n—1)h

@n

which after evaluation of the integrals yields
u, = uo + [ceil(3) — Lnhio
n—1 ) ‘ 22
+e) [m+1=1) —(n—r)]q" +§(qm+qn ) (22)
r=1

where
B’ m 1
c= , q" ==(qr1+q/) (23)
ENE) 2

Eq. (22) can be further written as
fgqn T = uo + [eeil(B) — nhio
n—1 ) ) ¢ (24)
+e) (1= = =n]aF +Zam

r=1

We now set

cu = q(t) ©5)
where q(¢) is another unknown vector. We can establish a relation between q(¢) and q(¢) by considering
the Laplace transform of Eqs (19) and (25). Thus, we can write

Us) = wo &+ [eeil(8) — 1 - + L q(s) (26a)
S S S

U(s) = o -+ [ceil(a) — 1o & + L Q(s) (26b)

S

Equating the right-hand sides of the above equations we have

11
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1

S,’? «

Q(s) = ([ceil(8) — ceil()]) o SQL +L gy, o=8 @7)

Taking the inverse Laplace transform of Eq. (27) we obtain
q = ([ceil(B) — ceil(a)]) o LA S | ")t — 1) Ndr (28)
'2—a) TB-a)’o
Using the same disctetization of the interval [0,7'] to approximate the integral in Eq. (28), we obtain
T = ([ceil(B) — ceil(a)]) n' “dio

n ’ 29
eSSl - o
r=1
where
_ h;’i’—a hl—rv 1
C=———7—"—, d=————, q}” — 7((11-—1 + (Ir) (30)
(B=-a)(B-a) T2—a) .
Eq. (29) can be further written as
_gﬁn + qn = [ceil(B) — ceil(a)]ndito
> (€20

+ey [(n+1=r)"" —(n—r)"" " + gqn—l

r=1

Applying Eq. (17) for ¢ = t» we have

F(q,,q,,u,)=p, (32)
Eqgs (24), (31) and (32) are algebraic equations and they can be combined and solved successively for
n =1,2,... to yield the solution u, and the fractional derivatives q»,q» atinstant t =nh <7T.Forn =1,
the value qo appears in the right hand side of Eqs (24) and (31). This value can be evaluated as following.

Equation (27) for ¢t = 0 gives

F(q,,9,1,) = p, (33)
The above equation includes two unknowns, qo,qo. These values can be expressed in terms of the known
initial conditions using the relations below (see Appendix).

) -1
= F(Q - a) (2 - 217‘11) a—f3
a ———F—<h
re-p)l2—2-)
r@—a)le—o=9) .
q =12 e,

r@2-p) (2 o)

(po - asuo)

0 +a,

fo<a<pB<1 (34a)

e -p)le—22)
TB-a)le—227)
“Teop oz ©

2|

ifl<a<f<2 (34b)

9

4, =——h -2 )a |
T'2-a) if0<a<land1<p<2 (34c¢)

- _ -
9 = (pn a;u, a2q0)
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Examples

The viscoelastic membrane shown in Fig. 3 has beer)l studied. The boundary of the domain is defined by the
> 5 5 1(1/4 p o (1/4

curve r:(ab)l/z/[(cos@/a)2+(sin9/b)z]</ [(cos&/b)er(sinG/a)z](/), 0<60<2m. The

membrane is prestressed by un, = 0.2m in the direction normal to the boundary and w = Om in the
tangential direction. The employed data are: a =3, b=13; h=0.002m, p/h=>5000kg/m?,
E=11x10°kN/m?, v =0.3. The results were obtained using N =210 boundary elements and
M =106 internal collocation points. The membrane is subjected to a transverse load p. = 2H(t)kN / m*.
Firstly, the influence of the membrane inertia forces is investigated when the membrane is purely elastic.
Fig. 4a,b,c present the time history of the transverse displacement at the center of the membrane, the inplane
displacement u and the membrane force at point A(-1.741,0) respectively, taking into account and
neglecting the membrane inertia forces. Apparently, the influence of the membrane inertia forces is
negligible. Moreover, Fig. 5a,b show the deflection at the center and the membrane displacement « at point
A for various number of Ritz vectors employed for reduction of the degrees of freedom and are compared
with the results of the unreduced system. The use of more than 20 modes changes the results negligibly.

Next, the free vibrations of the elastic (7 = 0) and the viscoelastic membrane (7 = 0.2) are studied. The
initial conditions are w(z,y,0) = the deflection of the membrane for a static load p. = 1kN /m® and
w(z,y,0) = 0. The results were obtained using 20 linear modes for reduction. Fig. 6 presents the response of
the membrane. Finally, the forced vibrations of the viscoelastic membrane are studied. The membrane is
subjected to a transverse load p, = H(t)kN /m?. The results were obtained using 20 linear modes as Ritz
vectors for the reduction of the degrees of freedom. Fig. 7 presents the time history of the membrane for
various values of the order of the fractional derivative of the Voigt type model. Fig. 8b shows the phase
plane of the deflection at the center for a = 0.5,7 = 0.5.

e
()

'

N
o
N
w
o~

Fig. 3: Boundary and domain nodal points of the membrane
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Fig. 8: (a) transverse displacement at the center of the membrane and (b) phase plane for o = 0.5,
(1=0.5)

Conclusions

The governing equations describing the nonlinear dynamic response of viscoelastic membranes made of
fractional type derivative viscoelastic materials are derived and a BEM method based on the concept of the
analog equation is developed for solving the coupled nonlinear partial fractional differential equations. The
system of the nonlinear fractional ordinary differential equations resulting after domain discretization is
solved by a new recently developed method for solving multi-term FDEs. The membrane may have arbitrary
shape and it can be prestressed. The obtained results show that the membrane inertia forces have a negligible
effect. In absence of damping the membrane under a suddenly applied load vibrates about the static
equilibrium configuration with the maximum amplitude reaching asymptotically constant value much
smaller than the elastic.

In closing, the presented method provides an efficient computational tool to analyse nonlinear viscoelastic
membranes described by realistic models and enables the investigator to understand their complicated
dynamic response.
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Appendix: Approximation of D:u(0)
The function u(t) is expanded in Taylor series

u(t) = uo + tot + %’Uotz + %Uotz (A1)
() 0<ac<l.
We have

DE1) =0
2 () = o

D) = e (A2)

Deut) = i —@)_pe Ly TG o (A3)
T'(2-a) 2 T'(3—a)

from which we obtain
Deu(h) = i ——G)_pie 4 Lijg LG _poa (A4)
I'2—a) 2 T'(B—a)

L (opy + iip !
2—a) —a

Déu(2h) = i T 2R)* 4. (A5)

linear extrapolation yields

Deu(0) = 2DCu(h) — D u(2h) (A6)

or after neglecting terms of O(h*™)
1 1— 1—, .
Diu(0) ~ ————h' (2 -2") A7
u(0) F(Z—a)L o (A7)

(i)l<a<?2
We have

e (A8)
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u(t) = uo + tot + iiimf? + l'u'“ﬁ
2! 3!

DEult) = fio——— 0 4 — L g

I'(3—a) I'(4—a)
Using Eq. A4 and neglecting O(h*™*) we take

Di'u(0) ~ ﬁhzf” (2—2% )i
—a

Note that Eqs A7 and A1l yield
Diu(0) = 1o, D2u(0) = iio
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Abstract. In this paper a fast solver for three-dimensional elastodynamic BEM problems formulated in the
Laplace transform domain is presented, implemented and tested. The technique is based on the use of
hierarchical matrices for the representation of the collocation matrix for each value of the Laplace
parameter of interest and uses a preconditioned GMRES for the solution of the algebraic system of
equations. The preconditioner is built exploiting the hierarchical arithmetic and taking full advantage of the
hierarchical format. An original strategy for speeding up the overall analysis is presented and tested. The
reported numerical results demonstrate the effectiveness of the technique.

Introduction

The analysis of elastic dynamic problems through reliable numerical techniques is a subject of great
relevance in many fields of science and engineering. The Boundary Element Method (BEM) has been
effectively employed for the analysis of dynamic problems using several different strategies, like the time
domain formulation, the Fourier and Laplace transform techniques or the dual reciprocity method [1-3].

In the context of Fracture Mechanics, to mention a field of interest to the authors, dynamic crack
problems have been successfully solved using the Dual Boundary Element Method in the time domain [4]
(Time Domain Method, TDM), in the Laplace transform domain [5,6] (Laplace Transform Method, LTM)
and in conjunction with the dual reciprocity method [7] (Dual Reciprocity Method, DRM) and the
performances of the three approaches have been compared, in terms of analysis time and memory
consumption, for both two-dimensional [8] and three-dimensional [9] cases.

In these works it was found that the Laplace Transform Method, although very accurate, is
computationally expensive, in terms of computational time, in comparison to the other techniques.
Moreover, although the storage memory required for the analysis in the transform domain is less than that
required by the other strategies for dynamics, it is however larger than that needed by the corresponding
static problem. On the other hand, it is well known that the BEM produces fully populated matrices whose

storage and direct solution are of order O(nz) and O(nS) respectively, if n is the order of the problem.

Such considerations limit the size of the problems that can be effectively tackled on common computers
using the standard BEM. This circumstance hindered for many years the industrial development of the
method and has limited its use to the analysis of small or medium size problems.

However, in the recent years, a considerable effort has been devoted to the development of strategies
aimed at reducing the computational complexities of the BEM, reducing both memory requirements and
time consumption.

Many investigations have been carried out to overcome such limitations and different techniques have
been developed such as the fast multipole method (FMM) [10,11], the panel clustering method [12], the
mosaic-skeleton approximation [13] and the methods based on the use of hierarchical matrices [14]. The
general aim of such techniques is to reduce the computational complexity of the matrix-vector
multiplication which is the core operation in iterative solvers for linear systems. However while FMMs and
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panel clustering tackle the problem from an analytical point of view and require the knowledge of some
kernel expansion in advance to carry out the integration, mosaic-skeleton approximations and hierarchical
matrices provide purely algebraic tools for the approximation of the boundary element matrices, thus
proving particularly suitable for problems where analytic closed form expressions of the kernels are not
available or difficult to expand.

The analysis of elastodynamic problems through FMM BEM has been addressed both in the time[15]
and frequency domain [16-18], with a special attention to seismology and soil-structure interaction
problems. Although the reported results show a noticeable reduction in both memory and time
requirements, the implementation of FM strategies requires heavy and ad hoc recoding of available
packages. On the other hand, fewer works have been devoted to the use of hierarchical matrices for the
analysis of elastodynamic problems. In particular, the authors are aware of only one application of the
Adaptive Cross Approximation (ACA) to a symmetric elastodynamic Galerkin boundary element
formulation [19].

In this work the use of hierarchical matrices for the rapid solution of 3D BEM elastodynamic problems
in the Laplace transform domain is presented and investigated for the first time, extending the work
previously developed by the authors for the fast solution of 3D static Dual BEM problems [20,21]. To
obtain an accurate solution through any inverse transform technique, the solution in the transform domain
for a sufficient number of Laplace parameters has to be computed. The hierarchical format is used for
representing and storing the collocation matrix for each value of the Laplace parameter. The coefficient
matrices are built by Adaptive Cross Approximation (ACA) and the final system for each parameter is
solved through a preconditioned GMRES iterative solver, in which the matrix-vector product is sped up by
the hierarchical representation itself. Also the preconditioner is built taking advantage of the hierarchical
format and an original strategy to further speed up the overall analysis is presented an tested.

Elastodynamic BEM in the Laplace transform domain

The boundary integral equation governing the dynamic behavior of an elastic body in the Laplace
transform domain can be written

(%), (x,)+ ff/ (%5, %,8)it; (x)dl’ = IU,/ (xp,x,5)7, (x)dT (1)

r

where the tilde indicates transformed quantities and s is the Laplace parameter. The boundary integral
representation of the elastodynamic problem in the Laplace domain has the same form as that of the
elastostatic problem. Eq.(1) is to be used in conjunction with the transformed boundary conditions to solve
any specific problem.

The form of the elastodynamic fundamental solutions in the Laplace domain allows to write each of them as
the sum of two contributions: the first term does not depend on s and contains the same singularities as
those present in the elastostatic 3D fundamental solutions; the second term depends on s, but contain only
weak singularities. This circumstance leads, after the classical boundary elements discretization procedure,
to a linear system of the form

[A+A(S)Ji(s)=y(s) 2

where A is the matrix stemming from the integration of the terms containing the singularities and needs to
be computed only once in advance, while ;&(s) stems from the integration of the terms depending on s and
has to be computed for each value of the Laplace parameter.

To analyze a general elastodynamic problem by using the Laplace transform technique, one has generally to
compute the solution of the system (2) for a set of Laplace parameters s,, with k=1,...,L, in order to

calculate the time-dependent values of any relevant variable by means of some Laplace inverse
transformation technique. Wen et al. [6] obtained for example accurate results for long durations in the time
domain by using

2ki

k=0,..,25 (3)

s, =0+
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with 0T =5 and T/t, =20, where #, is the unit time. In this work, the solution for the previous set of

Laplace points will be computed for some elastodynamic problems and the performance of the hierarchical
BEM in terms of memory and time requirements will be compared to that of the standard BEM.

Hierarchical matrices for elastodynamic BEM in the Laplace domain

To improve both storage memory and time required by the elastodynamic BEM analysis in the Laplace
domain, system (2) is represented in hierarchical format for each value of the Laplace parameter.

The hierarchical or low rank representation of a BEM matrix is built by generating the matrix itself as a
collection of sub blocks, some of which admit a special approximated and compressed format. Such blocks,
referred to as low rank blocks, can be stored in the form

k
B=B, =>u v/ =U-V’ 4)

i=1

The block B of order mx n is approximately generated through the product of U, of order mxk , and V',
of order kxn. If k, i.e. the rank of the block, is low then the representation (4) allows to reduce both
memory storage and the computational cost of the matrix-vector multiplication, which is the bottleneck of
any iterative solver.

The approximation of the low rank blocks (4) is built by computing only some of the entries of the
original blocks through adaptive algorithms known as Adaptive Cross Approximation (ACA) [22,23], that
allow to reach an initially selected accuracy &. Low rank blocks represent the numerical interaction, through
asymptotic smooth Kernels, between sets of collocation points and clusters of integration elements which are
sufficiently far apart from each other. The distance between clusters of elements enters a certain
admissibility condition of the form

min(diam Q. diam Q,,)<n dist(Q

int

o> i) ®)

where Q_, and Q,, are clusters of elements and 7 >0 is a parameter influencing the number of

admissible blocks on one hand and the convergence speed of the adaptive approximation of the low rank
blocks on the other hand [24]. The blocks that do not satisfy such condition are called fu/l rank blocks and
they need to be computed and stored entirely, without approximation. Once low and full rank blocks have
been generated, some recompression techniques can be used to further reduce the storage memory and
computational complexity of the single blocks and of the overall hierarchical matrix (reduced SVD [25] and
coarsening [26]).

As an almost optimal representation is obtained, the solution of the system can be tackled either directly,
through hierarchical matrix inversion [27], or indirectly, through iterative methods [28]. In both cases, the
efficiency of the solution relies on the use of a special arithmetic, i.e. a set of algorithms that implement the
operations on matrices represented in hierarchical format, such as addition, matrix-vector multiplication,
matrix-matrix multiplication, inversion and hierarchical LU decomposition. A collection of algorithms that
implement many of such operations is given in [24] while the hierarchical LU decomposition is discussed in
[28].

The use of iterative methods takes full advantages of the hierarchical representation, exploiting the
efficiency of the low-rank matrix-vector multiplication. The convergence of iterative solvers can be
improved by using suitable preconditioners. In this work a hierarchical LU preconditioner is built starting
from a coarse approximation of accuracy ¢, of the collocation matrix. An iterative GMRES algorithm is

eventually used in conjunction with such preconditioner for solving the system for each value of the
Laplace parameter of interest.
Selecting the accuracy &, for the collocation matrix, the hierarchical counterpart of system (2) is written

[ (&) + o7 (s02.)]%(5) =¥ (s:) ©)
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The LU preconditioner P(sk) is generated in hierarchical format as well, selecting a reduced accuracy &, .

The preconditioned final system has the form
ﬂ*(sk,gp)[M(£C)+J(sk,gp)]i(sk):ﬂ’(s,(,gp)y(sk) 7

Even using the hierarchical format, the setup of a preconditioner is an expensive procedure. In the previous
scheme a new preconditioner should be built for each value s, of the Laplace parameter. To further speed

up the overall dynamic analysis, an idea is put forward here and it is validated through numerical
investigation. The preconditioner set up by using the hierarchical format can be thought of as a coarse
approximation of the inverse of the system matrix for a given value s, . If two subsequent values s, and

Sy, of the Laplace parameter are close to each other, the preconditioner set up for s, could constitute an
approximation of the inverse of the system matrix set for s,, . This idea configures the use of local

preconditioners, in the sense introduced above, and will be investigated in the next section.

Numerical experiments

Let us consider the bar depicted in Fig. 1, subjected to impact traction load J(t) = 10‘§(t) on the (grey)

superior base and constrained in correspondence of the thick points of the inferior base. The bar has square
cross section axa, with a=1 and height #=4. A representative
material with £ =1000 and v =0.3 has been considered (all the
quantities are non-dimensionalized). To test the performance of the
hierarchical solver at varying mesh sizes, three different meshes have
been considered, as shown in Table 1.

The parameters for the hierarchical analysis have been set to the
following values: cardinality of the leaf C,,, =36, admissibility

parameter 77=3, collocation matrix accuracy &, = 107,
preconditioner  accuracy &, = 107", GMRES tolerance

Egames =107
The preset required accuracy has been obtained for all the preformed
computations, confirming the effectiveness of ACA in the
approximation of the low rank block stemming form elastodynamic
kernels.
The memory storage required by the hierarchical collocation matrix
and by the hierarchical preconditioner for each Laplace parameter
= and for various mesh sizes is then analyzed and results are reported
in Fig.2. Also the memory requirement for the -elastostatic
Figure 1 Analyzed configuration. counterpart of the analyzed problem is reported in the same figure,
for the sake of comparison, as the first value of the plotted curves
Elements | Nodes (k=-1). As it can be noted, the amount of required memory
Mesh 1 288 866 increases when the imaginary part of the Laplace parameter
Mesh 2 450 1352 increases, due to the behavior of ACA with oscillatory kernels. It is
to be noted that the strategy of the local preconditioners has been
Mesh 3 648 1946 used and this explains the memory trends for the preconditioner.
Table 1 Analyzed meshes. Moreover, for a given Laplace parameter, analogously to what
happens in the static case, the storage memory, expressed as
percentage of the full rank storage, decreases when the mesh size increases.
Figure 3 reports the assembly speed up ratio for various Laplace parameters and various mesh sizes. Also in
this case the value corresponding to the static case is reported as the first value of the curves. The speed up
ratio is defined as the ratio between the time necessary to perform an operation in hierarchical format and
the corresponding classical time. It is to be noted that the classical assembly of the matrix contributions

VVVVVVVVVVVVVVV
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A (s,() requires less time in comparison to the classical assembly of the contribution A, that stems from the

integration of the singular integrals. On the other hand, ACA converges with an average rank which is
greater or equal than the average rank in the static case. This consideration explains the jump with respect to
the static case in the assembly speed up ratios depicted in Fig.3. It can be noted how the assembly speed up
ratios grow with the Laplace parameter. This growth is considerable and can lead to assembly times greater
than the full rank assembly time. This behavior is a direct consequence of the performance of ACA with the
considered elastodynamic kernels and it is related to the growth of the average rank of the approximated
blocks.

40 ----------- R +  Mesh3 —

Memory storage - % of the full rank storage

30F---m e - e T Preconditioner -~
| | | | | |
| | | | | |
20f b R
| | | l B R )
a ! | | Ja-E-m-m-w |
10 ——~w ™ - G600 -0 o _
:it—&—t+4—i—a—.—a—-7t—&—&+4:1t<:i:,f,k‘,~,~,~,y’r
| | | | | |
0 I I I I I I
0 5 10 15 20 25

Laplace parameter
Figure 2 Memory requirements for various Laplace parameters and mesh sizes.

Assembly speed up ratio

Laplace parameter
Figure 3 Assembly speed up ratio for various Laplace parameters and mesh sizes.
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However, even when the hierarchical assembly times are higher than the full rank assembly times, the
advantages in terms of solution time can be considerable and allow actual savings in terms of fotal
(assembly plus solution) analysis time, as shown in Figs. 4 and 5. These figures demonstrate the
effectiveness of the strategy of the local preconditioners introduced in the previous section, as well as the
noticeable speed up ratios obtained for the three different meshes for various Laplace parameters.

1.6 T T

14

1.2

0.8

0.6

Solution speed up ratio

0.4

0.2

0 5 10 15 20 25
Laplace parameter
Figure 4 Solution speed up ratios for various Laplace parameters and mesh sizes.

Total speed up ratio

0 5 10 15 20 25
Laplace parameter
Figure 5 Total speed up ratios for various Laplace parameters and mesh sizes.

The idea of local preconditioners is further clarified by the number of GMRES iterations to convergence
reported in Fig. 6 for the various Laplace parameters and different mesh sizes. When the preconditioner is
computed for a certain value s,, the number of iterations to convergence is relatively low. A given
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computed preconditioner is then used for the following values of the Laplace parameter and demonstrates to
be able to precondition the system effectively. The number of GMRES iterations grows when the
preconditioner is used far from the parameter for which it was computed. When the number of iterations
overcomes a prefixed threshold, 140 in the figure, a new preconditioner is computed. The trends in terms of
GMRES iterations confirm the effectiveness of the idea.

180 : ‘
I Vesh 1

160 - | [N Mesh 2 |-~~~ -~~~ -~
[ IMesh3

T

120 - - - -

100 - - - ]

80

GMRES iterations

60

40

20

10 15 20 25
Laplace parameter
Figure 6 Number of GMRES iterations for various Laplace parameters and mesh sizes.

Summary

In this work a fast solution strategy for 3D elastodynamic BEM problems in the Laplace transform domain
has been presented, implemented and tested. The strategy is based on the use of hierarchical matrices for the
representation of the collocation matrix in the Laplace domain and uses a GMRES iterative solver for the
solution of the final system. The hierarchical format allows to reduce the storage memory necessary for the
representation of the system and speeds up the performance of the solver enhancing the speed of the matrix-
vector product, which is the core and the bottleneck of any iterative solver for large systems. A coarse
hierarchical LU preconditioner is used to improve the convergence of the iterative solution. Moreover, to
further speed up the overall analysis in the Laplace domain, the idea of local preconditioners is presented
and successfully assessed.
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Abstract. The thickness shape optimization is used to optimize the performance of a Kirchhoff plate having
constant volume. The plate has arbitrary shape and any type of admissible boundary conditions. The
objective function can be the stiffness of the plate, the buckling load, the maximum stresses or the regulation
of the frequencies. The plate optimization problems are solved efficiently thanks (a) to developing an AEM
solution for the bending and plane stress problem of the plate with variable stiffness and mass properties and
(b) to appropriate selection of the design parameters. The validity of the Kirchhoff plate theory is ensured by
imposing certain inequality constraints regarding the thickness variation. Thus realistic solutions are
obtained. The introduced design parameters are the coefficients of the interpolation functions series which
approximate the variable thickness within the plate domain and on its boundary. The presented plate
optimization method overcomes the basic shortcoming of a possible FEM solution, which would require
resizing of the elements and re-computation of their stiffness properties during the optimization process.
Besides, upper and lower bounds of thickness are imposed dictated by serviceability reasons. Several plate
optimization problems are solved, which give realistic solutions for plate design.

Introduction

Thin plates of variable thickness are used as structural components in many engineering applications. In
most cases it is very useful to optimize the thickness variation of the plate in order to reduce the cost,
increase the strength and improve the quality and the reliability of the structure. The problem consists in
finding the thickness distribution of a plate with constant volume that minimizes or maximizes an objective
function under some inequality constraints on the thickness variation dictated by serviceability reasons and at
the same time ensure the validity of the thin plate theory with variable thickness. The objective function may
be the stiffness of the plate, the buckling load, the maximum stresses, the frequencies of the dynamic
response and others.

The evaluation of the objective function requires the solution of the problem of a plate with variable
thickness. This problem has been solved using analytic and approximate techniques such as the Galerkin and
the Rayleigh-Ritz method [1-3] and numerical methods like the FEM and the BEM [4-7]. Many researchers
have studied the thickness optimization of rectangular and circular plates to maximize the lower natural
frequency [8,9]. The buckling load for circular and annular plates has been optimized using Rayleigh-Ritz
method [10] and FEM [11]. The stiffness of rectangular plates has been also maximized in [12]. In the
previous papers and some others [13-16] the optimization problem is unconstrained or is subjected on upper
and lower bounds on thickness. These studies usually lead to complicated shapes with discontinuous
thickness variation for which the thin plate theory is not applicable. Niordson [17] introduced a constraint on
the slope of the thickness function in order to obtain designs with slowly varying thickness. In the examined
cases, the researchers study plates with simple geometries and inplane boundary conditions and the obtained
results depend on the discretization of the plate. Furthermore, in the reported buckling optimization solutions
the assumption of uniform membrane forces is adopted to avoid solving the plane stress problem arising
simultaneously with the bending problem in each optimization step. Apparently, this gives unrealistic design
solutions.

In this paper we consider the problem of determining the optimum thickness of the plate with a given
volume in order to maximize the stiffness or the buckling load. It is a nonlinear optimization problem under
equality and inequality constraints. The thickness function is approximated by polynomials of certain degree
or by radial basis functions series. The parameters of the approximating functions are the design variables of
the optimization. The shape optimization problem is solved using a general nonlinear minimization
algorithm under linear and nonlinear inequalities. The bending problem of the plate variable thickness
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combined with membrane forces as well as the simultaneous plane stress problem is solved efficiently using
the AEM of Katsikadelis [18, 19]. According to this method the original equations are converted into three
uncoupled linear equations, namely a linear plate (biharmonic) equation for the transverse deflection and two
linear membrane (Poisson) equations for the inplane deformation under unknown fictitious loads. The plate
may have arbitrary geometry and any type of admissible bending and inplane boundary conditions. The
resulting boundary value problems are solved with the D/BEM. Several plates with various shapes, boundary
conditions and loads have been optimized, which illustrate the method and demonstrate its applicability and
efficiency.

Statement of the problem

The shape optimization problem

We consider a thin elastic plate with a given volume occupying the two-dimensional domain 2. Our
problem is to establish the thickness variation so that:

a) The stiffness of the plate becomes a maximum when it is subjected to a transverse load.
b) The buckling load reaches its maximum value when it is subjected to inplane forces.

It is a nonlinear optimization problem under equality and inequality constraints. The equality constraint
results from the condition that the volume of the material is kept constant, while the inequality constraints
are imposed on the thickness variation to ensure validity of Kirchhoff plate theory and satisfy serviceability
requirements.

The problem of plate with variable thickness

The evaluation of the objective function requires the solution of the plate bending problem combined
with membrane forces as well as the plane stress problem. In both cases the thickness of the plate is variable.
These problems are stated as follows.

(i) For the transverse displacement w = w(z,y) :

DV'w +2D,. V*w,e +2D,, Vw,y +V>DV*w — (1 — v) (Dyar W,y — 2D,y W,y +Diyyy Wy )

in Q (1)

— Now, e —2N w0,y —Nyw,yy +bew,: +byw,, = f
Vw + Niw,n +Niw, +krw =V" or w=w" on I’ (2a)
Muw + kyw,n =M™ or w,n = w,, on I’ (2b)
Ew® —[Tw], = R* or w") = wx at corner point k (2¢)

where D = ER* /12(1 —v*) is the variable flexural rigidity of the plate, with E,v being the modulus of
elasticity and Poisson’s ratio, respectively, and h = h(z,y), is the variable thickness; f(z,y) and
b:(z,y),by(z,y) are the transverse and the inplane loads; [Tw], is the discontinuity jump of the twisting

moment at the corner, while Vw is the equivalent shear force of a plate with variable thickness, Mw is the
normal bending moment and Tw the twisting moment on the boundary. The operators producing these
quantities are given as [4]

~ oD o’ 0| 90D|.. o’ 0
V=V4+2—w-1 —h— ||V + (1 =V)| =5 +r— 3
* s w ){dsdn K(‘)s] on * I/)[(‘)s2 +hi)n]] a)
2 o 0
M=-D\V'-(1- 5 —
V2 —( ”)[a‘& +nan] (3b)
o’ 0
T=D1- —K—=—
( V)[asﬁn " 65] Go)

where k = r(s) is the curvature of the boundary and V is the operator of the equivalent shear force of a
plate with constant thickness, given as [20]
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2
v—-p| Ly +(1—y)@[ 9 —n@]] )
an ds 0sOn 0s

(ii) For the membrane displacements v = u(z,y) and v = v(z,y):

WhV2%u + (N 4 Aty +Vsey )+ Boe [N (Uye +055 ) 4 200t0 |+ hyy b (Uyy +0,0 ) + be =

X in Q %)
PAV Y 4 (N A W)h(tyay 40,09 )+ o 1 (g +0,0 )+ Ry [N (e +0,5) + 2000, [+ by = 0

Un =un of N =N, on T (6a)

w=u or No=N; onT (6b)

where \ = Ev /(1 —v*) and . = E /2(1 + v) are the Lamé constants and N, N, are inplane loads acting
on boundary I'. The membrane forces are given as

No = C(u 4vvy) Ny = Cl_TU(u,., 4u.) N, =C (v, +v,) )

The AEM for the plate bending problem

The boundary value problem (1)-(2) for the transverse deflection of the plate is solved using the AEM
[18]. The analog equation for the problem at hand is

Viw =b(x), x={z,y}e ®)

where b(x) represents a fictitious load, unknown in the first instance. Eq. (8) under the boundary conditions
(2) is solved using the BEM. Thus, the solution at a point X € {2 is obtained in integral form as

w(x) = fQ w*bd) + fr(w*Vw + Wy Mw™ —w* 0 Mw —wVw")ds

=S (v [Tw] — w[Tw"]),
7
which for x € I yields the following two boundary integral equations
L p(x) = f w*bdQY + f (w'Vw + wn Mw™ —w*n Mw — wVw™)ds
o Q r
_ (10)
> (v [Tw]—w[Tw*]),
%
azw,z (X) + ayw,y (x) = fQ wybdQ + fr (wyVw + wn Mw; — w;n Mw — wVw;)ds
(11)

7;(101‘ [[Tw]]fw[[wa]])k

in which w" = w*(x,y), x,y € I, is the fundamental solution and w; its normal derivative at point x € T,
ie.

w* = i7”2 Inr  w = (iﬁ n T)"’ = err” 2nr+1) (12a,0)
87 8 8

v is the unit normal vector to the boundary at point x, whereas n is the unit normal vector to the boundary
at the integration point y and r =[x —y| (see Fig. 2a). Moreover a = 61 — 62 is the angle between the
tangents at point x € I" and

6>
vesin? 6 — %yy sin20| (13a,b)
6

23
ar=2Lu, + 2 lwsin29—§—uysinQ()] s ay:il/y + 2
27 2ml2 6 2m 27
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For points where the boundary is smooth we have a = 7 and a,w,; (x) + a,w,, (x) = w,, (x) / 2. Eqs (10)

and (11) can be used to establish the not specified boundary quantities. They are solved numerically using
the BEM. The boundary is approximated with N line segments on which the deflection w is approximated
using a Hermit interpolation function while the other boundary quantities are approximated with piecewise
linear interpolation functions [21]. The domain integrals are approximated using A/ linear triangular
elements. The domain discretization is performed automatically using the Delaunay triangulation. Since the
fictitious source is not defined on the boundary, the nodal points of the triangles adjacent to the boundary are
placed on their sides (Fig. 2b).

N. corner points

M domainpoints  , 3
1
\y—ﬁ
> 5 7 4
v N boundary points (b)

Figure 2: (a) BEM notation (b) boundary and domain discretization

At the Nc corner points on the boundary, the normal slope, the bending moment and the equivalent shear
force may have discontinuity and a concentrated force may exist. Introducing the double node concept, 4N,
boundary values are introduced, which require 4N, independent relations. These additional relations are
given in [19]. Thus, after discretization and application of the boundary integral Eqs (10) and (11) at the N
boundary nodal points we obtain

\%
w

H{W,}:G Rl Ab (14)

’ M

where
HG: are 2N x (2N + N¢) and 2N x (2N + 3N, ), respectively, known coefficient matrices
originating from the integration of the kernel functions on the boundary elements.

A isa 2N X M coefficient matrix originating from the integration of the kernel function on the

domain elements.
w,w,,: are the vectors of the N boundary nodal displacements and N + N boundary nodal
normal slopes, respectively.
V,R,M: are the vectors of the N + N. nodal values of the effective shear force, N. concentrated
corner forces and N + N¢ nodal values of the normal bending moment.
b: is the vector of the M nodal values of the fictitious source.
Eq. (14) constitutes a system of 2N equations for 4N + 4N, unknowns. Additional 2N equations are
obtained from the boundary conditions. Thus, the BCs (2a)-(2b), when applied at the N boundary nodal
points yield the set of equations

aw + oow,;, +a3V + ouM = a5 Biw,n +B2M = 33 (15a,b,c)

where ou, o2, o3, 004, 5,031,82,83 are known coefficient matrices. Note that Eq. (15a) has resulted after
approximating the derivatives w,:, w,nt = w,sn —kw,n and D,; in Eq. (2a) with a finite difference scheme.
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Equations (14) and (15) and the 4N, additional equations can be combined and solved for the boundary
quantities w,w,n,V, R, M in terms of the fictitious load b. Subsequently, these expressions are used to

eliminate the boundary quantities from the discretised counterpart of Eq. (9). Thus we obtain the following
representation for the deflection

w(x,t) = Zbk(t)Wk(x) + Wo(x) xeQ (16)

The derivatives of w(x) at points x inside 2 are obtained by direct differentiation of Eq. (9). Thus, we
obtain after elimination of the boundary quantities

W,par ( Zbk W per (%) + Wo,per (x),  p,g,7 = 0,2,y x€Q (17)

where W, ,per, Wy,per are known functions. W, ,per result from nonhomogeneous boundary conditions.

Note that the above notation implies w,000 = w, w,040 = w,y , etc.

The AEM for the plane stress problem

Noting that Eqs (5) are of the second order their analog equations are obtained using the Laplace
operator. This yields

Vu = bi(x, 1) V0 = ba(x,1t) (18a,b)
The integral representation of the solution of Eq. (18a) is

eu(x) = fQ 0" bidQ) — j; (v'q—q*u)ds xeQuUT (19)

in which ¢ =u,n; v ={nr/2n is the fundamental solution to Eq.(18a) and ¢* = v, its derivative
normal to the boundary; r = |y —x|| x € QUTI and y € I'; ¢ is the free term coefficient (¢ =1 if x € 2,
e=1/2 ifxeTl and e =0 ifx ¢ QUT). Using the BEM with constant boundary elements and linear

triangular domain elements and following the same procedure applied for the plate equation, we obtain the
following representation for the inplane displacement v and its derivatives

Uypg (X, ) Zbk 3 +Zbk k Vi )+ Uope (%) pg=0,2y x€Q  (20)
Similarly, we obtain for the displacement v
Uypg ( Zb U x) + me ,- D opg () + Vo (X)  pg=012y x€Q (21)

U,(f),U,gz),V,fl),V,fz),UO,Vu are known functions. Note that U,,V|, result from the nonhomogeneous
boundary conditions.

The final step of the AEM

Collocating the equation for the transverse deflection Eq. (1) and the equations for plane stress problem
Eqgs (5) at the M internal nodal points and substituting the expressions for the displacements w,u,v and
their derivatives from E(is ((1 7),(20) and (21), we finally obtain the following linear system of equations for
the fictitious loads b;, b

(K+S)b=G (22a)

AbY + Bib? = Gy (22b)
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AobY + Bab® =G (22¢)
where K is the bending stiffness matrix, S is the geometric stiffness matrix which depends on the membrane

forces; A1,A2,B1,B2 are known matrices and G, G1, G2 known vectors.

For the buckling problem the plate is subjected only to inplane loads and Eq. (22a) leads to the following
eigenvalue problem

(K—78)b=0 (23)

where 7 is the load factor.

Optimization procedure

The shape optimization problem is solved using a FORTRAN nonlinear minimization algorithm with
linear and nonlinear inequalities. At each step of the iterative procedure the thickness variation law is
required in order to solve Eqgs (1), (5) and evaluate the objective function and the equality and inequality
constraints. This can be established by its approximation with the design parameters. In this investigation the
following approximations have been considered :

a) polynomial of certain degree :

h(x) = ag + asz + azy + a3z + aszy + agy’ + ... (24
where ax, (k = 0,1,2,..) are the design variables.

b) radial basis functions series

M,

h(x) = Z a, i (r) (25)

where f(r) are the radial basis functions of polynomial type f(r)=14r+7r> or multiquadrics
fry=~Nrt+c; r= |x —x,| with x, being M, collocation points inside £ andc is an arbitrary shape
parameter; a, are the design variables

The maximum stiffness is achieved by minimizing the compliance [12], which is defined as

C= f wfdg (26)
In this investigation the requirement of slowly varying thickness is achieved by introducing a constraint

on the magnitude of the principal curvatures of the thickness function. The principal curvatures x,, are
given by the equation
N L4 D2 ) By —2he By By + (14 ) Byre By —h2,
(1+h,f +h,f/)ﬁz + [( ) ) vy 'i y‘ ( /) }Iﬂ+h’” h,yzj }I,.)J -0
NI 14 h2 +h? @7

where h,qq, (p,q = 0,z,y ) are the derivatives of the thickness function.

Numerical examples

Example 1

The square plate of Fig. 3 has been optimized in order to maximize the stiffness and the buckling load.
The employed data are E = 21x10° kN/m*, v = 0.3. The inplane boundary conditions are shown in
Fig. 3. The results were obtained using N = 196 boundary nodes and M = 89 internal collocation points.
The thickness is approximated first by polynomial function of degree n = 2 and n = 4, then by radial basis
function using M1 = 41 nodal points. The inequality constraints were 0.05 < h < 0.25 and |Kmax ] < 0.1.
The buckling load and the compliance of the plate with uniform thickness h = 0.1 are employed as starting
values at the optimization procedure. Tables 1 and 2 present the optimum values for compliance and
buckling load for the simply supported and clamped plate. Fig. 4 shows the optimum thickness variation for
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maximum buckling load for the two cases of the boundary conditions. The optimum shapes are in agreement
with that found by other researchers [ Ref. 12].

y y
8 le——— § —————p
No =N =0 No =N =0
—. ‘—
- N.=0 —> — No=P
N0 FEU00RN /m* No="P g —p “— N =0
N =0 ! Ne=0 | = «—
—» -
—> -
X X
No=N =0 (a) No =Ne =0 (b)

L

Figure 3: Plate geometry in example 1 (a) for maximum stiffness and (b) for maximum buckling load

. . Approximating function
Boundary Starting buckling Polynomial RBF
conditions load value ;
(h=0.1) n=2 n=4 Vr? 4 ¢
. 1259 1483 1489
Simply supported 1209 (4.13%) (22.6%) (23.1%)
4062 4997 4815
clamped 3082 (31.2%) (62%) (56.2%)
Table 1. Optimum values of buckling loads in example 1. Lower values : percentage increases in buckling
loads.
. Approximating function
Boundary Stamng value of Polynomial RBF
conditions compliance :
(h=0.1) n=2 n=4 1+r+7°
. 2215 1739 1882
Simply supported 2266 (2.2%) (23.2%) (16.9%)
504 292 361
clamped 509 0.98%) | (42.6%) (29%)
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Figure 4: Optimum thickness for maximum buckling load of (a) a clamped plate and (b) a simply supported
plate.
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A clamped circular plate with radius » = 1m, subjected to an inplane radial load N, along the boundary,
has been studied in order to increase the buckling load. The employed data are E = 21x10° kN/m?,

v =0.25 and the results were obtained with N =160 boundary elements and A =166 internal
collocation points. The inequality constraints were 0.01 < A < 0.03 and lkmax | < 0.15. Fig. 5a presents the
optimum thickness for axisymmetric thickness variation using polynomial approximation of certain degree.
Fig. 5b shows the optimum thickness for non axisymmetric variation using MQs for thickness approximation

with M1 = 57 nodal points (Ner = 271kN /m).
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Figure 5: Optimum thickness for maximum buckling load (a) for polynomial axisymmetric thickness

Example 3

variation and (b) for non-axisymmetric variation.

The simply supported triangular plate of Fig. 6a has been optimized in order to maximize the stiffness.
The employed data are E = 21x10° kN/m?, v = 0.3 and the results were obtained using N =160
boundary nodes and M = 92 internal collocation points. The inequality constraints were 0.02 < h < 0.3

and  |Kmax] < 0.3.

The compliance was reduced to Cmin =0.038 (C =0.0456 for uniform

thickness A = 0.2m ) and the optimum thickness variation is shown in Fig. 6b.

f =,l00kN /m*
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Figure 6: (a) triangular simply supported plate and (b) optimum thickness for maximum stiffness.

Example 4

The simply supported plate shown in Fig. 7a, which is subjected to a uniform surface transverse load
f =100 kN/m2 , has been optimized in order to maximize the stiffness. The employed data are
E =21x10° kN/m®>, v =0.3 and the results were obtained using N =252 boundary nodes and
M =132 internal collocation points. The inequality constraints were 0.02 < h < 0.3 and [Kmax] < 0.3.
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The compliance has been reduced to Cmin = 22.32 for the plate with the thickness distribution shown in
Fig. 7b (C' = 29.05 for uniform thickness » = 0.2m ).
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Figure 7: (a) boundary and domain discretization for the plate in example 4 and (b) optimum thickness
for maximum stiffness.

Conclusions

In this paper the thickness shape optimization is used to maximize the buckling load and the stiffness of a
thin plate of arbitrary geometry having constant volume under any type of boundary conditions and loads.
The problem is reduced to a nonlinear optimization problem under equality and inequality constraints. In
each iteration of the optimization procedure, the plate bending and the plane stress problem with variable
thickness are solved using the AEM. The advantages of the presented method can be summarized as :

1. The optimum design remains within the limits of the Kirchhoff plate theory by imposing
restrictions on the curvature of the thickness function in order to obtain slowly varying thickness.
Otherwise the optimization leads to thickness distributions with abrupt changes and discontinuities
that result in unrealistic design solutions.

2. The AEM solution is efficient, accurate and overcomes the shortcoming of element resizing that is
required in a possible FEM solution.

3. The inplane boundary conditions and the actual membrane forces due to thickness variation are
taken into account in the buckling optimization problem.

4. The thickness distribution is approximated by appropriate RBF series, which can be used in the
optimization of plates with complicated geometries. Moreover, the thickness optimization does not
depend on the number of collocation points that is used for the RBF approximation in contrast to
other methods, which depend on the plate discretization (FDM, FEM).

5. The optimum buckling load can be increased up to 62% while the compliance can be reduced to
42% in comparison to a plate with constant thickness and equal volume.

References

[1] M. Eisenberger and A. Alexandrov Buckling loads of variable thickness thin isotropic plates. Thin-
Walled Structures 41, 871-889 (2003).

[2] Y.-P. Xu and D. Zhou Three-dimensional elasticity solution for simply supported rectangular plates
with variabl thickness. J. Strain Analysis 43, 165-176 (2007).



36 Eds: E.J. Sapountzakis, M.H. Aliabadi

[3] C.M. Wang, G. M. Hong and T. J. Tan Elastic buckling of tapered circular plates. Computer &
Structures 55(6), 1055-1061 (1995).

[4] E.J. Sapountzakis and J.T. Katsikadelis Boundary element solution for plates of variable thickness.
Journal for Engineering Mechanics 117(6), 1241-1256 (1991).

[5] E.W.V. Chaves, G.R. Fernandes and W.S. Venturini Plate bending boundary element formulation
considering variable thickness. Engineering Analysis with Boundary Elements 23, 405-418 (1999).

[6] M.S. Nerantzaki and J.T. Katsikadelis Buckling of plates with variable thickness-an analog equation
solution. Engineering Analysis with Boundary Elements 18, 149-154 (1997).

[71 A. Mukherjee and M. Mukhopadhyay Finite element free flexural vibration analysis of plates having
various shapes and varying rigidities. Computer & Structures 23(6), 807-812 (1986).

[8] N. Olhoff Optimal design of vibrating circular plates. /nt. J. Solids Structures 6, 139-156 (1970).
[9]1 N. Olhoff Optimal design of vibrating rectangular plates. Int. J. Solids Structures 10, 93—109 (1974).

[LI0] R. Levy and A. Ganz Analysis of optimized plates for buckling. Computer & Structures 41(6), 1379—
1385 (1991).

[11]M. Ozakca, N. Taysi and F. Kolcu Buckling analysis and shape optimization of elastic variable
thickness circular and annular plates-II. Shape optimization. Engineering Structures 25, 193—-199 (2003).

[12] K.-T. Cheng and N. Olhoff An investigation concerning optimal design of solid elastic plates. Int. J.
Solids Structures 17, 305-323 (1981).

[13] D. Lamblin and G. Guerlement Finite element iterative method for optimal elastic design of circular
plates. Computer & Structures 12, 85-92 (1980).

[14] B. Bremec and F. Kosel Thickness optimization of circular and annular plates at buckling. Thin-Walled
Structures 44, 74-81 (2006).

[15] W.R. Spillers and R. Levy Optimal design for plate buckling. Journal for Structural Engineering
116(3), 850-858 (1990).

[16] D. Manickarajah, Y.M. Xie and G.P. Steven An evolutionary method for optimization of plate buckling
resistance. Finite Elements in Analysis and Design 29, 205-230 (1998).

[17] F. Niordson Optimal design of elastic plates with a constraint on the slope of the thickness function. /nt.
J. Solids Structures 19(2), 141-151 (1983).

[18]J.T. Katsikadelis The Analog Boundary integral Equation Method for nonlinear static and dynamic
problems in continuum mechanics. Journal of Theoretical and Applied Mechanics 40, 961-984 (2002).

[19] J.T Katsikadelis and A.J. Yiotis The BEM for plates of variable thickness on nonlinear biparametric
elastic foundation. An analog equation method. Journal of Engineering Mathematics 46, 313-330 (2003).

[20] J.T.Katsikadelis and A.E.Armenakas New boundary equation solution to the plate problem. J. Appl.
Mech.-T. ASME 56, 364-374 (1989).

[21] J.T.Katsikadelis Boundary Elements: Theory and Applications. Elsevier, Amsterdam-London (2002).



Advances in Boundary Element Techniques X

37

Rapid Acoustic Boundary Element Method for Solution of 3D Problems using

Hierarchical Adaptive Cross Approximation GMRES Approach
A. Brancati', M. H. Aliabadi® and I. Benedetti®

' Department of Aeronautics, Imperial College London, South Kensington Campus, SW7 2AZ London,
UK, a.brancati@imperial.ac.uk

2 Department of Aeronautics, Imperial College London, South Kensington Campus, SW7 2AZ London,
UK, m.h.aliabadi@imperial.ac.uk
? On leave from DISAG Dip. Ing. Strutturale Aerospaziale Geotecnica, Universita degli Studi di
Palermo, Palermo, Italy

Keywords: Rapid Acoustic Boundary Element Method, Adaptive Cross Approximation, Hierarchical Approach,
GMRES, speed-up ratio, large scale problems, high frequency range.

Abstract. This paper presents a new solver for 3D acoustic problems called RABEM (Rapid Acoustic Boundary
Element Method). The Adaptive Cross Approximation and a Hierarchical GMRES solver are used to generate
both the system matrix and the right hand side vector by saving storage requirement, and to solve the system
solution. The potential and the particle velocity values at selected internal points are evaluated using again the
Adaptive Cross Approximation (ACA). A GMRES without preconditioner and with a block diagonal
preconditioner are developed and tested for low and high frequency problems. Different boundary conditions (i.e.
Dirichlet, Neumann and mixed Robin) are also implemented. Herein the problem of engine noise emanating from
the Falcon aircraft is presented. The tests demonstrated that the new solver can achieve CPU times of almost O(N)
for low frequency and O(NlogN) for high frequency problems.

Introduction

The need of faster solver for three dimension acoustic simulations is encouraged by required solution in higher
frequency range, for large scale and more accurate geometries.

One of the most general and efficient numerical technique for solving acoustic problems is the Boundary Element
Method (BEM) [1]. The boundary element discretisation of the surface of the problem leads to a non-symmetric
and fully populated system matrix. Both the memory storage and the setting up of the system matrices for a
standard BEM formulation are of O(N?), where N denotes the degree of freedom. Moreover, direct solvers require
O(N°) operations while iterative solvers O(kN°), where k is the number of iterations.

The ACA is an effective method for solving non-symmetric and fully populated matrices and decreases the CPU
time significantly [2] and has been applied to the Helmholtz equation by, for example, [3]. The solution of linear
system of equations is accelerated by calculating only few entries of the original matrix. The whole matrix is
divided into two rank (low and full rank) blocks based on size and distance between a group of collocation points
and a group of boundary elements. The ACA algorithm has been applied to the low rank blocks achieving
approximately O(%V) for both storage and matrix-vector multiplication [4].

Herein a solver for 3D boundary element solution of Helmholtz problems that uses a new hierarchical adaptive
cross approximation technique coupled with GMRES is presented. Implementing different types of boundary
conditions (i.e. Dirichlet, Neumann and mixed Robin) into the ACA solution algorithm is widely considered. The
constant elements are utilized to discretize the problem. The test carried out show that the new assembly and
solution technique can achieve CPU times of almost O(N) for low frequency and O(N\og N) for high frequency
problems.

Hierarchical BEM for Acoustics

The BEM system of equations was represented using the hierarchical matrices in conjunction with Krylov
subspace methods by, for example [5, 6], and herein is extended to BEM acoustic problems with different
boundary conditions. This technique speeds up the computation, whilst maintaining the required accuracy and
saving on the memory storage.
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Matrix Assembly using the Collocation Method. In a hierarchical representation the boundary element matrix is
subdivided by a collection of two groups of blocks called low rank blocks, that have a compressed representation,
and full rank blocks, that are represented in their entirety. The classification of the blocks is achieved subdividing
the whole mesh into cluster of closed elements. A block populated by integrating over a cluster of elements whose
distance, suitably defined, from the cluster of collocation nodes is above a certain threshold is called admissible
and it can be represented in the low rank format. The remaining full rank blocks are generated and stored in their
entirety.

A preliminary hierarchical partition of the matrix index set is the basis of the process for the subdivision and
classification of the blocks. Contiguous elements are detected on the basis of some computationally efficient
geometrical criterion. The process starts from the complete set of indices /={1,2...n} where n denotes the number
of collocation points. This initial set constitutes the root of the tree node. Each cluster in the tree is split into two
subsets, called sons, on the basis of the longest extended dimension of the whole geometry or of the geometry of
each cluster son (see Fig.1).

Geometry

5

Cluster Tree

1 son 2

2 son 2|

Fig. 1: A schematic of the first two iterations of the cluster tree creation: 1) the whole geometry is
divided 2) into two parts, each of which is then subdivided again 3) into two parts.

The tree node that generates two sets of tree nodes is called the parent. The tree nodes that cannot be further split
are called /eaves of the tree. A leave of the tree is a tree node that cannot be further split because it contains a
number of indices equal to or less than a minimum number #,,,, called cardinality of the tree. This is a previously
fixed value. This partition creates a binary tree of index subsets, or cluster tree, that constitutes the basis for the
subsequent construction of the hierarchical block subdivision that will be stored in a quaternary block tree.

Root

1 2

3 4

Leaves

Fig. 2: A schematic presentation of the first three iterations that form the block tree. The light grey
stands for low rank blocks, while the dark grey for full rank blocks.
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The generation of the block tree is based on the previous found cluster tree and is created starting from the
complete index /x/ (both rows and columns) of the collocation matrix. The goal of this process is to split
hierarchically the matrix into sub-blocks until that are classified as leaves of the tree (see Fig. 2). A low-rank
block and a full-rank block are leaves that satisfy and not satisfy, respectively, an admissible criterion, based on a
geometrical consideration related directly to the boundary mesh (see for example [7, 8]).

The admissible criterion can be written as

min(diam{Q, },diam{Q.} < n-dist(Q, ) )

where on and Q_ denote the cluster of the row and the column elements, respectively, and n is a positive

parameter influencing the number of admissible blocks and the convergence speed of the adaptive approximation
of low rank blocks.
Let C be an mx n admissible block. It admits the low rank representation

k
COC,=4-B"=)a-b )

i=1

where 4 is of order mx k and B is of order nxk , with k being the rank of the new representation. Sometimes it
is useful to represent the matrix using the alternative sum representation, where a; and b; are the i-th columns of 4
and B, respectively. The approximate representation allows storage savings with respect to the full rank
representation and speeds up the matrix-vector product [9].

Boundary Conditions and Right Hand Side Setting The actual setting of the final system for a problem where
different boundary conditions are specified requires some additional considerations when ACA is applied.
Different types of boundary conditions are here considered in such a way that rigid, soft and absorbing surfaces
can all be studied in order to simulate a real situation and to perform an eventual parametric analysis.
The ACA algorithm is applied to one or both of the matrices G and H depending upon the boundary conditions
that are predominant for each block matrix. Particular care must be taken when not pure Dirichlet, Neumann or
mixed Robin conditions are applied. There may be four different cases that require different approaches [10]:

e BCs mainly in terms of flux (or potential) except for the k™ value expressed in terms of potential (or flux);

e BCs mainly in terms of flux except for the k™ value expressed in terms of impedance;

e BCs mainly in terms of potential except for the k™ value expressed in terms of impedance;

e BCs mainly in terms of impedance except for the k™ value expressed in terms of potential (or flux).

Additional considerations for the setting up of the right hand side vector are now explained. When the ACA
algorithm is applied, the routine that calculates the i row of one of the block matrices G or H also calculates the
i" row of the other block matrix. Thus, the right hand side contribution of that row for the block matrix analyzed
is directly calculated. Now, there are two main cases to analyze.
1. BCs mainly in terms of flux (or potential).
The ACA algorithm is applied again on the matrix G (or H). A frequent occurrence is when all the
boundary conditions are zero. In this case there is no need to calculate the contribution of the block
matrix to the final right hand side and another block matrix can be analyzed. Moreover, owing to the
fact that the number of entries needed for the ACA is, in most the cases, equal for both the block
matrix G or H, may be convenient to calculate the contribution to the right hand side with a standard
procedure.

2. BCs mainly in terms of admittance.
Once the ACA as been applied to the block matrix H, the possible contribution to the right hand side
vector F, due to the presence of the k™ value of the boundary conditions expressed in terms of
potential, is easily calculated by multiplying each column of the ACA to the k™ value of each row
with opposite sign. Finally, if the ACA algorithm applied to the block matrix G is also successful
reached, the contribution to the right hand side of the eventual presence of the boundary condition
expressed in terms of flux is clearly calculated.
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System Solution The solution of the system can be computed through iterative solvers with or without
preconditioners, once the system matrix has been represented in the hierarchical form.

In this study the value of the parameter 1 is 10 and the cardinality is set to 22. These values are chosen because
they give the best performances. Being more specific, the value of the cardinality is quite restricted. As this value
decreases, many blocks that satisfy the admissible criterion need, in fact, a bigger storage memory than if the
same block is considered to be full rank. A direct consequence of it is a higher value of the CPU time.
Nevertheless, the value of the parameter n can be modified between 1 and 1000 without loss of accuracy and
resulting in a 5% CPU time acceleration. Furthermore, the optimum value of this parameter depends upon the
geometry and the elements of the mesh.

Fig (3) shows the block-wise storage requirements of the collocation matrix generated by the ACA algorithm for
four different values of 1 (1, 2, 4 and 10). The tone of grey is proportional to the ratio between the memory
required for the low rank representation and the memory required for a standard format. Hence black blocks stand
for the full rank block matrix, while almost white blocks are those for which the ACA compression works better.

n-1 C=3

| [

N4 n-10

Fig. 3: Block-wise representation of the ACA generated matrix for n=1, n=2, n=4 and n=10.

Results

The simulation of a 53,074 elements mesh (see Fig. 4) of a model representing the Dassault Falcon airplane is
presented.
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Fig. 3: Block-wise representation of the ACA generated matrix for n=1, n=2, n=4 and n=10.

The total length of the aircraft is 18.5m and the wing extension is 22.46m. The highest frequency applied was 100
Hz. The sizes of the smallest and the largest triangles are 8.73E-03 and 0.19 millimeter, respectively, so the
maximum frequency that can be applied is around 250 Hz. In the simulation performed all the surfaces has been
set as hard and two monopole sources with unit complex potential amplitude have been inserted where the two
engines are generally located in this airplane. The CPU time ratio, obtained by dividing the CPU time for different
frequencies and preconditioners with the frequency of 25Hz for the unpreconditioned GMRES, is shown in Fig. 5
for three frequencies (25, 50 and 100 Hz). Finally, Fig. 6 shows the Sound Pressure Level (SPL) at 100Hz. It is
important to point out that a standard BEM code cannot solve such a simulation because the storage required is
around 45 Gb whereas the limit for a medium desktop is 2Gb. Moreover, the speed up ratio, defined as the ratio
between the CPU time of the standard code and the CPU time of the RABEM code, would be more than 350!

Dassault Falcon
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Fig. 4: Comparison between the unpreconditioned and block diagonal preconditioned
GMRES for a Dassault Falcon meshed with 53,074 triangular elements.
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Fig. 4: Sound Pressure Level for a Falcon geometry with two monopoles at 100 Hz.

Conclusion

A new Rapid Acoustic BEM solver (RABEM) for 3D numerical simulation using the ACA algorithm in
conjunction with GMRES has been herein presented. This study demonstrates that the new approach reduces
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significantly the storage and the solution time. Moreover, the simulation shown that the new solver can achieve
CPU times of almost O( N ) for low frequency and O( N -log N') for high frequency problems.
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Abstract

Bonded, riveted and bolted joints are frequently used in aeronautic industries. With recent
development of new materials and new manufacturing techniques, bonded joints have been
increasingly used due to some distinct advantages over traditional riveted and bolted ones, namely:
more efficient load transfer, better sealing, better finishing and, most important for aeronautical
applications, less weight. The design of bonded joints is based upon analyses to estimate peeling
and shear stresses in the adhesive and the displacement field along the bonded region.

This paper describes an application of 3D boundary element method to bonded joints
through the development of a computational tool for analysis of bonded joints in composite

materials for aeronautical structures.
Introduction

The use of bonded, riveted and bolted joints to assemble components or structural parts is
increasing in aeronautic industries. The design of bonded joints is based upon analyses to estimate
peeling and shear stresses in the adhesive and the displacement field along the bonded region. The
boundary element method (BEM) has proven to have good aproximation of high stress gradients
such as those found in the overlap region of bonded joints or in regions of stress concentrations.
Given the fact that the design of bonded joints are a critical technology in modern design and the
stresses in the bonded region have steep gradients, one would expect a frequent use of BEM in the
analysis of bonded joints. A previous application of BEM to bonded joints was presented by [1].

This paper presents an application of 3D boundary element method through the

development of a computational tool for analysis of composite bonded joints.
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Numerical results of lap joints show the potential of the boundary element method in the

analysis of bonded joints.
Boundary element formulation for 3D anisotropic materials

The weighted residual technique may be used to derive the boundary integral equation. The
basic equations of solid mechanics yield the following integral equation for elastostatics problems,

named Somigliana’s identity [2]:
c(&u (&) = [ 1;Euy (& 0dT = [ u; ()t (&, x)dT )

The coefficient ¢(£) depends on the position of the source point & in relation to the boundary

which is being integrated, ¢; (&) and u ; (&) are tractions and displacements of the system, t; &, x)

and u; (&,x) are fundamental solutions for tractions and displacements.

In this work the composite adherends of the bonded joints are considered as transversely
isotropic materials. Because this, the 3D anisotropic fundamental solution is used. The derivation of
the anisotropic fundamental solution is carried out using the Radon transform, which is defined by

[3]:

Flaz)=R{f)}= [ Fx)8@-2x)dQ @

where the integration is performed over the plane z,x; = & , which is filtered out from the full-space

by the Dirac function, as shown in Fig. 3. The inverse transform is given by:

sz: o

Fo =% @z = I{aq dr(z) 3

where the integration is carried out over the surface of a unit sphere, also shown in Fig. 1.
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Fig. 1 — Radon transform and inverse Radon transform.

*

The fundamental solution of anisotropic elastostatics, u,,, is defined by:

ijklu:zk,{j x5 = _5im5(x’ 3] 4)

This yields:

W, = d MG de )
Jjm 87[2 r Jo Jjm i

where the tensors that appear in the integrands are given in the z;-space of the Radon transform by:

M = Ciua;b, (©)
Multi-region technique

The multi-region technique is employed in problems where the material properties change
for different materials in the structure [4]. This work uses a model with three multi-regions, one for
the upper adherend, one for the layer adhesive an one for the bottom adherend. A generic model of

this type can be illustrated as shown in Fig. 2, where the domain is divided into three sub-domains.

45



46 Eds: E.J. Sapountzakis, M.H. Aliabadi

Fig. 2 - Body composed by three sub-domains

Suppose, that the model is be discretized by constants elements, according [5], the matrices

H ] and [G] can be written for each domain individually. The final matrix systens becomes:

G, G G 0 0 0 0 o0]|¢
0 0 -G GY¥ G 0 0 0]y
0 0 0 G GY G5 0 0]y
0 0 0 0 0 -G GY Gl

Ig )

H, H H, 0 0 0 0 O ||lu
0 O H' H” H} 0 0 0 ||lu
0 0 O H} HX H 0 0 ||lu
0 0 0 0 0 H, HP H||u,

where the superscripts 1, 2 and 3 referred to sub regions 1, 2 and 3 respectively, and superscripts

N and D referred to Neumann and Dirichlet boundary conditions.



Advances in Boundary Element Techniques X

Numerical results

The simulation was made for transversely isotropic material (composite). Fig. 3 shows the

geometric model:

Dimensions Values (mm)
Overlap length 10
Overlap width 10

Adherend thickness 2
Adhesive thickness 1

Fig. 3 — Geometric model considered in analysis

Table 1 lists the material properties for the transversely isotropic simulation:

Table 1 - Properties for the Trans. Iso adherends and adhesive

Propertie | Adherend Trans. Iso | Adhesive
E, 2GPa 482 GPa
E, 1GPa
Vi 0.3 04
v, 0.2

Rotation 30°

Figure 4 shows the shear stress along the overlap region through the middle of the adhesive layer.
The results are compared with the analytic solution from [6], for isotropic material. Note that for
transversely isotropic adherend, the shear stress in the adhesive, reach lower levels that the isotropic
adherend.
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BEM-Is0 /
\ — Analytic-iso i
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Shear Stress (MPa)

Overiag fmrm)

Fig. 4 — Shear stress distribution in the adhesive for Trans. Iso. Adherends.

Conclusions

This paper shows that the BEM can be used effectively in stress analysis of bonded joints.
The results show that BEM has the potential of producing good resolution of stress gradient and
robust enough for parametric study of bonded joints. The anisotropic fundamental solution was
adequate to simulate composite materials. Finally, the sub region technique was also appropriate in
the analysis of bonded joints, considering that in this type of problem there are at least, two

materials involved.
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Abstract.The paper outlines the basic features of a method that, although extremely economical in terms of
mathematical concepts, code implementation and overall computation costs, leads to numerical results that are
as accurate as in the variational and the conventional boundary element methods, as shown in an example.

Introduction

The hybrid boundary element method (HBEM) was introduced about two decades ago on the basis of the
Hellinger-Reissner potential, as a generalization of Pian’s hybrid finite element method [1, 3, 4]. The formula-
tion requires evaluation of integrals only along the boundary and makes use of fundamental solutions (Green’s
functions) to interpolate fields in the domain. Accordingly, an elastic body of arbitrary shape may be treated
as a single finite macro-element with as many boundary degrees of freedom as desired. In the meantime, the
formulation has evolved to several application possibilities, including time-dependent problems, fracture me-
chanics, and non-homogeneous materials [6, 8, 12]. The original method makes use of a flexibility matrix F,
for which evaluation of integrals along the entire boundary is required.

A simplified, although equally accurate, version of the HBEM was proposed about a decade ago [5, 11]. This
simplified hybrid boundary element method (SHBEM) makes use of a displacement matrix that is obtained di-
rectly from the fundamental solution, with which the time-consuming evaluation of F is circumvented. In either
formulation, submatrices about the main diagonal cannot be obtained by mathematical means: their evaluation
requires the use of spectral properties that are directly or indirectly related to rigid-body displacements, for a
bounded domain (or for the complementary domain, in case of an unbounded region) [3, 4]. For some specific
topological configurations, however, as in case of notches, for axisymmetric problems or for some spectral
abnormalities related to material non-homogeneity, this procedure may lead to local mathematical indefinitions
(approximate zero by zero divisions) [13] and the diagonal submatrices can only — if ever — be obtained by
interpolation of values from adjacent coefficients.

This paper presents new theoretical developments that provide a definitive solution to the issue [14]. The
SHBEM relies basically on a virtual work statement and on a displacement compatibility equation. The key
improvement consists in correctly applying a contragradient theorem to derive simple relations that are gener-
ally valid and can successfully substitute for the spectral properties, as it is required for the numerical solution
to improve with mesh refinement. Actually, an underlying hybrid virtual work principle had been identified
since the onset of the SHBEM, but its application was precluded by some until recently not well understood
theoretical subtleties. Now, once some simple stress or strain cases are identified as inherent to a given problem,
it is always possible to find a set of linearly independent analytical solutions to provide sufficient equations for
the evaluation of the diagonal submatrices, regardless of topology and spectral properties.

Numerical results are consistent with the ones obtained in terms of spectral properties, whenever available, and
also pass convergence tests. The new theoretical improvements are validated by a numerical example for an
axisymmetric problem, which is among the most critical ones in terms of topological properties [14].

Problem Formulation

Let an elastic body be submitted to tractions 7; on part I, of the boundary I" and to displacements #; on the
complementary part I',,. For the sake of brevity, body forces are not included [10]. One is attempting to find the
best approximation for stresses and displacements, o-;; and ;, such that
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0jij=0 in the domain Q, (D)

u;=u; along T, and t;=0yn;=1 along I, 2)

in which n; is the outward unit normal to the boundary. Indicial notation is used.

Stress and Displacement Assumptions. Two independent trial fields are assumed, according to the hybrid
methodology proposed by Pian [1]. The displacement field is explicitly approximated along the boundary by
u?, where ()¢ means displacement assumption, in terms of polynomial functions u;,, with compact support and
nodal displacement parameters d = [d),] € R"d, for n¢ displacement degrees of freedom of the discretized
model. An independent stress field o-j'j, where ()° stands for stress assumption, is given in the domain in

terms of a series of fundamental solutions Tiim with global support, multiplied by point force parameters

P =I[p,l€ R" applied at the same boundary nodal points m to which the nodal displacements d,,, are attached
(n* = n). Displacements u; are obtained from O'I.Sj. Then,

u;j = ujyd, on T such that u;j =u; on I, and 3)
0} =0}, Py suchthat o, =0 in Q @)
= utb = u;m p:n + MI(S C.‘m pfn in Q <5)

where u; are displacement fundamental solutions corresponding to (r:fm. Rigid body motion is included in
terms of functions u multiplied by arbitrary constants Cy, [9, 10]. For convenience, u] is normalized so as
to yield, when evaluated at the nodal points m, the orthogonal matrix W = [W,,5] € R with n' columns of
nodal rigid body displacements introduced in eq. (9) as u}; = uj,Wins on T [10].

Governing Matrix Equations

The Hellinger-Reissner potential, based on the two-field assumptions of the latter section, as implemented by
Pian [1] and generalized by Dumont [4], leads to two matrix equations that express nodal equilibrium and
compatibility requirements. In the following simplified developments, the same equilibrium matrix equation
is obtained in terms of virtual work (which is a variational approach), but the set of compatibility equations is
obtained by direct evaluation of displacements at the boundary nodal points (which is non-variational).

Displacement Virtual Work. In the absence of body forces, equilibrium is weakly enforced by

fo‘,-jéu,;de:f t_l-éul-dl" (6)
Q Ty

for oj; = oj;. Assuming that o7; is approximated according to eq. (4) and that du; is given by eq. (3),
integration by parts of the term at the left-hand side of eq. (6) and application of Green’s theorem yield

ody, [f O M) in Al — LO';‘],M Uin dQ] ph, = 6dy [fti Uin dF] (@)
T r

Then, for arbitrary nodal displacements §d,, one obtains the matrix equilibrium equation
Hypp P:n =Pn O H' P* =p ®)

in which H = [H,,] € R”"X"*, given by the first expression in brackets in eq. (7), is the same double layer
potential matrix of the collocation boundary element method [7], and p = [p,] € R”d, given as the second term
in brackets in eq. (7), are equivalent nodal forces obtained as in the displacement finite element method. The
domain integral of eq. (7) is actually void, since o7}, are fundamental solutions. Singular integration issues of
H,,, for m and n referring to the same nodal point are solved according to standard mathematical means [7].

Ineq. (8), HT is an equilibrium matrix that transforms forces p* of the stress reference system into equivalent
nodal forces p obtained according to the boundary displacement assumptions. For a finite domain, H is singular
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and its null space is spanned by the nodal rigid body displacements, given for convenience as an orthogonal
. Ayl .
matrix W = [W,,,;] € R">" with n” columns as

W=NH = V=NH (&)

One uses the equation above to introduce a (for convenience) orthogonal basis V = [V,5] € R">""which has
played a major role in the development of the hybrid boundary element method [4] and, differently from W, has
properties that are intrinsically correlated with the topology of the problem one is attempting to analyze [13].
For the moment, one checks that, for consistency of eq. (8),

Wip=0 and Vip =0 (10)

Nodal Displacement Compatibility. Application of the Hellinger-Reissner potential leads to, besides eq.
(6), a stress virtual work statement that enables writing a set of compatibility equations between the nodal
displacements d and equivalent nodal displacements d* that are related to the stress reference system given
in terms of fundamental solutions [4, 9]. This set of equations relies on the evaluation of a flexibility matrix
F* that transforms d* = F*p* and such that, for consistency, F*V = 0, when dealing with a finite domain.
Application of the formulation to the complementary unbounded domain leads to the conclusion that, in a fully
variational framework, but not as the direct result of a variational statement, one is entitled to transform point
forces p;, into nodal displacements d,, by directly using the fundamental solution u}, , according to the following
eq. (11). This has led to the simplified hybrid boundary element method [5, 10], in which the time-consuming
evaluation of the flexibility matrix F* of the firstly developed, fully variational hybrid formulation [3, 4] could
be circumvented.

Actually, one may dispense with any reference to the Hellinger-Reissner potential and just establish that both
egs. (3) and (5) apply to the boundary nodal points, that is,

dp = Upy Py + Was Comp,, or d=U"p" + WCp" (1

where U* = [U;,] € R**"" corresponds to the fundamental solution u}, measured as d, at the nodal degree
of freedom »n for a unit point force p;, applied at the nodal degree of freedom m. For singular fundamental
solutions, the coefficients of U* cannot be directly measured if m and n refer to the same nodal point, as the
singularity points are excluded from the domain Q. This feature is consistent with the requirement that u},  be
analytical in Q. Then, the coefficients of U* about its main diagonal can only be obtained by means of a global,
problem-dependent, assessment of the linear algebra properties of eq. (11) in conjunction with eq. (8).
Assuming for the moment that U* is completely known, one may pre-multiply eq. (11) by WT and arrive at

Cp'=Wid-U"pH) (12)

which, applied to eq. (11), leads to
PLUp =PLd (13)

where Py, = I-Py =1-W WT is an orthogonal projector [2]. For a finite domain, only displacements that are
orthogonal to rigid body motions can be transformed between the stress and displacement reference systems.

A Hybrid Virtual Work Statement

In the initial formulation of the SHBEM, the unevaluated submatrices about the main diagonal of U* were
obtained by applying to eq. (11) a spectral property related to the basis V defined in eq. (9), which requires the
solution of a small system of equations for each node, similarly to the procedure described using eq. (16) [5, 10,
11]. However, the coeflicients of V are intrinsically related to the topology of the problem under analysis. For
some specific topological configurations, as in case of notches or for material non-homogeneity, the procedure
using V may eventually lead to local mathematical indefinitions [13], which, although not incorrect, may turn
out useless. There is a mechanical explanation for such an impasse, as the problem occurs when the stress
gradient around a nodal point has a local character and therefore cannot be represented in terms of some global
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spectral property. Such a lack of generality of the SHBEM became critical when the first author of the present
paper tried to implement it to several types of axisymmetric problems [14].

The solution of the impasse was ultimately found in the frame of a hybrid virtual work principle, which may
be stated as in the following [14]. In the present two-field formulation, d and p* are the primary unknowns of
the problem, to which correspond equivalent nodal forces and displacements p and d*, respectively. Since one
is dealing with linear, elastic deformation, the energy U(d) represented by the pair (d, p) must be equal to the
complementary energy U¢(p*) represented by the pair (p*,d*). Let an admissible, virtual deformed state be
represented by 6p* and éd, which are interrelated by eq. (13) . Then, since U(d) = sU(p*),

spTPid =6d"Pyp = opTPLA" =6p T UTPLp (14)

where Pj; = I-Py =1-V VT is an orthogonal projector [2]. Pﬁ, and Py; enter the equation above to ensure that
only deformation-related equivalent nodal forces and displacements p and d* take part in the statement. The
expression on the right of eq. (14) is obtained from the first expression by substituting for 5dT P;;, according to
eq. (13). Then, since this expression is valid for any Sp*, one arrives at the hybrid contragradient expression

UTPp=d" or UTPjp=Hd (15)

as derived from eq. (13). One writes on the right a more convenient expression, already substituting for d* with
H as a kinematic transformation matrix — the contragradient of eq. (8).

Evaluation of the Coefficients about the Main Diagonal of U*

Equation (15) must apply to any admissible deformed configuration regardless of topological configurations.
Let (D, P) be nodal displacements and equivalent forces corresponding to the simplest set of deformed con-
figurations conceivable, as in a patch test for finite elements. Moreover, let U* be formed by two parts,
U = Ug + U, in which Uy, contains the coefficients that still remain to be evaluated. Then, one may
rewrite eq. (15) as

U, P=HU-TTP (16)
and always guarantee a sufficient number of adequate simple deformed configurations to render eq. (16) uncou-
pled in small sets of well-conditioned equation systems with the submatrices comprised by U*T as unknowns

diag
[14]. For two-dimensional elasticity, for instance, three simple deformed configurations,

1-v v
Uix = 21 X, Uy = _ﬂ Y, hx =Ty fy= 0; a7
v 1-v
Uyy = —a X, Uy = 2# Yy, hx= 0, Iy =1y and (18)
2y—vx v
Usx = 2 s U3y = _ﬁ Y, Bx =Ty, 13y =1 (19)

where y is the shear modulus and v is the Poisson’s ratio, enable well-conditioning of eq. (16) for any combi-
nation of coordinates and outward normals.

U* is symmetric for the coefficients referring to different nodal points. However, there is no theoretical reason-
ing why the submatrices about its main diagonal should be symmetric, as a result from eq. (16). It has been
observed that these submatrices tend to be symmetric as the mesh discretization becomes more refined.

Stiffness-type Matrix

Equations (8) and (13) were the governing equations of the SHBEM in its original version [5, 10, 11]. In the
present framework, one makes use of eq. (15) for deriving a stiffness-type matrix, whenever required, as

K=UTP;)""H in Kd=p (20)
where, for a constant A of order 1/u to keep the term to be inverted well conditioned [2, 14],
UTP;) D = Py (UT P, + APy) ™! @21

Since eq. (20) is formulated on the basis of a non-variational approach, K is not necessarily symmetric. How-
ever, it tends to become symmetric with increasing mesh refinement.
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Evaluation of Displacements and Stresses in the Domain

Stresses and displacements are evaluated in the domain Q by eqs. (5) and (4) directly from the force parameters
p*, which are obtained in either eq. (8) or (13) in terms of generalized inverses [2, 14]. The rigid body amount
of displacements, represented in eq. (4) by the constant C,, is obtained from eq. (12) in terms of p* and d.
Results close to or at nodal points may be obtained in a straightforward way and as accurately as possible,
given mesh refinement limitations, if the stress gradient has no local characteristics, by using spectral properties
related to V [10, 14]. However, when the stress gradient has some local property, as in case of notches or cracks,
the local effects must be dealt with adequately.

Numerical Example

For an axisymmetric problem, a ring of unitary point force

(MNm) is applied at coordinates (10,-5) for each coordinate di- ABCDEFA A’B’

rection of the elastic medium, with 4 = 10 MPa and v = 0.3, thus (%) | ur Uz Y, Oz
generating displacements and stresses given as in eqs. (5) and (4), BEM | 0.57 0.40 | 0.10 0.11
respectively. Next, one cuts out an irregular contour, as depicted KBEM | 0.82 0.21 | 0.11 0.12
in Fig. 1, and applies to its boundary the traction effects of the SHBEM | 1.53 0.12 | 0.02 0.24

stress field. Moreover, one prescribes the vertical displacement
u,(C) = 0.4356 103 m at point C. For the numerical analysis,
the boundary is discretized with quadratic elements in a total of
64 nodes. The problem was solved by the conventional boundary
element method (BEM), the BEM by means of a stiffness-type matrix (KBEM) [7] and the simplified hybrid
boundary element method (SHBEM). Results along the boundary ABCDEF and at 10 points along the line
segment A’B’ are presented in Fig. 2 and the corresponding global errors are presented in Table 1 [14].

Table 1: Global error for some results
along the boundary ABCDEFA and the
line segment A’B’.
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Figure 1: Cutout test of an irregular Figure 2: Results along the boundary ABCDEFA and the line segment A'B’.

contour ABCDEFA.
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Conclusions

The main contribution of the present paper is the introduction of a novel hybrid virtual work principle in
relation to the simplified hybrid boundary element method, which enables the application of the method to
problems of any topology. It is shown that, for singular fundamental solutions, it is mechanically impossible
to evaluate coefficients of a displacement matrix U* for results related to the same node of application of the
point forces. However, enforcing that simple deformed configurations, as in a patch test, be represented in
the frame of a hybrid virtual work principle, these results become available. The cutout test of Fig. 1 is
a simple, although evident illustration of the capabilities of the present method, as it deals efficiently with
an axisymmetric, multiply-connected problem. The proposed method is a simplification of the conventional,
collocation boundary element method, as well, since only one matrix, related to the double-layer potential,
requires evaluation via integration along the boundary. Moreover, results at internal point are evaluated directly,
thus circumventing any computationally demanding integration.
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SUMMARY

The present method offers an approach to 2D fracture problems where certain basis functions that are
known to capture the required crack tip displacement field are incorporated in a boundary element for-
mulation through the Partition of Unity Method. The same basis functions that were used by Mogs et
al. in the implementation of the Extended Finite Element Method (XFEM) [1] for fracture analysis are
used. It is found, in the simple case of a straight crack, that these reduce to rather simple expressions
for the boundary element implementation. With the introduction of these basis functions, additional un-
known coefficients are produced which are accommodated by providing additional collocation points.
To allow the evaluation of asymmetric crack problems, enrichment was applied to the Dual Bound-
ary Element Method (DBEM) [2] with certain modifications made to the Displacement and Traction
Boundary Integral Equations. With the inclusion of enrichment functions, analytical expressions can
no longer be used for the evaluation of the strongly singular and hypersingular terms and instead a
specially adapted numerical quadrature routine is used. The method was tested on both Mode I and
Mode II problems where substantial increases in accuracy were gained for a small increase in degrees
of freedom (DOF).

INTRODUCTION

Fracture problems, in which a singular stress field is encountered at the crack tip, present difficulties
when modelled with conventional piecewise polynomial elements. The stress field exhibits a singularity
of O(1/,/p) (where p is the distance from the crack tip) while displacements are of the form /p. Unless
extremely refined meshes are used in the vicinity of the crack tip, conventional elements fail to capture
the required singular field. This is a well-known problem, with many techniques and methods available
to overcome this difficulty such as quarter-point elements, special crack tip shape functions and the
Subtraction of Singularity Technique. Instead, the present work captures the singular field by enriching
elements that lie within a certain region around the crack tip, in a very similar manner to that of the
Extended Finite Element Method.
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ENRICHMENT

To allow enrichment of displacements in elements surrounding the crack tip, the Partition of Unity
Method [3] is employed which states that an arbitrary basis can be included within the approximation.
If this basis is chosen to correspond to a discontinuity or singularity from a priori knowledge, then
higher accuracies should be expected. In this way, enriched displacements can be expressed as

M M 4
=D ONGOup + YD N(OU (AT, G=ay )
a=1

a=1 =1

where £ € (—1,1) is the local coordinate, n is the element number, N, is the conventional Lagrangian
shape function for local node a, 1/)IU is the [th term in the vector d}U of enrichment functions, A;”l“ is the
enrichment coefficient associated with basis function [ and node a and M is the number of nodes per
element. In the case of a crack the choice of basis functions is obtained by inspecting the expressions
for displacements around a crack tip as derived by Williams, where it can be shown that the following
provides a complete basis

= (i () 5 () ()i e () )

where 0 is the angle made from the crack tip. These are the same basis functions as used in the imple-
mentation of the XFEM in [1].

To apply enrichment to the BEM, expression (1) is substituted into the Displacement Boundary Integral
Equation (DBIE) which is stated here (in its unenriched form) for clarity.

Cyji(x')uj(x") +]£ T (x', x)u;(x /U” (%', %)t (x)dT(x) 3)

where x’ and x denote the source and field points on the boundary T respectively. After discretisation,
this can be written as

na. na nana
)+ 355 Ry = 3" e @
n=1a=1 n=1a=1
where the terms P;}* and Q;;“ are conventional integral expressions which contain a fundamental solu-
tion, shape function and Jacobian of Transformation. Now, if the expression for enriched displacements
is inserted into (4), the enriched discretised DBIE can be written as

M Ne Ne
(X/) (Z Na( IL(L + ZZN gp ’l/)l gp na) + ZZPna na 4 Z Z Z ZIJL? rLa
a=1 a=11=1 n=1a=1 n=1a=1 (=1
Ne M

= > Qe )

n=1a=1

where 71 is the number of the element containing x" and &, refers to the local coordinate of the source
point. The jump term is now distributed over element 7 to allow the source point to lie at any general
position on the boundary. This technique, successfully implemented by Perry-Debain et al. [4], is crucial
for the use of additional collocation points which is described later in the implementation of the method.
The second and fourth terms are unchanged from (4) while the third is new. It is given by

ne _ / Nal©)T3 % x(€)]F (€T (€)de ©
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where the enrichment function zblU is incorporated within the boundary integral.

The DBEM, which allows coincident crack surfaces to be modelled, makes use of an independent
Boundary Integral Equation known as the Traction Boundary Integral Equation given by

%t_,'(x’) + ni(x')jé Skij(x’,x)uk(x)dF(x) = ni(x’)]{ Dkij(x’,x)tk(x)dF(x) (7)

In a similar manner to the DBIE, the Traction Boundary Integral Equation (TBIE) can also be enriched
by inserting expression (1) into the discretised form of the equation. Once again, for clarity, the unen-
riched form of the Boundary Integral Equation is stated

Ne M Ne M

1
S0 +m0) YD B = milx) 33 Fti ®)

n=1a=1 n=1a=1

where E,’;Z‘; and F"“ are integral expressions which are hypersingular and strongly singular respectively.

The enriched form of the TBIE is then given by

M Ne M 4
1 ) Ne e
(o) o) S5 BB )35 5 Bt i
a=1 n=1a=1 n=1a=1 [=1
Ne M
Y > FGe C)
n=1a=1
where the new enriched integral term Epf, is expressed as
B = [ Na(€) S x(@E (€7 € (10)

By using the Boundary Integral expressions (5) and (9) enrichment can be applied to problems con-
taining any general crack configuration. However, before this can be done, a method for solving the
introduced enrichment coefficients along with a strategy for enrichment is required.

IMPLEMENTATION

When the enriched BIEs are applied to a fracture problem the introduction of each basis function leads
to an additional unknown in each direction. A solution to this problem was presented in a similiar
scheme to introduce enrichment to the BEM by Watson [5] who used additional BIEs derived by dif-
ferentiating the DBIE. However, each of these require a rather complicated procedure to calculate the
singular integral terms making the method rather cumbersome. Instead, the present approach is to use
a technique demonstrated by Perry-Debain et al.[4] which utilises additional collocation points spread
evenly throughout enriched elements. In the case of a flat crack where the basis functions reduce to sim-
ply /p, the number of additional unknowns is reduced to simply two per enriched node. Therefore, if
a discontinuous quadratic element is used for enrichment (which greatly simplifies the implementation
of the TBIE), three additional points will be required. This is illustrated in Figure 1 where the crack is
depicted as having a finite opening to illustrate collocation on the upper and lower surfaces. In reality
these surfaces are coincident.

It is well known in fracture that only a certain region surrounding the crack tip is dominated by the
singularity. Therefore, only those elements that lie within the singular region are required to be enriched.

57



58 Eds: E.J. Sapountzakis, M.H. Aliabadi
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Figure 1: Additional collocation points on enriched flat crack elements

Of course, with each additional enriched element a corresponding increase in the number of system
unknowns occurs requiring a balance to be struck between accuracy and efficiency. The present strategy
enriches only those elements that lie on the crack surfaces with an expected increase in accuracy for
each additional enriched element.

In the conventional BEM singular integral terms are usually computed using rigid-body motion while
all others are evaluated using numerical quadrature. In the implementation of the DBEM Portela et al.
explained that rigid-body motion could no longer be used but instead analytical expressions were given
for singular terms, with the assumption that flat crack elements are used. However, when enrichment
is applied to the DBEM these expressions are no longer valid and a numerical scheme that is capa-
ble of evaluating strongly singular and hypersingular integrals is required. A subtraction of singularity
scheme, illustrated by Guiggiani [6], is used which relies on a Taylor series approximation about the
source point. Once this is determined, the singular components are removed leaving a regular inte-
gral which can be evaluated using a conventional quadrature routine. Then, the singular components
are re-introduced through analytical expressions. The expression used for the evaluation of enriched
hypersingular integrals is given by

[ ()

(=632 €-§&
S EaE) | ) () g e -1 an
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where F_5(&,) and F_; (&) are regular functions determined by a Taylor series expansion of the inte-
grand about the source point. Expression (11) can also be used for strongly singular singular integrals
O(%) where it is found that the term F_5 vanishes.

Finally, to allow the evaluation of both Mode I and Mode II stress intensity factors (SIFs), a decomposed
J-integral routine as implemented by Aliabadi [7] is used. A series of internal points located symmetri-
cally around the crack is used which allow the integral to be split into Mode I and II components.

RESULTS

An edge crack was used to illustrate the improvements obtained by enriching elements along the crack
faces. Accurate results for Mode I stress intensity factors (SIFs) are given for this problem [8] while it
was also analysed by Portela et al. using the DBEM. In the convergence study a uniform mesh grading
was used throughout (in contrast to the implementation of [2]) with additional elements added to each
line in each step of mesh refinement. Figure 2(a) illustrates the edge crack problem along with an
example mesh used for analysis. By varying the number of enriched elements lying on the crack faces
it was found that results improved considerably when the elements adjacent to the crack were enriched,
while any further enrichment had little effect on the accuracy. This strategy was used to study errors on
normalised K; while comparisons were made with the DBEM. Figure 2(b) illustrates a log-log plot of
errors in normalised K for each method; it can be clearly seen that an improvement of almost an order
of magnitude is achieved.
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(b) Comparison of errors between DBEM and the enriched BEM

Figure 2: Edge crack results
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A mixed-mode fracture problem in the form of an inclined edge crack was also considered with accurate
results published by Wilson [9] using the boundary collocation technique. Figure 3(b) shows that for
various crack angles and crack lengths the enriched BEM shows excellent agreement with Wilson for
both Mode I and II SIFs.
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Figure 3: Inclined edge crack results

CONCLUSIONS

A method has been presented for the enrichment of the BEM (and DBEM) for analysis of 2D cracks. An
outline of how enrichment is implemented is given with particular attention paid to the use of additional
collocation points and a numerical integration scheme that allows the evaluation of strongly singular
and hypersingular integrals. Results show that, in comparison to the unenriched DBEM, an increase in
accuracy of almost an order of magnitude is seen. A mixed mode problem was also analysed to verify
the accuracy of both Mode I and II SIFs.
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Abstract. This paper presents an application of the Dual Boundary Element Method (DBEM) for
fracture mechanics analysis of multilayer metallic laminate structures. The metal layers are modelled
by coupling two-dimensional plane stress elasticity and shear deformable (Reissner) plate bending.
Adhesive layers are modelled as a distribution of forces which include in-plane, out-of-plane and
two moment body forces which are transfered to the boundary by the Dual Reciprocity Method
(DRM). Stress intensity factors, three for the bending problem and two for the membrane problem,
are evaluated from crack opening displacements. The accuracy of the proposed method is assessed by
comparison with results from a commercial FEM software (ABAQUS).

Introduction

The quest for lighter, more affordable high performance airframes has accelerated demand for new
advanced concepts. In recent years a number of new metal and hybrid technologies have been inves-
tigated. For instance, Fibre Metal Laminates (FMLs) have been developed in the past to increase
the fatigue characteristics of laminated metal structures by adding fibres in the bond line. The fibres
are insensitive to the occurring fatigue stresses in FMLs and bridge the fatigue cracks in the metal
layers by restraining the crack opening. These metal laminate parts are constructed and repaired
using mostly conventional metal material techniques. Alderliesten [2] presents an overview of rele-
vant approaches (phenomenological, analytical and FEM) for fatigue crack propagation prediction in
composite metallic laminates; outlining the need of further developments for accurate description of
fatigue crack growth in FML.

Modelling of adhesively patched cracked sheets has been studied by several authors using the
boundary element method. Young et al. [3] presented a two dimensional BEM model of the patch and
cracked sheet. The adhesive layer was modelled using shear springs and treating the adhesive shear
stresses as body forces acting on the patch and the sheet. Salgado et al. [4] used the dual reciprocity
method (DRM) to transform the domain integrals from the adhesive patch to the boundary and the
dual boundary element method (DBEM) to model the crack. This formulation was later extended
to flat and curved plate bending analysis by Wen et al. [9, 10]. In this plate/shell formulation the
interaction between the plate and the patch on a repaired sheet is modelled as a distribution of forces
which include in-plane, out-of-plane and two moment body forces (shear deformable theory).

More recently, Sekine et al. [7] presented a combined detailed 3D boundary element method and
finite element method to investigate the fatigue crack growth behavior of cracked aluminum panels
repaired with an adhesively bonded composite patch. The detailed numerical simulation provide crack
front profiles of the cracked panel during fatigue crack growth and the distributions of stress intensity
factors along crack fronts. Useche et al. [6] presented a plate boundary element formulation for the
analysis of isotropic cracked sheets, repaired with adhesively bonded anisotropic patches and Alaimo
et al. [5] presented a 2D boundary integral formulation based on the multidomain technique to model
cracks and assemble the multi-layered piezoelectric patches to the host damaged structure.

This paper aims to investigate fatigue crack propagation in multilayer metal laminates by a multi
region shear deformable plate bending DBEM model. A coupled boundary integral formulation of
shear deformable plate bending and two-dimensional plane stress elasticity are used to determine
bending and membrane forces along the adhesive layer.
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Governing Equations

Strain tensors in shear deformable linear elastic plate theories can be derived from the deformation
pattern of a differential element. The membrane strain resultant tensor can be expressed as follows:

1
€ap = 5 (Uap +upa) 1)

Transverse shear strain resultant can be expressed as:
Ya3 = Wa + W3 o (2)
And the flexural strain resultant can be written as:
Kag = 2Xaf = Wa,6 + Wg,a ®)

where u,, denotes in-plane displacements and w; denotes out-of-plane displacement and rotations. In
this paper Roman indices vary from 1 to 3 and Greek indices vary from 1 to 2.
The relationships between stress resultants and strains for plate bending were derived by Reissner,

and are given as:

2v

) 1—-v
Map = D—— <2Xaﬁ + EXw%ﬂ) (4)

for components of bending moment and,

Qo = Cas (5)

for components of out-of-plane shear. Membrane stress resultants are given as:
1—v 2v
Naﬁ = BT (26a[j + :Ev»\/({ilﬁ) (6)

where B(= Eh/ (1 —1?)) is known as the tension stiffness; D(= Eh3/ [12 (1 — v?)]) is the bending
stiffness; C(=[D (1 — v) A2] /2) is the shear stiffness; A\ = v/10/h is called the shear factor and &, is
the Kronecker delta function.

Finally, the equilibrium equations for shear deformable plate bending can be written as follows:

Mogp — Qat+qa=0 (7)
for summatory of moments around the center of gravity of a plate element,
Qaat+q3=0 (3)
for summatory of forces along the z3 direction and,
Nagp+ fa=0 (9)
for summatory of forces on the x1 — z2 directions.

Metal Layers (DBEM formulation)

Lets consider flat isotropic sheets of thickness A", Young’s modulus E™, Poisson’s ratio v with
a boundary I'. The two-dimensional boundary integral equation for displacements at the boundary
point x’ € T' can be written as,

m * m % m 1 ¥ * m
Cop )y () = [ Uzl 015 ()T~ f Ty a3 ar +5= X [ Uz 30 70044 (10)
- - ™ p=1"4n
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where f denotes a Cauchy principal-value integral and cqg(x’) is a function of the geometry at the
collocation points equal to 1/2 for a smooth boundary. The boundary displacements and tractions
for sheet m are denoted by ul' and t' respectively; displacement and traction fundamental solutions
for the plane stress condition are Uj5(x’,x) and Tpy45(x', x), respectively [1]. f5'(x) denotes the two-
dimensional body forces per unit area over a region A,, of adhesive and N represents the total number
of bonding areas.

The boundary integral formulation presented by Wen et al. [9] can be rewritten as,

() (x) = [ Wi, 30p () = f. P suf? () (x +Z/ Wi (<, x)g (x)dA
(1)

where pj' denotes boundary tractions, W (x',x) and P};(x',x) are the fundamental solutions for
rotations and out-of-plane displacements and bending and shear tractions, respectively [1]. ¢j(x) is
the distribution of body forces in moment per unit area and ¢4'(x) the out-of-plane body force in the
adhesive area A,,.

Using the stress and strain relationships in equations (7)-(9), the traction integral equations for a
source point on a smooth boundary can be obtained as [9, 1]:

S ) 5 ) Pl (30 (I G0) + g ) . Py o ) (T )
= () f Wy (X085 (0L () + () | WX 3085 (0D ()
+n@<x')z [, Wil ) i (12)

S () 4 1) P, (/30 GOAE () + o) . Py 3 ()l (x)

= () [ Wi (<3087 (D) + mal) . Wi 300 ()T ()

)Y J, Windod x)ai G (13)
n=1
and, )
St () + ma(x )%T(ﬁgw(x X)ul™ (x)dl(x ][ 2 (6, )7 () dT ()
tng(x Z / 5 (0, X) f7 () dA (14)
n=1

where f denotes a Hadamard principal-value integral. Equations (12-14) represent five integral equa-
tions in terms of boundary tractions, and can be used together with the five displacement integral
equations to form the plate bending dual boundary integral formulation.

Adhesive Layers

In the present shear deformable plate formulation there are five force distributions on the middle plane
of the metal sheets (i.e. fJ'(a =1,2),q7"(k = 1,2,3)). From equilibrium conditions, the body forces
can be expressed as:

f+ra =0, 35 +aq5 =0

h”’"‘)f;”:o, a=12 (15)

@+ g+ (ha +
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Quarter FEM Model Half BEM Model

Figure 1: Open Hole Specimen Dimensions

Additionally, there are five corresponding displacement compatibility conditions,

h h ha =
(v~ ) = (v + ) = 2o e, =12
a
wp =wi, k=1,2,3 X' €A, (16)

where () denotes the adjacent sheet and G, and hq are the shear modulus and thickness of the adhesive
layer, respectively.

Numerical Implementation

To solve these boundary integral equations (10)-(14), the boundaries of metal layers are discretized
into continuous quadratic elements, and the cracks into discontinuous quadratic elements. Domain
integrals in equations (10)-(14) are transferred to the boundary by the dual reciprocity method [8, 9],
therefore domain points as shown in Figure 2 are also necessary.

Numerical Results

The present approach was validated by comparing stress intensity factors from a cracked two layers
open hole specimen, see Figure 1. For the maximum crack size, the FE model has a total of 19335
nodes with 3345 solid elements (C3D20R) and 228 cohesive elements (COH3D8). The boundary
element model has a total of 192 nodes for the metal layers and 178 DRM points for the adhesive
layer. Figure 2 shows mesh details of the cracked metal layer and adhesive layer.

The plate is under uniformly uni-axial tension and it has both ends simply supported. Normalized
stress intensity factors are presented in Figure 3. As expected, stress intensity factors along the crack
front vary from a minimum close to the bonded surface to a maximum on the free surface. The
simplified plate bending BEM model is able to capture the maximum values of the SIF obtained with
the detailed 3D FEM model. Stress plots of the BEM and FEM models are shown in Figure 4. The
difference between mesh densities and similarity between stress contours is evident from this figure.
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Figure 2: BEM mesh on Cracked Metal layer and Adhesive layer.
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Figure 4: Stress Plot on the FEM and BEM Models.
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Conclusions

This paper presented an application of the dual boundary element method for fracture mechanics
analysis of multilayer metallic structures. Results from simplified 2D and 2.5D (shear deformable
plate theory) Boundary Element formulations were compared with 3D FEM models. Results show
the capabilities of a BEM formulation. The reduction of modelling and simulation times in the BEM
formulation represents an attractive alternative to the 3D ABAQUS Model.
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Abstract. In this paper a boundary element method is developed for the evaluation of warping shear stresses
of bars of arbitrary doubly symmetric constant cross section undergoing nonuniform torsional vibrations
taking into account the effect of geometrical nonlinearity. The bar is subjected to arbitrarily distributed or
concentrated conservative dynamic twisting and warping moments along its length, while its edges are
supported by the most general torsional boundary conditions. The transverse displacement components are
expressed so as to be valid for large twisting rotations (finite displacement — small strain theory), thus the
arising governing differential equations and boundary conditions are in general nonlinear. Employing a
variational approach, a coupled nonlinear initial boundary value problem with respect to the main unknown
kinematical components and two boundary value problems with respect to the primary and secondary
warping functions are formulated. The solution of the last two problems is performed by a pure BEM
approach requiring exclusively boundary discretization of the bar’s cross section and leading to the
evaluation of the warping shear stresses. The arising linear system of equations related to the secondary
warping function is singular and a special technique is used to perform its regularization. The validity of
negligible axial inertia assumption is examined for the problem at hand.

1. Introduction

When arbitrary torsional boundary conditions are applied either at the edges or at any other interior point
of the bar due to construction requirements, this bar under the action of general twisting loading is leaded to
nonuniform torsion. Besides, since weight saving is of paramount importance, frequently used thin-walled
open sections have low torsional stiffness and their torsional deformations can be of such magnitudes that it
is not adequate to treat the angles of cross-section rotation as small. In these cases, the study of nonlinear
effects on these members becomes essential, where this non-linearity results from retaining the nonlinear
terms in the strain—displacement relations (finite displacement — small strain theory). When finite twist
rotation angles are considered, the nonuniform torsional dynamic analysis of bars becomes much more
complicated, leading to the formulation of coupled and nonlinear torsional and axial equilibrium equations.
In this case, accounting for the axial loading and boundary conditions becomes essential to perform a
rigorous dynamic analysis of the bar.

While stress analysis of bars subjected to axial and/or bending stress resultants is elementary after the
evaluation of the kinematical components, however this is not the case for torsional loading. St. Venant was
the first to establish a boundary value problem to evaluate shear stresses for the case of uniform torsion. The
solution of this problem has been extensively studied and solved by various analytical and numerical
methods. In the case of nonuniform torsion, both normal and warping shear stresses arise and the St. Venant
(primary) shear stress distribution is no longer valid. Vlasov proposed an approximate solution of the bar’s
stress field which is applicable to thin-walled beams of open cross section, while Sapountzakis & Mokos [1]
formulated a boundary value problem with respect to the secondary warping function, to compute warping
shear stresses of bars of arbitrary cross section. However, this formulation does not account either for
dynamic loading or for geometrical nonlinearity while general axial loading and boundary conditions are
also not included in the analysis. It is worth here noting that up-to-date Civil Engineering codes and
regulations [2] indicate that warping shear stresses should be taken into account in torsional analysis of bars.
In all of the research efforts in the literature, the evaluation of the warping shear stress distribution is not
discussed.

In this paper a boundary element method is developed for the evaluation of warping shear stresses of bars
of arbitrary doubly symmetric constant cross section undergoing nonuniform torsional vibrations taking into
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account the effect of geometrical nonlinearity. The bar is subjected to arbitrarily distributed or concentrated
conservative dynamic twisting and warping moments along its length, while its edges are supported by the
most general torsional boundary conditions. The transverse displacement components are expressed so as to
be valid for large twisting rotations (finite displacement — small strain theory), thus the arising governing
differential equations and boundary conditions are in general nonlinear. Employing a variational approach, a
coupled nonlinear initial boundary value problem with respect to the main unknown kinematical components
and two boundary value problems with respect to the primary and secondary warping functions are
formulated. The solution of the last two problems is performed by a pure BEM approach requiring
exclusively boundary discretization of the bar’s cross section and leading to the evaluation of the warping
shear stresses. The arising linear system of equations related to the secondary warping function is singular
and a special technique [3] is used to perform its regularization. The essential features and novel aspects of
the present formulation are summarized as follows.

i. The cross section is an arbitrarily shaped doubly symmetric thin or thick walled one. The
formulation does not stand on the assumption of a thin-walled structure and therefore the cross
section’s torsional and warping rigidities are evaluated “exactly” in a numerical sense.

ii. The beam is supported by the most general boundary conditions including elastic support or restraint.

iii. For the first time in the literature, a boundary value problem for the evaluation of the warping shear
stresses is formulated and numerically solved. Warping shear stresses alter the original St. Venant
shear stress distribution and in up-to-date Civil Engineering codes and regulations [2] it is indicated
that they should be taken into account in torsional analysis of bars.

iv. For the first time in the literature, the influence of the axial inertia term on warping shear stresses of
bars under nonlinear torsional vibrations is investigated.

v. The proposed method employs a pure BEM approach (requiring exclusively boundary discretization
for the cross sectional analysis) resulting in line or parabolic elements, while only a small number of
line elements are required to achieve high accuracy.

Numerical examples are worked out to illustrate the efficiency and the range of applications of the developed
method. The validity of negligible axial inertia assumption is examined for the problem at hand.

2. Statement of the Problem

2.1. Displacements, strains, stresses

Let us consider a prismatic beam of length / (Fig.1), of constant arbitrary doubly symmetric cross-section
of area 4. The homogeneous isotropic and linearly elastic material of the beam cross-section, with modulus
of elasticity £, shear modulus G and mass density p occupies the two dimensional multiply connected
region (2 of the y,z plane and is bounded by the I; ( j=12,..,K ) boundary curves, which are piecewise
smooth, i.e. they may have a finite number of corners. In Fig. 1b Syz is the principal bending coordinate
system through the cross section’s shear center. The bar is subjected to the combined action of the arbitrarily
distributed or concentrated time dependent conservative axial load n(x.7), twisting m, =m,(x.t) and

warping m,, =m,,(x,f) moments acting in the x direction (Fig. 1a).

shear center =
C: centroid = center of gravity

Fg(QI) =

(a)
Fig. 1. Prismatic element of an arbitrarily shaped doubly symmetric constant cross
region (2 (a) subjected to axial & torsional loading (b).

occupying

Under the aforementioned loading, the displacement field of the bar for large twisting rotations is given as
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(59,2 =t (50)+ 0 (10) 68 (52) 445 (5.9,22) (1)
v(x,y,z,t) =—z-sin6, (x,t)—y~(1—cos€x (x,t)) (1b)
w(x,y.z,t)=y sinf, (x,t)—z~(1—cos9x (x,t)) (1c)

where u, v, w are the axial and transverse bar displacement components with respect to the Syz system of

axes; 0, (x,t) denotes the rate of change of the angle of twist 6, (x,t) regarded as the torsional curvature;

¢§D R ¢§ are the primary and secondary warping functions with respect to the shear center S, respectively [1]
and u,, (x,t) is an “average” axial displacement of the cross section of the bar, the physical meaning of
which is explained in [4].

Employing the strain-displacement relations of the three - dimensional elasticity for moderate
displacements, the following strain components can be easily obtained

2 2
gﬂ:@_'.l. o + ow (2a)
ox 2 |\ox ox

7W:8H+@+@.Q+67W.67W (2b)
Y0y Ox 0y Ox Oy Ox

ow Ou 0Ov Ov Ow Ow
et b

Ox 0z 0z Ox 0z Ox

Yz (20)
where it has been assumed that for moderate displacements (Ju/ ax)z U oufex, (éufex)(oufoy)l
(ov/ox)+(oufoy), (ufox)(dufoz)l) (Owféx)+(du/éz). Substi-tuting the displacement components (1) to
the strain-displacement relations (2), the nonvanishing strain resultants are obtained as

e‘xx=um'+9:-¢§(y,z)+é-(y2+22)-(9;)2 (3a)
NP s

Yy =0 s .|, 9% (3b)
oy oy
P s

re=0 | By 2 (30)
’ 0z 0z

where the second-order geometrically nonlinear term in the right hand side of eqn (3a) ( y2 +27 ) . (9; )2 /2

is often described as the “Wagner strain”. It is worth here noting that in obtaining eqn.(3a) the rate of change
of the secondary warping function ¢SS , that is the arising normal strain due to the secondary shear ones due
to warping [5], has been ignored.

Considering strains to be small, employing the second Piola — Kirchhoff stress tensor, assuming a zero

Poisson ratio and exploiting the Hooke’s law of elasticity, the non vanishing stress components are defined
in terms of the strain ones as

XX E 0 () gAl’C

S, t=[0 G 07, “
0 0 G

p.v4 }/ Xz

or employing eqns (3) as
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Sxx:E[um'+€;-¢§(y,z)+é(y2+zz)~(6;)2:| (5a)
P N

S, =G0, s |95 (5b)
’ o oy
P S

SXZG,QQ,[% +yJ+G_8¢s (5¢)
’ Oz 0z

where the first terms in the right hand side of eqns (5b, c) represent the St. Venant (primary) shear stresses
and the second terms the warping (secondary) shear ones.

2.2. Equations of local equilibrium
In order to establish local equilibrium equations, the principle of virtual work

Wit + W s = Wey, ©
where
Wy = [(SuOe + S, 87, + S0y )dV (7a)
OW s : [ p-(iidu+ oy +iisw)dV (7b)
v
Wy = [(t-Sutt, v+t -Sw)dF (7¢)
F

under a Total Lagrangian formulation, is employed. In the above equations, & () denotes virtual quantities,
() denotes differentiation with respect to time, V, F are the volume and the surface of the bar,
respectively, at the initial configuration and 7, 7,,, 7, are the components of the traction vector with respect
to the undeformed surface of the bar.

Neglecting virtual terms of the secondary warping function ¢§ , the primary warping function’s ¢§)
virtual components of eqn. (7a) are given as

P P
II = J‘er9;'5¢5f’,dV + IGL : va 66¢S + sz 65¢S av (3
v v 7oy oz

Following the technique presented in [6], integration by parts is carried out on the first term of eqn. (8) with
respect to the longitudinal variable x, thus obtaining

T 10 (5067 )d 2 = 1 o 3(5 5oF ) ddxe +| [(62)-(s 5%191
x;[o_(J;( x) ( xx ¢S) X—_x;[o—(J; x'ax xx ¢S) b[( r)( xx ¢S) L, 9)

Integrating by parts with respect to the cross-sectional variables y, z, the second term of eqn. (8) can be
written as
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[ je'( agi’s sj% ]d!)dx j{

oS oS b
J.( xy - }é¢s dQ
x=002 x=0

a\ (10)

Xy xz''z

+0.- j(s n,+S.n )6¢§ds}dx

where n, =cos B, n.=sinf are the direction cosines of the normal vector n to the boundary 7”7, with

L= y}t (see Fig.1). Substituting eqns (9), (10) into eqn (8) gives

! ’ aS an, aS\'z '
1,=X_j0[ -0, - j[ e x 6y} P ]5¢§d[)+9 II(S n, +SXZnZ)§¢§dS}¢r+

/ (11)
Jofoustud]
Xes

x=0

Neglecting virtual terms of the secondary warping function ¢SS , the primary warping function’s ¢§
virtual components of eqns (7b), (7¢) are given as

1, = [pii-0,5¢dV = | (a | pu5¢§’dQJ (12a)
4 x=0
137jz O, 59dF = [1,-0,0¢{d Q2+ [1,-0,0p{dQ2+ [1,-0,54{dF (12b)
’(JU ‘QI F

lat

where (2), €2, are the bar’s two dimensional regions of the end cross-sections and F,, is the lateral surface

of the bar. Having in mind that the traction vector with respect to the undeformed surface of the bar is
expressed by the first Piola — Kirchhoff stress tensor, eqn (12b) is written as

!

1
I —{9;. _[Ru-ﬁqﬁgd[)} + j{a;. [(Pyn, +Pun )5¢§ds}dx (13)
Q r

o x=0

where P, P, P, are components of the first Piola — Kirchhoff stress tensor. Employing the identity

xyr fxz

relating the first and second Piola — Kirchhoff stress tensors, eqn (13) is written as

o
13{9;. [gx%”m} + [9;-{[( g j (Syn, +Sen )6¢§ds}a’x (14)
¥e) X

0 x=0 r
Knowing that the primary warping function’s ¢§ virtual components cannot vanish and that deformation

0 . s .
cannot be constant (67" #0), eqns (11), (12a), (14) lead to the following local equilibrium equation
x

as.,
a‘im+—’”+as“—pu 0in 2, Vxe(0,1) (15)
Ox oy 0z

along with its corresponding boundary condition
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Syn, +8.n, =0 on I', Vxe(0,) (16)

In eqns (11), (14), the terms related to the bar’s end cross sections insert an inconsistency into the present
formulation, which is local and does not affect the overall behavior of the bar. Having in mind that a
nonuniform torsion theory is formulated, such an inconsistency is expected, while in some cases (uniform
torsion, fully restrained warping boundary conditions at the bar ends) the aforementioned terms vanish and
equilibrium equations are exact.

Requiring both the primary and the secondary due to warping parts of eqns (15), (16) to vanish and

ignoring the term ¢SS , the following governing equation for the secondary ¢SS warping function is obtained
as

v2¢§=[—£u;+§ﬁmj—(§9;’—§é;j.¢§(y,z)—gege;~(y2+zz) inQ a7

along with its corresponding boundary condition

g5
2 =0 on I; 18
o ) (18)

where V2 =8 /ax? +8% / 6y2 is the Laplace operator and 0/ 0n denotes the directional derivative normal

to the boundary 7~ , while as expected, the governing equation related to the primary ¢§) warping function is
found to be coincident with the well known St. Venant’s corresponding boundary value problem [1].

Thus, the secondary ¢SS warping function will be evaluated from the solution of the Poisson problem
described by the governing equation (17) inside the two dimensional region 2, subjected to the boundary
condition (18) on its boundary 7/~ . Since the boundary value problem at hand has Neumann type boundary
condition, the evaluated warping function contains an integration constant (parallel displacement of the cross
section along the bar axis). This integration constant is evaluated by inducing a suitable constraint to the
Neumann problem (17-18) so that the problem at hand possesses a unique solution. This constraint is given
from

[#3d2=0 19)
0

and arises from the request that the torsional terms of the displacement field do not result any axial forces. It
is worth pointing out that any other constraint could be used, although the use of eqn (19) decouples the
governing equations of the torsional problem at the greatest extent.

2.3. Equations of global equilibrium

Substituting the stress components (eqns (5)), the strain ones (eqns (3)) and the displacement components
(eqns (1)) to the principle of virtual work (eqn (6)), the governing partial differential equations of the bar are
obtained after some algebra as

pA-ii, — EA-uy, — El p - 0.6y = n(x,t) (20a)
plp 8= pCs -0~ G104 ECS0 Bl (0. 02~ El, 07~ El, 1,0, =
. (20b)
=m,(x,t)+a|:mw(x,l)]

subjected to the initial conditions (x € (0,1 ) )
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(x) 1y, (%,0) = ity (%) (21a,b)
) o (%) 2led)

together with the boundary conditions at the bar ends x =0,/

a;N + o, =a; (22a)
BiM, + B0, = B3 BiM,, + B,6; = s (22b,0)

where N, M,, M,, are the axial force, the twisting and warping moments at the bar ends given in [4].

The expressions of the externally applied loads appearing in the right hand side of eqns (20) with respect
to the first Piola-Kirchhoff stress components can be easily deduced by virtue of eqn (7c). It is worth here
noting that in deriving the governing equations of the bar, the secondary shear stress distribution has been
ignored [5], while damping could also be included without any special difficulty. The geometric cross
sectional properties appearing in eqns (20) are also given in [4].

The solution of the initial boundary value problem described by eqns (20-22), for the evaluation of the
unknown kinematical components u,,(x.¢), 6, (x,)assumes that the warping Cg and the torsion I,

constants are already established, the evaluation of which presumes that the primary warping function (05 at
any interior point of the domain (2 of the cross section of the bar is evaluated [1]. Once these components
are established, the secondary warping function ¢§ at any interior point of the domain 2 of the cross
section of the bar is evaluated after solving the boundary value problem described by eqns (17-18).
Subsequently the second Piola — Kirchhoff stress components are evaluated employing eqns (5), completing
the computation of the stress field.

A significant reduction on both the set of the governing differential equations and the boundary value
problem related to the secondary warping function @3 can be achieved by neglecting the axial inertia term
pA-ii,, of eqn (20a), an assumption which is common among various dynamic beam formulations. Ignoring
this term, a single partial differential equation along with a single unknown kinematical component (the
angle of twist &, (x,t)) is obtained, which is further simplified in the case of vanishing distributed axial load
along the bar. In what follows, this procedure is described in detail for the cases of axially immovable ends
and constant axial load along the bar, which are of great practical interest. The aforementioned axial inertia
term will be taken into account in the section of numerical examples, for the first time in the literature for the
stress analysis of bars under nonlinear nonuniform torsional vibrations, investigating the influence of its
ignorance.

2.4. Reduced problems for special cases of axial boundary conditions

For the case of axially immovable ends, it is easily proved that [4]

m

up =—%”-9;9; , Vxe(0.1) (23)

which after subsequent integration yields

c_ LIy N
Uy == (6) +EA , Vxe[0,] (24)

where N isa time-dependent tensile axial load induced by the geometrical nonlinearity given as

1
Elp [(6,) dx (25)
0
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For the case of constant along the bar axial load eqns (23-24) hold by setting N = ]V(l,t) , Where ]\7(1,1‘) is

the externally applied axial force at the bar’s right end. Substituting eqns (23-24) into eqns (20) the reduced
initial boundary value problem is established as

plp-G,=pCs 8 ~( 61+ 2. o+ B0 1, (0,01 -
(26)

=, () -2, (1))

where the pertinent initial and boundary conditions are appropriately modified, while the boundary value

problem related to the secondary warping function (p§ (eqns (17-18)) is accordingly modified to

E ror I E " ' .
V248 :Eexex.{f,(yz +22):},(59x—§6xj-¢§(%2) in2 (27a)
g5
—= = on /I, 27b
on F; (27b)

It is worth here noting that /, in eqn.(26) is a nonnegative geometric cross sectional property, related to the
geometrical nonlinearity, defined as
1,7

Ly =Ipp ==~

y (2%

The linear part of the secondary warping function ¢§ , that is ¢SS Jin» arising from a geometrically linear
analysis can be retrieved by solving the boundary value problem

Vi 27[5@“36‘;]% (v.2) in 2 (29a)
G G
085
in _ 0 on I, 29b
on J (29b)

The influence of the geometrical nonlinearity on the secondary warping function and on the warping shear
stresses will be investigated in the section of numerical examples.

3. Integral Representations — Numerical Solution

3.1. For the axial displacement u,, and the angle of twist 0,

Both the complete and the reduced initial boundary value problems formulated in the previous section are
nonlinear and cannot be solved analytically. Thus, an efficient numerical scheme must be employed
requiring both longitudinal and time discretization. In this study the Analog Equation Method [7], as it is
developed for hyperbolic differential equations [8] is used to approximate the displacement u,, (x,t) and the
angle of twist 6, (x,t) along the bar. The arising semidiscretized nonlinear equations of motion are then
solved employing the Petzold-Gear time discretization scheme [9].

3.2. For the primary warping function ¢SP
The evaluation of the axial displacement u,, and the angle of twist £, assume that the warping Cg and
the torsion /, constants [1] are already established. The evaluation of these constants presumes that the

primary warping function ¢§ at any interior point of the domain 2 of the cross section of the bar is known.



Advances in Boundary Element Techniques X

Once ¢§) is established, Cg and I/, constants are evaluated by converting the domain integrals into line
integrals along the boundary using the corresponding relations presented in Sapountzakis and Mokos [1].

Moreover, the evaluation of the primary warping function ¢§D with respect to the shear center S and of
its derivatives with respect to y and z at any interior point for the calculation of the stress components
(eqns (5)) is accomplished using BEM as this is presented in [1].

3.3. For the secondary warping function ¢§
The numerical solution of the boundary value problem described by eqns (17-18) or that of eqns (27a-b)
for the evaluation of the secondary warping function ¢:§ will be accomplished using BEM [10]. This method

is applied for the aforementioned problem using the formulation presented in [1]. The boundary conditions
of each boundary value problem are of Neumann type, thus the arising linear systems of equations are
singular and cannot be directly solved. In this study, the regularization technique proposed by Lutz et. al. [3],
as this is employed for 2D potential problems [11], is used to eliminate the singularities of the problems of
eqns (17-18), (27a-b). It is pointed out that other techniques proposed in the literature ([10], [12]) lead to
completely erroneous results for the problem at hand. To employ the aforementioned technique, the Poisson
equations (17), (27a) are transformed to Laplace ones, which is performed by using particular solutions of

the Poisson equations [10]. After the resolution of ¢§ , its derivatives with respect to y,z are computed in
£2 so that the warping shear stresses (i.e. the last terms of eqns (5b, ¢)) are evaluated.

4. Numerical Examples

A(m?) 5,800 107 up (m™) 1,199x 107
Ip(m*) 5.434x107° i (- sec™?) ~1,530%10°
Ipp (m”) 6,722x 1077 0, (rad-m™) 0,237
1,(m") 1,631x107 07 (rad -m?) 0,803
1,(m") 2,080x 107 0 (rad -m~) 0,842
Cs(mé) 1,200x107 é, (md m! sec'z) ~1,585% 10°

Table 2. Kinematical components used to resolve the
secondary warping function.

Table 1. Geometric constants of the bar

An I-shaped cross-section bar (E=2,I1x10°kN /m’, G=8,1x10"kN /m’, p=8,002kN sec’/ m*) of
length 7=4,0m, having flange and web width 7, =¢,, =0,0Im, total height and total width ~=5b=0,20m

has been analyzed, while the numerical results have been obtained employing 21 nodal points (longitudinal
discretization) and 600 boundary elements (cross section discretization). The geometric constants of the bar
are given in Table 1. The bar is simply supported (according to its torsional boundary conditions) and
subjected to a moving concentrated twisting moment. All of the initial conditions are zero, except for the

initial axial displacements, which are given from i, (x)= [N (1.0)/ (EA):I -x, while the bar has an
immovable left and free right end subjected to constant axial load N (l,t) =-2500kN , according to its axial

boundary conditions. The concentrated twisting moment has a constant numerical value M, = 20,0kNm and
“travels” with a constant velocity v =40m / sec , thus the bar is subjected to free vibrations after =0, /sec .
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t

J
4

Y

‘%’E’ ﬁ’r (b)
s (a)
Fig. 2. Warping shear stress distributions arising from ¢§ (a) and its linear part ¢§g in (D).

max 0,¢¢ (m) 2,344x 107
minO,¢¢ (m) ~2,344%107
max ¢ (m) 5,330x107°
mings (m) ~7,338x107
max g, (m) 6,823x 107
min@s ;, (m) -6,823x107°

max S}, (MPa) 96,971

maxSfmin (MPa) 81,106

max S}, (MPa) 191,346

max S, (MPa) 244,468

Table 3. Extreme values of various kinematical and stress components at x =1,905m, t=0,0588 sec of the
bar of example 1.

The evaluation of the secondary warping function precedes the solution of the initial boundary value
problem of eqns (20) in order to obtain the kinematical components u,,, €, along with their derivatives (at
the bar’s nodal points) in the time domain. In Table 2, the obtained results at a cross section (slightly) at the
left of the midpoint of the bar (x =1,905m ) are presented for 7 =0,0588 sec, that is the instant at which the

angle of twist at the midpoint of the bar 6, (//2,¢) becomes maximum (max8,(//2,t)=1,181rad, for
0,0<t<0,15 (sec) ). Using these results, the boundary value problems of eqns (17-18) and (26a, b) are

solved to obtain the secondary warping function ¢§? and its linear part ¢§ sin - In Fig. 2 the warping shear

stress distributions arising from ¢§ (denoted as an) and their linear part ¢§ Jin (denoted as an,m

) are
presented demonstrating the great discrepancy between them in the web area. A slight difference is also
observed near the flange-web intersections. Finally, in Table 3 the extreme values of various kinematical and

stress components are presented showing the efficiency of the proposed method. For comparison reasons, the

extreme values of 6 -¢SP and the maximum values of the St. Venant (primary) shear stress vector S; and
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of the total shear stress vector S, =S7 +55 are also included, indicating that the warping shear stresses

should not be neglected in nonuniform nonlinear torsional vibrations of bars.

5. Concluding remarks

The main conclusions that can be drawn from this investigation are

a. The numerical technique presented in this investigation is well suited for computer aided analysis of
cylindrical bars of arbitrarily shaped doubly symmetric cross section, supported by the most general
boundary conditions and subjected to the combined action of arbitrarily distributed or concentrated time
dependent conservative axial and torsional loading.

b. Geometrical nonlinearity, dynamic loading and axial boundary conditions influence the warping shear
stress distribution and magnitude of bars undergoing twisting deformations.

1

Warping shear stresses should not be neglected in nonuniform nonlinear torsional vibrations of bars.

d. The developed procedure retains the advantages of a BEM solution over a FEM approach since it requires
exclusively boundary discretization of the bar’s cross section.
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Abstract. In this paper a boundary element method is developed for the nonuniform torsion of simply or
multiply connected prismatic bars of arbitrary cross section, taking in to account secondary torsional moment
deformation effect. The bar is subjected to an arbitrarily distributed twisting moment, while its edges are
restrained by the most general linear torsional boundary conditions. To account for secondary shear
deformation a secondary torsion constant is used, while the first derivative of the angle of twist is split in to a
primary and a secondary part due to the bimoment and the secondary twisting moment, respectively. Three
boundary value problems with respect to the variable along the bar angle of twist and to the primary and
secondary warping functions are formulated and solved employing a pure BEM approach, that is only
boundary discretization is used. From the aforementioned primary and secondary warping functions the
warping and the primary torsion constant are evaluated using only boundary integration, while the secondary
torsion constant is computed employing an effective domain integration. Numerical examples with great
practical interest are worked out to illustrate the efficiency and the range of applications of the developed
method. The influence of the secondary torsional moment deformation effect of closed-shaped cross sections
is verified.

1. Introduction

In engineering practice we often come across the analysis of members of structures subjected to twisting
moments. Curved bridges, beams subjected to eccentric loading or columns laid out irregularly in the interior
of a plate due to functional requirements are most common examples. When the warping of the cross section
of a member is not restrained the applied twisting moment is undertaken from the Saint-Venant shear
stresses. In this case the angle of twist per unit length remains constant along the bar (uniform torsion).
However, in most cases arbitrary torsional boundary conditions are applied either at the edges or at any other
interior point of the bar due to construction requirements. This bar under the action of general twisting
loading is leaded to nonuniform torsion (warping torsion), while the angle of twist per unit length is no
longer constant along it. It is worth here noting that the effect of torsional warping has to be considered not
only for bars with open shaped cross sections, but with closed shaped ones as well.

The nonuniform torsion problem of prismatic bars has been widely studied from both the analytical and
numerical point of view. For bars with thin walled profiles the “Vlasov Theory” [1] is mentioned among the
extended analytical studies. For bars with arbitrary cross section (thin and/or thick walled) the existing
analytical solutions are limited to symmetric cross sections of simple geometry, loading and boundary
conditions. Thus, over the past twenty years, numerical methods have been used for the analysis of the
aforementioned problem. Among these methods the majority of researchers have employed the Finite
Element Method (FEM) [2] or the Boundary Element Method (BEM) [3].

However, to the authors knowledge relatively little work has been done on the corresponding problem of
nonuniform torsion of bars, considering the secondary torsional moment deformation effect. In the pioneer
work of Heilig [4] a theoretical formulation of the problem is presented. Later, Roik and Sedlacek [5]
presented an analytical solution applying the Force Method (Flexibility Method) and using the analogy
between 2nd order beam theory (with tensional axial force) and torsion with warping. Rubin [6] using the
same analogy gives a modified Three-Moment Equation for continuous prismatic bars. Recently, Murin and
Kutis [7] using also the aforementioned analogy presented a new beam finite element for nonuniform torsion
with secondary shear deformation. In all of the aforementioned studies only bars with thin walled cross
section are investigated, since the torsional cross section parameters (warping constant, primary and
secondary torsion constant) are evaluated employing the thin tube theory. Finally, Kraus [8] presented a
FEM solution for the calculation of the secondary torsion constant of bars with arbitrary cross section.
Nevertheless, to the authors” knowledge, the boundary element method has not yet been used for the solution
of the nonuniform torsion problem considering secondary shear deformation.
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In this paper a boundary element method is developed for the nonuniform torsion of simply or multiply
connected prismatic bars of arbitrary cross section, taking into account secondary torsional moment
deformation effect. The bar is subjected to an arbitrarily distributed twisting moment, while its edges are
restrained by the most general linear torsional boundary conditions. To account for secondary shear
deformation a secondary torsion constant is used, while the first derivative of the angle of twist is split in to a
primary and a secondary part due to the bimoment and the secondary twisting moment, respectively. Three
boundary value problems with respect to the variable along the bar angle of twist and to the primary and
secondary warping functions are formulated and solved employing a pure BEM approach, that is only
boundary discretization is used. From the aforementioned primary and secondary warping functions the
warping and the primary torsion constant are evaluated using only boundary integration, while the secondary
torsion constant is computed employing an effective domain integration. Numerical examples with great
practical interest are worked out to illustrate the efficiency and the range of applications of the developed
method. The influence of the secondary torsional moment deformation effect of close-shape cross sections is
verified, while the accuracy of the proposed secondary torsion constant compared with those obtained from a
FEM solution is noteworthy.

2. Statement of the Problem

Consider a prismatic bar with modulus of elasticity £ and shear modulus G of length / with a cross
section of arbitrary shape, occupying the two dimensional multiply connected region (2 of the y,z plane
bounded by the K+/ curves /7,0l %5,....0 g,[ x,; as shown in Fig.1. When the bar is subjected to the
arbitrarily distributed twisting moment m, =m,(x) its angle of twist €, =6, (x) taking into account
secondary torsional moment deformation effect is governed by the following boundary value problem

I= j= L T T
(b)

Fig. 1. Prismatic bar subjected to twisting loading (a) with a cross section of arbitrary shape occupying the
two dimensional region (2 (b).

4 2
a0, ., %,
at P

3 ECy, dzmt
Gly, v’

ECy =my (I-x)  inside the bar )
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a0, +a,M, =oa; (2a)
at the bar ends x =0,/
dgxp
Bi——+BM,, =P (2b)
dx
where
— C
Cpy = &)
K
I
e 1w @
I,p + 1

In the aforementioned relations Cy, I, and I;, are the warping constant, the primary torsion constant and
the secondary torsion constant of the bar cross section, respectively. Moreover, M, is the total torsional
moment and M, is the bimoment resulting from the normal stress distribution due to warping given as

M, =M, + M, ®)
M, =-ECy, d ezx _ECu m;(1-x) inside the bar (6a)
dx GI,p
~ d’0
M, =—ECy, 2" at the bar ends x =0,/ (6b)

In eqn (5) My, is the primary torsional moment resulting from the primary shear stress distribution due to

twisting loading, while M, is the secondary torsional moment resulting from the secondary shear stress
distribution due to warping given as

deo
M, =GI, =~ 7
ip P ™
M, =—ECy d 93)‘ —ECJ%(I—K) inside the bar (8a)
dx Gltp dx
~ d’0
My ==ECy— at the bar ends x =0,/ (8b)

To account for secondary shear deformation the first derivative of the angle of twist is split into a primary
and a secondary part due to the bimoment and the secondary twisting moment, respectively. Thus, the total
first derivative of the angle of twist d@, /dx can be written as

ﬂ — ngP + dgxs

dx dx dx

(€)

where do,, / dx represents the primary torsional curvature arising from the warping normal stresses, while

d0, dx represents the secondary torsional curvature due to the warping shear stresses given as [5]
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daxs — MIS (10)
dx Gl

Employing eqns. (4), (9) and (10) the primary torsional curvature with respect to the total first derivative of
the angle of twist can be written as

0y _do, My 1-x an
dx dx  Gl, «

Moreover, in eqns. (2) a;, fB; (i=1,2,3) are functions specified at the boundary of the bar. The boundary

conditions (2a,b) are the most general linear torsional boundary conditions for the bar problem including also

elastic support. It is apparent that all types of the conventional torsional boundary conditions (clamped,

simply supported, free or guided edge) can be derived from these equations by specifying appropriately the

functions ¢; and f; (e.g. for a clamped edge it is a;=f;=1, ay=a; =, =p3=0). It is worth here

noting that in the case of negligible secondary shear deformations I,S_I =0—«=1and db,, /dx: do, [dx.

This assumption is usually employed in the case of open formed cross sections.
The solution of the boundary value problem given from eqns (1), (2a,b) presumes the evaluation of the
warping and the primary and secondary torsion constants Cyy, 1,, and I, , respectively, which are given as

2
Cur = [ploh ) de (12)
6¢P 6¢P
Iy = [p| 32 +22 +yZM _ZEM 0o 12b
» Ig[y Sy (12b)
I ! (12¢)

1| 29h 00 , 20y 00 |,
Q| oz oy 0z Oz
where (/71\};1 ( y,z) and @L\Q/I ( y,z) are the primary (main) and secondary (unit) warping functions with respect

to the shear center M [3] of the cross section of the bar, respectively, which can be establish by solving
independently the following Neumann problems

vipl =0 in Q (13a)
P
W _ 2, —yn, on I” (13b)
on /
P
V23S, =Z’%7M£ in Q (14a)
M
o8
=M g on I” (14b)
on

where V2 =57/ 6y2 +8% /827 is the Laplace operator; 0/0n denotes the directional derivative normal to
the boundary /" and n,, n, are the direction cosines. Finally, it is worth here noting that the secondary

torsion constant /,; given from eqn. (12¢) is evaluated equating the approximate energy of the secondary
shear strain with the exact one [5].

3. Integral Representations — Numerical Solution
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3.1. For the angle of twist 6, (x)

The evaluation of the angle of twist 8, is accomplished using the Analog Equation Method (AEM) [9], a
BEM-based method, as this is applied in Sapountzakis and Mokos [10].

3.2. For the primary and secondary warping functions ¢}, (,z), o5 (».2)

The evaluation of the primary and secondary warping functions goﬁ s gZJ}?,[ are accomplished using a pure

BEM [11], as this is presented in Sapountzakis and Mokos [3], while from the aforementioned functions the
warping and the primary torsion constant are evaluated using only boundary integration [3]. Finally, the
secondary torsion constant is computed employing an automatic domain integration using the Advancing
Front Method (AFM) [12].

4. Numerical examples

4.1. Example 1

L N|

mi=10kNm/m - 1T
| |

)
SS SS "
L | )
= I=2.0m ! ' |+
(a) T HEB-section (b)

Fig. 2. Simply supported bar (a) of a steel HEB-section (b) of example 1.

A simply supported bar (x=0/: a;=p,=1, ay=a3=p;=F3=0) of a steel (E:2.1><1()9kPa,

G =8.0769%10% kPa ) HEB-section (open hot rolled I-section) of length /=2.0m, loaded by a uniformly
distributed twisting moment m, = 10kNm/m  as shown in Fig.2, has been studied.

BEM FEM [8]
N o]
HEB 100 (/= 100mm, b=100mm,t,, =6mm,t ;= 10mm, r =12mm, d = 56mm)
9.7447E-01 | 33139E-09 |  9.3916E-08 | 3.5854E-06 | 3.5790E-06 |
HEB 200 (h=200mm, b=200mm,t,, = 9mm,t; = 15mm, r = 18mm, d = 134mm)
9.8675E-01 | 1.6908E-07 |  6.0649E-07 | 4.5183E-05 | 4.5050E-05 |
HEB 300 (h=300mm, b=300mm,t,, = 11mm,t; = 19mm, r = 27mm, d = 208mm)
9.9046E-01 | 1.6645E-06 |  19173E-06 | 1.9917E-04 | 1.9845E-04 |

Table 1. Warping constant C,,, primary Iy, and secondary [, torsion constants of the HEB-sections of

example 1.

In Table 1 the computed torsional cross section parameters (x ,Cyy,1,, , 1, ) for various HEB-sections are

presented, while the secondary torsion constant /,; is compared with that obtained from a FEM solution for
arbitrary cross section [8]. From this table the accuracy of the proposed method is verified. Moreover, in
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Table 2 the obtained results of the bar with HEB-100 cross section taking into account or ignoring the
secondary shear deformation effect are presented, concluding that for this open formed cross section the
secondary torsional moment deformation effect has not significant influence.

max M, max M, max My, max My, max 6, max dﬁxp /dx
at the midspan | at the edges at the edges at the edges at the midspan at the edges
(kNm?) (kKNm) (kNm) (kNm) (rad) (rad/m)
Considering Secondary Torsional Moment Deformation Effect (x=9.7447E-01)
8.73381E-01 | 100000 [ 697935 | 3.02065 | 5.47100E-02 |  9.09765E-02
Ignoring Secondary Torsional Moment Deformation Effect (x=1.0)
8.31025E-01 | 10.0000 [ 7.01748 | 298252 | 5.49596E-02 |  9.25106E-02

Table 2. Stress resultants, angle of twist and primary torsional curvature of the bar of example 1 with HEB-
100 cross section.

4.2. Example 2

8.10m
m;=100kNm/m ‘]l' 030m+—%> {’
(TSI e :
0.20, .30m
led b L
I~ T I 7
2.20m
F i 1=35.0m Fix 0.30n7
N |
? 0 4 ?
(a) 2.25m  0.30m  3.00m 0.30m  2.25m

(b)

Fig. 3. Clamped bar (a) of a concrete bridge box shaped cross section (b) of example 2.

To demonstrate the necessity of including the deformation effect of the secondary torsional moment in
the nonuniform torsion analysis of bars with closed shaped cross section and especially for the calculation of

the bimoment, as a second example a clamped bar of a concrete (£ =3.00x 1 07kPa, G=150x10" kPa)
bridge box shaped cross section of length /=35.0m, loaded by a uniformly distributed twisting moment
my, =100kNm/ m , as this is shown in Fig.3, has been studied.

In Table 3 the computed maximum values of the bimoment ( max M) of the bar for various values of the
constants a, b are shown, while in Figs.4, 5 the variation of the bimoment along the bar axis for two cases of
these constants, namely a=0.0m,b=35.0m and a=15.0m,b=>5.0m, respectively, are presented. Finally,
in Fig.6 the distribution of the normal stress o, due to warping along the boundary of the cross section for
a=150m,b=5.0m is shown (maxoc,, =+680.355kPa, at the midspan considering secondary torsional
moment deformation effect, maxo,, =+265.407kPa, at the edges ignoring it).

max M, (kNm) at the edges max M, (kNm) at the midspan

Considering Ignoring Considering Ignoring

a=0.0m,b=350m 156.625 963.126 411.917 32.2227
a=5.0m,b=250m 263.985 715.245 411.870 32.2227
a=10.0m,b=15.0m 165.263 435.152 410.613 32.2226
a=15.0m,b=5.0m 55.178 145.051 371.830 31.8653

Table 3. Maximum values of the bimoments (max M, ) of the bar of example 2 considering (& =0.14509 )
or ignoring (xk=1.0) secondary torsional moment deformation effect.
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(a=0.0m, b=35.0m)

1200.00 — | —@— With Secondary Shear Deformation (Present Study)
—6— Without Secondary Shear Deformation
800.00 —
&
€
£ 400.00
3
=
< 3
£
E  0.00-]
£
[an]
-400.00 —
-800.00 T T T ]
0.00 10.00 20.00 30.00 40.00

Bar length (m)
Fig. 4. Variation of the bimoment M ,( Nm’ ) for a=0.0m along the bar of example 2.

(a=15.0m, b=5.0m)
200.00 — |—®— With Secondary Shear Deformation (Present Study)
——&— Without Secondary Shear Deformation
L
T 0.00
=z
=3
2
=
<
[}
£
g
& -200.00 —
-400.00 T T T ]
0.00 10.00 20.00 30.00 40.00

Bar length (m)
Fig. 5. Variation of the bimoment M ,( KNm’ ) for a=15.0m along the bar of example 2.

M, p 1

—LTY o, =——% —
]mﬂ xx CM Pm P

a=15.0m

Fig. 6. Distribution of the normal stress due to warping o, for a=15.0m along the boundary of the cross
section of example 2.
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From the aforementioned table and figures it is concluded that for bars with closed shaped cross sections
the secondary torsional moment deformation effect has a significant influence in the results and especially
when subjected to concentrated twisting loading, leading to the fact that this effect should be considered in
the nonuniform torsion analysis, especially for the calculation of the bimoments.

5. Concluding Remarks

The main conclusions that can be drawn from this investigation are

a. The numerical technique presented in this investigation is well suited for computer aided analysis for bars
of arbitrary cross section, subjected to any linear torsional boundary conditions and to an arbitrarily
distributed twisting moment.

b. The magnitude of the evaluated warping normal stresses due to restrained warping necessitates the
consideration of these additional normal stresses near the restrained edges.

c. The effect of torsional warping has to be considered not only for bars with open shaped cross sections, but
with closed shaped ones as well.

d. The accuracy of the results compared with those obtained from a FEM solution is remarkable.

e. The inaccuracy of the thin tube theory in calculating the secondary torsion constant even for thin-walled
sections is noteworthy.

f. For bars with open shaped cross section the secondary torsional moment deformation effect has not
significant influence. However, the inclusion of this additional effect in the calculation makes the results
more accurate.

g. For bars with closed shaped cross sections the secondary torsional moment deformation effect has an
important influence in the results, especially when the bar is subjected to concentrated twisting loading,
and should be considered in the analysis especially for the calculation of the bimoments.
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Abstract. In this paper, the lateral buckling analysis of beams of arbitrary cross section is presented taking
into account moderate large displacements and employing nonlinear relationships between bending moments
and curvatures. The beam is supported by the most general boundary conditions including elastic support or
restraint. Starting from a displacement field without any simplifying assumptions about the angle of twist
amplitude and based on the total potential energy principle, four highly coupled nonlinear governing
differential equations are derived taking into account the shortening and warping effects, the prebuckling
displacements and the Wagner’s coefficients due to the asymmetric character of the cross section. The
arising four boundary value problems with respect to the transverse displacements, to the axial displacement
and to the angle of twist are solved using the Analog Equation Method, a BEM based method. The instability
criterion is based on the positive definiteness of the second variation of the total potential energy. The
proposed formulation does not stand on the assumption of a thin-walled structure and therefore the cross
section’s torsional rigidity is evaluated exactly without using the so-called Saint —Venant’s torsional
constant. Numerical examples are worked out to illustrate the efficiency, the accuracy and the range of
applications of the developed method. The effects of both the load height and warping as well as the
discrepancy of the Eurocode 3 standard solutions are discussed.

1. Introduction

Lateral buckling behaviour of beams is of fundamental importance in the design of structures subjected to
heavy transverse loading. This beam lateral buckling analysis becomes much more complicated in the case
the cross section’s centroid does not coincide with its shear center (monosymmetric or asymmetric beams),
leading to the formulation of a highly nonlinear flexural-torsional postbuckling problem. The nonlinearities
involved (of geometrical nature) are due to the nonlinear kinematic relations and/or to the nonlinear bending
moment - curvature relationship.

In this paper, the lateral buckling analysis of beams of arbitrary cross section is presented taking into
account moderate large displacements and employing nonlinear relationships between bending moments and
curvatures. Starting from a displacement field without any simplifying assumptions about the angle of twist
amplitude and based on the total potential energy principle, four highly coupled nonlinear governing
differential equations are derived. The arising four boundary value problems with respect to the transverse
displacements, to the axial displacement and to the angle of twist are solved using the Analog Equation
Method [1], a BEM based method. The instability criterion is based on the positive definiteness of the second
variation of the total potential energy. The essential features and novel aspects of the present formulation
compared with previous ones are summarized as follows.

i. The present formulation is applicable to arbitrarily shaped symmetric, monosymmetric or
asymmetric thin or thick walled cross sections occupying simple or multiple connected domains.

ii. The proposed method can be employed to beams supported by the most general boundary conditions
including elastic support or restraint.

iii. The beam is subjected to an arbitrarily distributed or concentrated transverse loading as well as to
axial loading.

iv. The proposed formulation does not stand on the assumption of a thin-walled structure and therefore
the cross section’s torsional rigidity is evaluated exactly without using the so-called Saint —Venant’s
torsional constant.

v. The developed method takes into account nonlinear relationships between bending moments and
curvatures.

vi. Both the Wagner’s coefficients and the shortening effect are taken into account.
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vii. The proposed method employs a BEM approach (requiring boundary discretization) resulting in line
or parabolic elements instead of area elements of the FEM solutions (requiring the whole cross
section to be discretized into triangular or quadrilateral area elements), while a small number of line
elements are required to achieve high accuracy.

Numerical examples are worked out to illustrate the efficiency, the accuracy and the range of applications of
the developed method. The effects of both the load height and warping as well as the discrepancy of the
Eurocode 3 standard solutions are discussed.

C: Center of gravity n o«

S: Shear center C: Center of gravity
{ S: Shear center
> -
| =K r; %

Py
e

Fig.1. Prismatic beam in axial - flexural loading (a) with an arbitrary cross-section occupying the two
dimensional region 2 (b).

2. Statement of the Problem

Let us consider a prismatic beam of length / (Fig.1), of constant arbitrary cross-section of area 4. The
homogeneous isotropic and linearly elastic material of the beam’s cross-section, with modulus of elasticity
E , shear modulus G and Poisson’s ratio v occupies the two dimensional multiply connected region 2 of

the y,z plane and is bounded by the 7°; ( j=12,..K ) boundary curves, which are piecewise smooth, i.e.
they may have a finite number of corners. In Fig. 1 CYZ is the principal bending coordinate system through
the cross section’s centroid C, while y-, zo are its coordinates with respect to the Syz shear system of
axes through the cross section’s shear center S, with axes parallel to those of the CYZ system. The beam is
subjected to the combined action of the arbitrarily distributed or concentrated axial loading py =py(X)
along the centroid axis CX and transverse loading p, =py(x), P =D, (x) acting in the y and z

directions, respectively, passing through the shear center S and applied at distances y,, z, from it
(Fig. 1a).

Under the action of the aforementioned loading, the displacement field of an arbitrary point of the cross
section can be derived with respect to those of the shear center as

P

i (x,3.2) =u(2) = (v = y0) 0 (x)+ (2= 2¢) By (x) + 6/ ()0F (1.2) (1a)
¥ (x.3,2) = v(x) - zsin (8, (x)) - y[ 1~ cos (6, (x))] (1b)
(x,7,2) = w(x) + ysin(6, (x)) - z[ 1~ cos (6, (x))] (1)
Oy (x)=V' (x)sin(6y (x))—w (x)cos(6,(x)) (1d)
0, (x) =V (x)cos (0, (x))+ W (x)sin(6, (x)) (le)

where #, v, w are the axial and transverse beam displacement components with respect to the Syz shear
system of axes; u :u(x), v= v(x) , w= W(x) are the corresponding components of the shear center S';

6y, 05 are the angles of rotation due to bending of the cross-section with respect to its centroid; 6 (x)
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denotes the rate of change of the angle of twist 8, regarded as the torsional curvature and ¢_§D is the primary
warping function with respect to the shear center S [2].

Employing the strain-displacement relations of the three - dimensional elasticity for moderate large
displacements, the following strain components can be easily obtained

o zwujf (avjz (6WJZ:| o JWVJZ (6wj2:|
E=—t+=l|—| | =—| *=—| |[r—+=|| =—| +| = (2a)
ox 2|\ ox ox ox ox 2|\ ox ox

ow Ou (Oudu Ovov owow) ow du (0Ovov oOwow

Vg=——t—t+| —F —t —— |m—F— | —+——— (2b)
ox Oz Ox 0z Ox 0z Ox Oz ox 0Oz Ox 0z Ox Oz
v Ou [(Ouodu ovov owow)| Ov Ou (Ovov oOwow

Y=t ottt Pt ot (2¢)
ox Oy Ox Oy Ox Oy Ox Oy ox oy Ox 0y Ox Oy

Eyy =€z =V yz =0 2d

N2 _
where it has been assumed that for moderate large displacements (a%x) << 6%x’

(a%x)(a%z) << (5%x) + (a%z) s (5%x)(5%) << (5%x) + (5%y) . Substitu-ting the displacement

components (la-1e) to the strain-displacement relations (2), the strain components can be written as

e =t'+(z—z¢)(V'sin6, —w"cos 0, )~ (y—yc ) (V' cos 0, +w'sin6, )+

+0X"¢§) -6, (zc(v'cosﬂx +wsin0, )+ yc (v'sin6, —w' cos Gx))+ (3a)
I 2 2 (2, 2 ( ,)2
+2[v +w +(y +z )ﬁx
ogs , ogs ,
Vxy :28)5)/ =[a¢f—z]9x Vaz =265 :[gf"'y]gx (3b,c)

Considering strains to be small, employing the second Piola — Kirchhoff stress tensor and assuming an
isotropic and homogeneous material, the stress components are defined in terms of the strain ones as

S

ox E 0 0]|6y

Sor=|0 G 07y “4)
0 0 Glly

Xz P74

or employing eqns. (3) as

S = E[u'+(z—zc)(v”sin9x —w"cos 0, )—(y—yc) (V' cos O, +w'sin6, )+

+0,"¢8 -6, (ZC (V' cos O, +w'sin8, )+ yc (V'sin6, —w cos Hx)) + (5a)
I 2, 2, (2, .2 ( 2
+2(v +w +(y +z ) 9()
[ o [ og
Sxy:G'gx ( a)f Z] sz:G"gx [ 65 +y (5b,0)

In order to obtain the nonlinear equilibrium equations, the total potential energy variation
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5(Eint 7Wex ):0 6)

expressed as a function of the stress resultants acting on the cross section of the beam in the deformed state is
employed, where 5(-) denotes variation quantities, E;,, and W,,, are the strain energy and external load
work, respectively given as

OBy = [y (S + S5y 87y + S5 JAV Wy = || pxOuc + p, 67+ p.SW)dx (7a,b)

where uc- is the axial displacement of the centroid C and v, W are the corresponding transverse
displacements of the point at which p,,, p., respectively are applied.

Moreover, the stress resultants of the beam are given as

N=[,Sd2 My = [,8,2dQ My =—[,8,YdQ (8a,b,c)
o8 o8 P

M, = jg Syy ?—z +S,, €+ y||lde M, ==, S5 d2 (8d,e)

MR=jQSXX(y2+zz)dQ (8

where M, is the primary twisting moment [2] resulting from the primary shear stress distribution Sy, , S,.,

M, is the warping moment due to torsional curvature and My is a higher order stress resultant. Substituting
the expressions of the stress components (5) into equations (8a-8e), the stress resultants are obtained as

1 ’ ’ ’
N= EA{u’ +é(v'2 +w? 4 jgﬁx 2]— 0, (zC (v cos O, + w’sin@x)Jr ye(V'sin@, —w'cos 8, ))} (9a)
My =—EIy (ky cosO, —ky sin0, - 0, ) My =EI, (kz cos O, + ky sind, — B0, ) (9b.c)
MP -G8, M, =—ECq (ex" + ﬂaﬂx'z) (9d.e)

1
My :N%—ZE[Z/?Y(V”COSHX +W'sin0, )= 2Ely By (W' cos O, —v"sin 6, ) +

; 12 of)
+2ECs 03"+ E| I - % 6,

where the area 4, the polar moment of inertia /g with respect to the shear center S, the principal moments of
inertia [y, I, with respect to the cross section’s centroid, the fourth moment of inertia /5 with respect to
the shear center S, the torsion constant /, and the warping constant Cg with respect to the shear center S
are given as

A= [,d2 Ig = jg(yz +22)dg Iy =[,2%dQ Iy =[,Y?de (10a,b,¢,d)
, o2 P2 2 2 0p5 g8
=l +7) a2 cs=[(ef) aa 1=,z Py a2 (l0ety)

while the Wagner’s coefficients S, fy and S, are given as
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1

B =51 lalz=2)((r=0e) +(20) s zc (1)
1

ﬁy:EJ:Q(Y*J’C)(()’*J’C)Z+(Z*ZC)2)J~Q+)’C (11b)
1

o= s oo+ )bt 19

In relations (9b-9c), the curvatures ky , k; exhibit their accurate expressions given as

" 2 " 2
ky = . ”W”[”Wz ] kzvdw"[jﬂz J (12a,b)

1-w 1-v

Substituting the stress components given in eqns.(5) and the strain resultants given in equations (3a-3c) to the
strain energy variation 0, (eqn.7a) and employing equation (6), the equilibrium equations of the beam are

derived as
N'=py (13a)
(M7 cos 6, )" +(My sind, )” - N(v' — v, sin@, —zc0), cos BX) =
(13b)
=py-Px (v' e, sinf, —zo0, cos Hx)
—(My cos 6, )” +(My sin6, )" -N (w' + Y00y cosO, —zc0), sin Hx) =
(13¢)
=P:~Px (W' + yCHx/ cos 0, 7ZCHX, Sinex)
N (— yev'0, cos O, — yow', sin@, — 2w, cos O, +zov'0, sinf, ) +
+N(zC (V'cos O, +w'sin0, ))' + N(yc (V'sin6, —w cos Gx)), +
(13d)

+My (W'sin@, +v"cos 0, )+ Mz (W' cos O, —V"sin0, ) - M, - M, —(MRBX') =
Px ‘:ZC (v'cos 0, +w'sin6, )+ yc (V' sin@, —w' cos 0, ):I —DPyypsinG, —p.z,sin6,
Equations (13) refer to a general case of loading and can be used for the nonlinear analysis of beams. They

are rather complicated and definitely coupled. Therefore, they can be simplified if the approximate
expressions

2 3
cos@, =1— % sinf, =6, — % (14a,b)

are employed. Thus, equations (13) of equilibrium after employing the expressions of the stress resultants
(eqns.9), the curvature-displacement relations (eqns.12), the approximated expressions for trigonometric
terms (eqns.14) and ignoring the nonlinear terms of the fourth or greater order can be written as

I
—EA [u" +ww + vV + 7‘? 0.0, —z¢ (Hx'w"é’x +0, V' +0,v"+ HX'ZW' +6,"wo, ) -

-yc (Hx"v'Hx -0,"w-0,/w"+6,v'0, + Hx'zv’)) =px
(152)
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El, (v"" + 3V v év""v’z j - N(fzcﬁx” -yc (Hx'2 + Gx"ﬂx) + v") +
+(El, - Ely )(w"”ex 2w, w0, V"0 — 40,0, - 00,0, - 200, ) + s
5
+El7 (<28y0,0," ~ 2810, |+ Ely (2876,0,"0,+2576,°6, + 58,6,°0," ) =

=Py~ Px (vrfycexlgx 7ZC0x/)

W"IIWY2

Ely [w”” 3w+ w' ] - N(w" +yc0," ~z¢ (Hx'z +6.0," )) +

+(EL, - Ely )(v""é‘x 200, 490, + w02 + 4w"0.0, + 2w'0.6," + 2w'6,? ) + (150)
+El; (_ZﬁYgx'exmgx - 5ﬁYHx’29x" - ZﬂYex”ng ) +Ely (_Zﬁz‘gx'gxm - Zﬂzgxﬂz) =
=P: " Px (W/erch, 7ZC'9x'0x)
o . 3 12 ), 2
ECg0," -GI,0, _EE Ip R 0,70,
IS " " " " "
-N jex +yc(w -v Hx)—zc(v +w Hx) +
+(Elz = Ely)(v'w"=v"? 0+ w20, )+ asd

L ELpy (29x"w"9x WO 420,97+ 20V + 20, w0, ) +

LEly B, (—zex”v"ex 20, W'+ 20, w" V"0, — zex’v'"ex) -

1 ' ’ ' ' ’
=-py (7?6’)( —yeV' Oy —zeWl —zov +ycwj—pyyp6‘x —pzzpé’x

The aforementioned governing differential equations are also subjected to the pertinent boundary conditions
of the problem at hand, which are given as

a,u(x)+a2N(x)=a3 (16)
B(x)+ BV, (x)= B B8z (x)+ 2Mz (x)=Ps (17a,b)
yw(x)+72V; (x)=73 716y (x)+72My (x)=7; (18a,b)
85,0, (x)+ 8;M, (x) = 5 dezbfx +EM,,(x)=5; (19a,b)

at the beam ends x=0,/, where N, V,,, V; and M7, My are the reactions and bending moments at the
specific points with respect to X, y, z or to Y, Z axes, respectively, given by the following relations
(ignoring again the nonlinear terms of the fourth or greater order)

N= EA[u' + é(v'z w4 [7‘?6’;2 ] -6, (ZC (V+w0,)+yc (v, - w'))] (20a)
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V,V = N(v'_zcex' _ychax’)"'

m 12
+EI, [vmeﬁ —w, — "0, —v"7y — ; V" 200,60, + 256,60, J +

+EIy (w’"HX +w'6, 20,6 -v"0.° - ;0.7 -2, ex’ax”ex)

(20b)
v, = N(w’ +y00, - zcﬁx'HX)Jr
2 W”’W’Z 2 ’ 2 rtoyn
+EIy| w"0,” — p VO —wWW =" V"0, + 200,60, +25,0,0," |- (20c)
~El7 (v, + w70, +v'6, + 200,0, ~25y6,0,'0, ~ 6" |
"2 vr/vvz 5 5 B
My =Bl | WO~ py0° 49"+ =—=v'0. |+ Ely (—w"@x V0.2 + 0, ax) (20d)
W"W/Z
My = EI, (—w"ej + 50,20, — v"ex)+ Ely| 07 -+ w02 -2 v, (20¢)

while M, and M,, are the torsional and warping moments at the boundary of the bar, respectively, given as

, . Is .
M,=Gl,60, —EC40," + N[—ZCW'HX +yew —yev', -z +7§9x ]+

I (21a)
A X

+EL By (—wx’v" — 20,6, ) L Ely By (—29X’w" +20v'6, ) + ;E[[R s g3
M, =—ECg (9; + ﬂweﬁ) (21b)

Finally, akﬁk,ﬁkﬁk,ykjk,é‘k,gk (k=1,2,3) are functions specified at the beam ends x=0,/. Egs. (16)-
(19) describe the most general boundary conditions associated with the problem at hand and can include
elastic support or restraint. It is apparent that all types of the conventional boundary conditions (clamped,
simply supported, free or guided edge) can be derived from these equations by specifying appropriately these

functions (e.g. for a clamped edge it is a;=f=y;=6,=1, ai =p,=y,=6,=1,
ay=a; :'82 :ﬁ3 =y=7;3 :52 :63 :az :53 :EZ :E3 = :}72 :;3 =5‘2 :5‘3 =0).

The differential equations of equilibrium (15) have been derived using the nonlinear relations (12)
between bending moments and curvatures. In the case where the approximate expressions

ky =w" ky =v" (22a,b)
are employed, the differential equations (15) are written as

" o " [S”/ o "oy " 12 "y
—EA| u" +w'w' +v'y +70X 0, 7zc(6’xw O, +0, V' +0.V'+0, "W +6, ng),

(23a)
—Yc (Hxﬂv'gx - HX”W' - HXVW” + HX'V"HX + nyzv')) =px
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EI;v" - N(fzcexﬂ -yc (€x'2 +6,"6, ) + v”) +

+(El; -Ely )(w""ex + 200, + w0, V"0, - 0,0, - 2v'0,0," - 2v'0,” ) - .
(23b)

+El7(<28/0/0," - 2810, |+ Ely (2876,0,"6,+ 2626,%6, + 35,6,°6," ) =
=Py~ Px (V’ _yCHx,gx - ZCHx,)
Elyw" - N(W” +3c0) ~zc (0,7 +0,0] )) +

+(Blz ~Ely )(V"""x + 2070, V0, + W07 + w00, + 2w'0,0," + 2w'0,” ) +
(23c¢)
+EL (_Z'BYHX'QXMQX ~5By0,%6," - 2y6,'0, ) +Ely (_2,329;9)(’" - 2ﬂ29x"2) =

=P:~Px (W,"'ngx' _ZC'gxlgx)
n n_3 Is? ) )2y Is on - v o
ECg0."" - GI,0, —EE IR—7 0.°0," -N 7@ +yc(W'=v"0, )= zc (v'+w"6,) |+

+(El; —Ely )(v” w'—y"? 0, + w"zé'x ) +
+El By (29x”w"ex W0 420,97+ 20V + 20, w0, ) + 23d)
Y Ely By (—29x”v"ex 20"+ 20, w" V"0, — 29x’v'"ex) -

1 ' ’ ' ' ’
=—px (7?6’)( —yeV' Oy —zeWl —zeov +YCWj*ppr9x —P:Zpb

Lateral buckling analysis aims at finding the critical load where the behaviour of the beam changes from
flexural to flexural-torsional. Therefore, for the rest of the analysis, taking into account that the external
transverse loading causes only bending as it is passing through the shear center, it is assumed that during the
prebuckling behaviour the beam is untwisted.

The instability criterion is based on the positive definiteness of the second variation of the total potential
energy, which means that buckling occurs when the determinant of the tangential stiffness matrix becomes
negative. During the following analysis, it is assumed that the pre-buckling behaviour of the beam is linear
and the deflections until the critical load are taken into account. Therefore, the influence from the axial
loading in the computation of the transverse displacements has to be negligible and can be ignored.

Thus, the aforementioned differential equations (15) for the pre-buckling deformation problem can be
written as

~EAu"=py Elv"=p, EIyw" =p, ECg0," —GI,6," =0 (24a,b,c.d)

under the boundary conditions (16)-(19), where N, V,, V., , Mz, My, M, and M, are given by the

following relations

N = Edu' V, =—El" V, =—Elyw" (25a,b.c)

My =ELp" My =—Elyw" M, =GI,0, - EC50," M, =—-ECg0," (25d,e,f,2)
3. Integral Representations — Numerical Solution

According to the precedent analysis, the lateral buckling analysis of beams of arbitrary cross section
reduces in establishing the critical load for which the determinant of the tangential stiffness matrix becomes
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negative. The differential equations (15b), (15c), (15d) are highly coupled and an analytic solution of this
problem is out of question. Therefore, the recourse to a numerical solution is inevitable. In this investigation,
the Analog Equation method [1] is employed.

4. Numerical Examples

IPE HEA
Iy =8150cm* Iy =3556.cm”?
1 =602cm* I, =1333cm®
Cg =125.93x10% cm® Cg =108x10° cm®
I,=15.7cm* I, =15cm?

Table 1. Geometric and inertia constants of the examined cross sections.

For comparison reasons, the special case of a simply supported beam ( £ =2/0GPa, G =80.77GPa) of
length /=6.0m subjected to a uniformly distributed load p, has been studied. Two cases of doubly
symmetric cross sections have been analyzed, namely an IPE type and a HEA type. In Table 1, the properties
of each of these cross sections are presented (the dimensions and geometric constants given in ref.[3] have
been adopted here for comparison reasons), noting that the ratio 7y /1, =13.54 of the IPE type cross
section is much larger than that (/y /[, =2.67) of the HEA type one. Three different cases of the
application point of the load p, are examined, namely at the top flange, at the bottom flange and at the shear

center. In Table 2 the values of the critical bending moment M,,;; = pzl2 / 8 at the midpoint point of the
examined beam, corresponding to the bifurcation point for the aforementioned cases of the loading point are
presented as compared with those obtained from an analytic solution and a numerical solution [3] taking into
account the pre-buckling deflections (as the proposed method) and from Eurocode 3 [4] ignoring these
deflections. From this table both the accuracy of the results of the proposed method and the conservative
character of the EC3 standard solutions for beam sections of equivalent bending resistance about the two
principal axes are remarkable.

AEM .,
Case studied Present Galerkin’s method [3] EC3 [4]
Study Analytic Numerical
IPE cross section
Load at top flange 72.88 72.82 73.0 70.75
Load at shear center 97.72 97.82 98.2 94.07
Load at bottom flange 130.93 131.42 132.2 125.06
HEA cross section
Load at top flange 118.69 119.5 119.5 101.77
Load at shear center 169.72 170.09 169.6 134.47
Load at bottom flange 242.35 241.33 240.5 177.68

Table 2. Critical bending moments ,,,;; (kNm) at the midpoint point of the examined beams.

5. Concluding Remarks

The main conclusions that can be drawn from this investigation are

a. The numerical technique presented in this investigation is well suited for computer aided analysis for
beams of arbitrary symmetric, monosymmetric or asymmetric thin or thick walled cross section, subjected
to the combined action of arbitrarily distributed or concentrated transverse loading.
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. The proposed method can be employed to beams of various boundary conditions including elastic support

or restraint.

. The developed method can take into account nonlinear relationships between bending moments and

curvatures.

. The accuracy of the results of the proposed method for a small number of boundary elements and nodal

points is remarkable.

. The effect of the load height is demonstrated.

The proposed stability criterion takes into account the pre buckling deflections.

. In some cases the discrepancy of the Eurocode 3 standard solutions is notified.
. The results obtained from the proposed method are in good agreement with experimental results

The effect of warping in small values of beam length is remarkable.
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Abstract. In this paper a boundary element method is developed for the nonlinear flexural — torsional
analysis of Timoshenko beams of arbitrary simply or multiply connected constant cross section, undergoing
moderate large deflections under general boundary conditions. The beam is subjected to the combined action
of an arbitrarily distributed or concentrated axial and transverse loading as well as to bending and twisting
moments. To account for shear deformations, the concept of shear deformation coefficients is used. Seven
boundary value problems are formulated with respect to the transverse displacements, to the axial
displacement, to the angle of twist (which is assumed to be small), to the primary warping function and to
two stress functions and solved using the Analog Equation Method, a BEM based method. Application of the
boundary element technique yields a system of nonlinear equations from which the transverse and axial
displacements as well as the angle of twist are computed by an iterative process. The evaluation of the shear
deformation coefficients is accomplished from the aforementioned stress functions using only boundary
integration. Numerical examples with great practical interest are worked out to illustrate the efficiency, the
accuracy and the range of applications of the developed method. The influence of both the shear deformation
effect and the variableness of the axial loading are remarkable.

1. Introduction

In recent years, a need has been raised in the analysis of the components of plane and space frames or grid
systems to take into account the influence of the action of axial, lateral forces and end moments on their
deformed shape. Lateral loads and end moments generate deflection that is further amplified by axial
compression loading. The aforementioned analysis becomes much more accurate and complex taking into
account that the axial force is nonlinearly coupled with the transverse deflections. This non-linearity results
from retaining the square of the slope in the strain—displacement relations (intermediate non-linear theory),
avoiding in this way the inaccuracies arising from a linearized second — order analysis. Moreover, unless the
beam is very “thin” the error incurred from the ignorance of the effect of shear deformation may be
substantial, particularly in the case of heavy lateral loading.

In this paper, which is an extension of the aforementioned work of the first author, a boundary element
method is developed for the nonlinear flexural — torsional analysis of Timoshenko beams of arbitrary simply
or multiply connected constant cross section, undergoing moderate large deflections under general boundary
conditions. The beam is subjected to the combined action of an arbitrarily distributed or concentrated axial
and transverse loading as well as to bending and twisting moments. To account for shear deformations, the
concept of shear deformation coefficients is used. Seven boundary value problems are formulated with
respect to the transverse displacements, to the axial displacement, to the angle of twist (which is assumed to
be small), to the primary warping function and to two stress functions and solved using the Analog Equation
Method [1], a BEM based method. Application of the boundary element technique yields a system of
nonlinear equations from which the transverse and axial displacements as well as the angle of twist are
computed by an iterative process. The evaluation of the shear deformation coefficients is accomplished from
the aforementioned stress functions using only boundary integration. The essential features and novel aspects
of the present formulation compared with previous ones are summarized as follows.

i.  The beam is subjected in an arbitrarily distributed or concentrated axial and transverse loading as well
as to bending and twisting moments.

ii. The beam is supported by the most general boundary conditions including elastic support or restrain,
while its cross section is an arbitrary one.
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iii. For the first time in the literature, the present formulation is applicable to arbitrarily shaped thin or
thick-walled cross sections occupying simple or multiple connected domains, taking into account shear
deformation effect.

iv. The present formulation does not stand on the assumption of a thin-walled structure and therefore the
cross section’s torsional rigidity is evaluated exactly without using the so-called Saint —Venant’s
torsional constant.

v. The shear deformation coefficients are evaluated using an energy approach, instead of Timoshenko’s
and Cowper’s definitions, for which several authors [2] have pointed out that one obtains unsatisfactory
results or definitions given by other researchers, for which these factors take negative values.

vi. The effect of the material’s Poisson ratio v is taken into account.

vii. The proposed method employs a pure BEM approach (requiring only boundary discretization) resulting
in line or parabolic elements instead of area elements of the FEM solutions (requiring the whole cross
section to be descretized into triangular or quadrilateral area elements), while a small number of line
elements are required to achieve high accuracy.

Numerical examples are worked out to illustrate the efficiency, the accuracy and the range of applications of

the developed method. The influence of the shear deformation effect is observed. The obtained numerical

results are compared with those obtained from a 3-D FEM solution using solid elements.

2. Statement of the Problem

Let us consider a prismatic beam of length / (Fig.1), of constant arbitrary cross-section of area 4. The
homogeneous isotropic and linearly elastic material of the beam cross-section, with modulus of elasticity £ ,
shear modulus G and Poisson’s ratio v occupies the two dimensional multiply connected region €2 of the

v,z plane and is bounded by the I (j = 1,2,...,K) boundary curves, which are piecewise smooth, i.e. they
may have a finite number of corners. In Fig. 1a CYZ is the coordinate system through the cross section’s
centroid C, while yc, zc are its coordinates with respect to the Syz principal shear system of axes through
the cross section’s shear center S. The beam is subjected to the combined action of the arbitrarily distributed
or concentrated axial loading py = py (X ), transverse loading py = py (X), pz = pz(X) acting in the
Y and Z directions, respectively, bending moments my =my (X ), my =mz(X) along Y and Z axes,
respectively and twisting moment m, =m, (x) (Fig. 1b).

Under the action of the aforementioned loading, the displacement field of the beam, assuming small angle
of twist @, , that is cos@, = 1, sin@, ~ 6, and ignoring the resulting nonlinear terms of the small angle of
twist, is given as

C: Center Of gravity C: Center of gravity
S: Shear center t o S:Shear center

@)

Iy

(b)
Fig.1. Prismatic beam in axial - flexural — torsional loading (a) with an arbitrary cross-sectioh occlipying
the two dimensional region 2 (b).

ﬁ(x,y,z):u(x)—YHZ (x)+Z9y (x)+l9x'(x)(p§(y,z) (1a)
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v(x,z)=v(x)-z6,(x) (1b)
(x,3) =w(x) + y0y (x) (Ic)

=

where #, v, w are the axial and transverse beam displacement components with respect to the Syz shear
system of axes; u =u(x), v= v(x) , w= w(x) are the corresponding components of the shear center S';
6y, 0, are the angles of rotation due to bending of the cross-section with respect to its centroid; &) (x)

denotes the rate of change of the angle of twist 8, regarded as the torsional curvature and ¢_‘; is the primary

warping function with respect to the shear center S [3].
Employing the strain-displacement relations of the three - dimensional elasticity for moderate
displacements, the following strain components can be easily obtained

o o 1(awY (awY _ow i v an om0 0
= 2|\ar) Tlar et e Yo = oy W=zl
(2a,b,c,d)

Moreover the angles of rotation of the cross-section due to bending taking into account shear deformation
effect are obtained as

dw av
Oy (x)= oy e 07 (x) = Tw (3a,b)
Assuming small rotations, the total angles of rotation @,,, @, and B, B, (Fig.2) of the cross-section in

the x-z and x-y planes of the beam, with respect to the Sx and CX axes, respectively, satisfy the following
relations

. dw . dv
sinw, =, = — Oy — 7z sinw, = 0, = o =07 =7y (4a,b)
. dw, . _avy
cos ﬂy ~1 cos f, =1 sin ,By o _EC sin B, [ —d—xc (4c,d,e,f)

where we =we(x), ve =ve(x) are the transverse displacements of the cross section’s centroid C with
respect to the Syz shear system of axes, while the corresponding curvatures are given as

2 2
Lty & dye _dw, 1 do. 0
dx P dx i’ GA, dx

:&:dizv,dyxy _ﬁ,i& (5b)

dc  g? dx @ GA, dx

ky

kz

where y,,, 7, are the additional angles of rotation of the cross-section due to shear deformation and G4,,,

GA, are its shear rigidities of the Timoshenko’s beam theory, where

AZ:KZA:LA A, =k A:LA (6a,b)
a, )

are the shear areas with respect to y, z axes, respectively with x,, &, the shear correction factors, a,, a,

the shear deformation coefficients and A4 the cross section area.
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Noting that the direction of the axial force N is the tangential to the deformed centroidal axis and its normal
in the x-y and x-z planes of the beam gives the direction of the shear forces Qy , O,, respectively (Fig.2), the

stress resultants R, R,, R, acting in the x, y, z directions (undeformed beam directions), respectively,

are related to the axial N and shear Qy , O, forces as

R.=Ncos B+Q, sin ﬂy +0, sin B, R, ==Nsinf, +0, cos R, =-Nsinf, + 0, cos ﬂy (7a,b,c)

which by virtue of eqns. (4) become

daw, av
R, =N-Q,—C€ C ~0,—< ¢ (8a)
av, dv de, aw, dw deé.
Ry:NXC+Qy:N(E ]+Qy R, N—C+QZ [d j+QZ (8b,c)

The second and third terms in the right hand side of eqn. (8a), express the influence of the shear forces Qy s
Q. on the horizontal stress resultant R, . However, these terms can be neglected since Q,w and va'c are

much smaller than N and thus eqn. (8a) can be written as
R, ~N ©

X

Employing eqns.(1) to the strain — displacement equation (2a) of the three-dimensional elasticity, the normal
strain component &, can be written as

2 2 2
g o du dOy , d0p d ix r. (dv] {@] +(y2+22)(d9xj Ldvdo,  dwdo, |
deode T d gy 2| \ax dx dx o ae Y dr ax

Employing eqn.(10), the arising bending moments My, M, after ignoring the resulting nonlinear terms of
the small angle of twist are given as

déy

d6; =—[,EeYdQ=Elz, d:Z Ely =5 (1ab)

do
My = [, Ee,2d2 = Elyy de Ely, =%

where Iyy, I;;, Iy; are the moments and the product of inertia of the cross-section with respect to its
centroid C . Substituting eqns.(3a,b) in eqns. (11a,b) the bending moments My, M, can be written as

2 d
My = Elyy 1 40, _dizv —Ely, di;_i& (12a)
GA, dx gy dx GAy dx
2 d 2
My =El,, di;,i& —Ely, L 4o, ,diy (12b)
a*  GA, dx GA, dx  dx

The governing equations of the problem at hand will be derived by considering the equilibrium of the
deformed element. Thus, referring to Fig. 2 we obtain

dM dM

z Y A
— —0. + =0 +0,+m, =0(13a,b,c,d,e
e ; ; e Q, +my Q) +mz =0( )
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Eqns. (13a,b,c) after employing eqns. (9), (8b,c) can be written as

dN
aN __ 14
P (142)
dl 2 2
Aoy (N[ O 4 A0, g (14b)
de  dc\de C dx i’ ax’

2 2
@erN dw+ycd0x +N M+yCM +pz=0 (14c)
dr  dx\dr dx dx? dy?

Substituting eqns (14b,c) into eqns (12a,b) the expressions of the bending moments My, M, are obtained
as

d’w  Ely dw  do, d’w  d’e,
My = EIYYd2 a[ﬁz Px[dx+YC ]+N[dx +yc -

GA dx dx’
2 2 2 (152)
d*v Ely, dv do, d“v d-o,
~EI —a, 2L e py| E +N| - x
dexz ay GA [PY Px(dx Zc dx] [d 7~ ZC i D
dzv El,, dv  do d>v  d%e
M, =EI a@v_ x| N4y x|y
z 7z 5 de @y GA (PY Px(d zc e ] [dxz zc )
(15b)
Bl d2w+a Ely, dv,  dO), d’w  d’e,
YZTXZ 2764 Pz —Px e +tyc dx e 7 i

while employing eqns.(15a,b) and (13d,e) the corresponding expressions of the shear forces Qy, Q, are

written as
dv dw
0, = EIZde EIYZd3 —my -
El,, | dpy dpy(d de d? d’e &’ a’e
2z | Py Py | DV, x| oy | LY S N S (16a)
o4 | de e \ax € ax N2 2 < ad
Ely, [ dp, doy(d de d? d’e &’ da’e
~a YZ Bz DX T2y Zx |- 2py | S+ yo T [+ N| S5 e =
z dx  dre \dx dx i i a3 a3
dw d’v
0, = Ezyydx —Ely, —Fmr-
2 3
Elyy [ doz _dpy(dw  dO) d*w ey 80y dPw oy d’o, (16b)
GA P de ax \ax "€ dx o PR PERRAE
EI dp dpy (dv  de d>v _ d’o v de
ay GZZ 2y WX[E—ZC d): _ZPX 72—ZC Zx +N 73—2(/1 3)(
dx dx dx dx

Eliminating these forces from eqns (14b,c) the first two coupled partial differential equations of the problem
of the beam under consideration, subjected to the combined action of axial, bending and torsional loading
are obtained as
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4 4 2 2
EIZZ d v+EIYZd w pY Px ﬂ—ZC dgx -N Q—Z d gx +7dmz +
it et dx dx a’ a’ dx
Ely | d’py d’py(dv _ d6.\ _dpy|d’v  d°6,
+a, 5~ 5| e -3 —5 e |~
GA | dx dx dx dx dx | dx dx
3 3 4
3PX d3 ch ix +N L—ch 6 + (173)
dx dx a? a?
2 2 2 2
+azEIYZ d IZZ_d ;;X[@+ycd€xJ_3de d ;v_'_ycd 62’x _
dx dx dx dx dx | dx dx
Pw a6 atw  d’'e
-3pxy| —=+¥ LN+ N|—-+y L1 1=0
X[dx3 ¢ a’ ax? ¢ ax?
d*w d*v dw de,
EI +EI + + X |-N
YY . 4 it YZ 4 i —Pz PX( dx Yc dx) [ ]
0

GA | &’ ax’ dx
Sw o de d*w  d'e

Bpx|—5+yc—= |+ N| —+yc—> ||+ (17b)
[ ax’ dx’ dr? dx?

o, Bz | oy Ipx(dv | dO) jdpx[d’v | %6
Y GA | a? ar’ dx | ax’? dx?

3 3 4 4
—3pX L:—chix +N L:—chix =0
dx dx dx dx

Finally, the angles of rotation of the cross-section due to bending 6y , 8, are given from eqns. (3a,b) as

+ o Elry (a2, d pX(dw cde") de[d A ]
d

dw  Elyd’w  ELydv  my

Gy = g d W ,ZyzdV
VST %A a0 YT aA g0 Faa
2 2 3 3
—a? Hrr dpz‘dpx[dwwcdexj_sz e e (18a)
G247 dx  dx \dx dx dx dx dx dx

2 2 3 3
—aya, Ejyzz dpy dpx(dv CdHX “2py Q_ch 0, N ﬂ_zcd 0,
G242 dx dx dx a’ di? a’ dax’
dV Elzzdv+a E]yzdw+a mZ
& Ga ol Y G4 g3 Va4

2 2 3 3
+al Egzzz doy _dpy (dv__ dOc)_,,. d—;—zcd ix +N d—;—z d 9; + (18b)
G?4%| dx  dx \dx dx dx dx dx dx

2 2 3 3

d
ra,a Elyy | dpz dpx dw+ycd¢9x “2py d W+J’Cd 0, N d W"'YC 0,
Y622 de ax \dx dx a’ dx? a3’ i’

07 =
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Equilibrium of torsional moments along x axis of the beam element, after taking into account the additional
shear stresses due to the presence of the axial force N, which employing eqns. (1) are written as

. _N(ow)_Nfdw  do ) @)—ﬁ v, db (19a,b)
== o )T Al a7 v\ )T A e ’

and the corresponding arising additional twisting moment

dw dv Ig do.
M, pid = j'g(rxzyfrxyz)dﬂ = Nycgf Nzg =+ NS

dx A dx (20)

leads to the third (coupled with the previous two) partial differential equation of the problem of the beam
under consideration as

-zc +8
2 a’ A d?

d‘o d’o, 2 2y I d’6,
ECs“——X-Gl,“—-N yedw o 4 Is 40
dx’ dx

dw dv] Ig do,
4

:mx"'pZ}’C_pYZC_pX[yCE_ZCa —PX7 I

@1

where /g is the polar moment of inertia with respect to the shear center S, ECg and G/, are the cross
section’s warping and torsional rigidities, respectively, with Cg, I, being its warping and torsion constants,
respectively, given as [3]

Cs=L(of) a2 @2)

I = 2 2 6(/’S a(/JS 0 23
t - .[Q[y +z +y72 -z oy (23)

It is worth here noting that the primary warping function ¢7§) (v,z) can be established by solving
independently the Neumann problem [3]

V2ol =0 in 2 24
2

20§ ]8(r5) ~

—2 = on [; =12,...K 25

on 2 @s iU ) @)

where V7 =57 /6y2 +8° /0% is the Laplace operator; rg :\/yz +27 is the distance of a point on the
boundary /7; from the shear center §; 0/0n denotes the directional derivative normal to the boundary 7~ f

and 0/0s denotes differentiation with respect to its arc length s .
The aforementioned governing differential equations are also subjected to the pertinent boundary conditions
of the problem, which are given as

a,v(x)+a2Vy(x):a3 07192(x)+§2MZ(x)=&3 (26a,b)

Bpw(x)+ oV (x) = p B0y (x)+ B2My (x) = Bs (27a,b)
do,

no (M@= 7 (-7, sab)

at the beam ends x=0,/, where V,,, ¥, and M7, My are the reactions and bending moments with respect

to y and z axes, respectively, obtained from eqns (8b,c), (15a,b), (16a,b) as
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3 3 3 3 3 3
v, =—Ely, Y g Elzz N[d V_; M]—Elyzd—a EIYZN[MWCCI 9"]+N(dv— Cdg"}

Y PRI PERRE & TG (ad 4 d
29)
3 3 3 3 3 3
El d’e El d%0 do
V. =Bl S g El Mﬂ@—" 7E1yzﬂfale G +N(ﬂ+yc X)
v’ G4 | dy’ e’ ar’ G4 | a4 ax’ dx dx
(30)
2 2 2 2 2 2
MY=—EIYYd—;V—aZE]—YYN d—;ﬁycd—ix —EIYZd—;—ayE]—YZN d—;—z d ‘ZX 31)
dx G4 | dx dx dx GA | dx dx
d’>v  EI > d%e d’w  EI d’w  d?6
My =Elz; —+a,—25N| —5 -z =5 |+ Elyy — +a. —2N| =+ yo — (32)
dx GA dx dx GA dx b
the angles of rotation due to bending &y , €, are evaluated from eqns (18) as
3 3 3 3 3 3
oy =t _g Bl dw_ 2 Ely pfd7w  \ d70c |, Ely Q,ayaz Ely; y|dv_, 40
dx GA gy’ G242 | a? e’ G4 ax’ G242 | ad ax’
(33a)
3 3 3 3 3 3
0, =ﬂ+ay—EIZZ d—;+aﬁ E;ZZZ N d—:—zc d 03" +a, Elyz d ;V+azay7E§YZ2 N aw ;V+yc d 63)‘
dx G4 dx G4 dx dx GA dx G’4 dx dx
(33b)

while in eqns. (28) M, and M,, are the torsional and warping moments at the boundary of the bar,
respectively, given as

3 2
M, =-ECs L0 1 61, D [y B By L5 O M, ——ECs L (34a,b)
dx’ dx dc Cdx A dy i

Finally, ak,&k,ﬁk,ﬁk,ykjk (k=1,2,3) are functions specified at the beam ends x=0,/. Egs. (26)-(28)
describe the most general linear boundary conditions associated with the problem at hand and can include
elastic support or restraint. It is apparent that all types of the conventional boundary conditions (clamped,
simply supported, free or guided edge) can be derived from these equations by specifying appropriately these

functions (e.g. for a  clamped edge it is a;=p=y;=1, ar=p;=y;=1,

ay=az=fr=Ps=yr=y3=az=a3=Py=P3=y,=y3=0).
In the aforementioned boundary value problem the axial force N inside the beam or at its boundary is
given from the following relation

2 2
Nopq| B Ifaw) Ifdv
ac 2\de) " 2\ax

where u =u(x) is the bar axial displacement, which can be evaluated from the solution of the following

(35)

boundary value problem

2 2 2
pa| U dwdw AV inside the beam 36)
d?  dy? dx o gy? dx

C]M(X)+C2N(x):03 at the beam ends x =0,/ 37)



Advances in Boundary Element Techniques X

where ¢; (i=1,2,3) are given constants.

The solution of the boundary value problem given from eqns (17), (21), (36) subjected to the boundary
conditions (26)-(28), (37) which represents the nonlinear flexural — torsional analysis of beams, presumes the
evaluation of the shear deformation coefficients a,, a, corresponding to the principal shear axes
coordinate system Syz. These coefficients are established equating the approximate formula of the shear
strain energy per unit length [2]

2 2
a}’Qy + azQz

U, = 38
WP 204G 24G G
with the exact one given from
2 2
(72) +(r )
Uesact = lg=55 44 (39)

and are obtained as [4]

1 1

a, :—:ijg[(va)—e]-[(va)—e]dg o=

K

:Aiz [Ll(VO)-d]-[(VP)-d]d2  (40ab)

where (7, )j,(rxy )j are the transverse (direct) shear stress components, (V) =iy (6/0Y)+iz(8/0Z) is a

symbolic vector with iy, i, the unit vectors along Y and Z axes, respectively, 4 is given from
A=2(1+v)(1YYIZZ-I§Z) (41)

v is the Poisson ratio of the cross section material, e and d are vectors defined as

2 _ 52 2 _ 52
e= J:V[]YY % IYZYZHiY + |:V[lyyYZ +1yy Yzzﬂiz 42)
2 _ 52 2_ 52
d:l:v[[ZZYZ—]YZY ZZ Hiy{—v[zzfzzuyzyzﬂiz @3)

and @(Y Z ) ) (D(Y Z ) are stress functions, which are evaluated from the solution of the following Neumann

type boundary value problems [4]

P 00 K+1
VO=2(Iy;Z-1yyY) inQ 5, =me on r=4r; (44a,b)
n .
Jj=1
P oD K+1
Vo=2(IyY-177Z) in Q2 a—:n-d on I'={/ T (45a,b)
n .
J=1

where n is the outward normal vector to the boundary 7. In the case of negligible shear deformations
a,=a,=0.1t is also worth here noting that the boundary conditions (25), (44b), (45b) have been derived

from the physical consideration that the traction vector in the direction of the normal vector n vanishes on
the free surface of the beam.
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3. Integral Representations — Numerical Solution

According to the precedent analysis, the nonlinear flexural — torsional analysis of Timoshenko beams of
arbitrary cross section, undergoing moderate large deflections reduces in establishing the displacement
components v(x) s w(x) and 6, (x) having continuous derivatives up to the fourth order with respect to x
and the axial displacement u = u(x) having continuous derivatives up to the second order with respect to x

satisfying the coupled governing equations (17), (21), (36) inside the beam and the boundary conditions (26)-
(28), (37) at the beam ends x=0,/. Eqns (17), (21), (36) are solved using the Analog Equation Method [1].

4. Numerical Examples

To demonstrate the range of applications of the proposed method, a cantilever beam of length /=2.50m
(Fig.2a), of the non-symmetric cross section (A= 0.01186m’ , E=21x 105kN / m? , v=03,
C,=5232x107mb, 1,=1.910x10%m?*, I3=2517x10"*m?) of Fig. 2b has been studied. Since the
proposed method requires the coordinate system CYZ through the cross section’s centroid C to have Y, Z
axes parallel to the principal shear axes, in the first column of Table 1 the geometric, the inertia constants and
the shear deformation coefficients of the examined cross section are given with respect to an original
coordinate system CYZ, followed by the evaluation of the angle of rotation A [4] giving the final
coordinate system CYZ and the new geometric, inertia constants and shear deformation coefficients given in
the second column of the aforementioned table. In Table 2 the transverse deflection w at the free end of the
cantilever beam, subjected to a gradually increasing concentrated at the same point axial Py

(Py =—120kN ) and uniformly distributed axial up 5 and transverse p; (pg=-20kN /m,
py; =—40kN/m) load are presented taking into account or ignoring shear deformation effect, for various

values of the loading factor g . The significant influence of the nonlinear analysis effect is verified especially

in the case of intense loading, while the discrepancy of the results due to the influence of the shear
deformation effect necessitates its inclusion in the analysis.

W 40kN/m

C

W1 20kN

Fig. 2. 3-D view (a) and cross section (b) of the non-symmetric beam.

4
Principal shear axes (at S)

(a) 150mm (b)

L _________Coordinatesystem CYZ _________ | ________Coordinatesystem CYZ ____ ____ ]
Iy =1.606x 10 m? ay =1.741 oz =3902 [y =1545x107 m? @y =1736 a;=3907
i’z'z Z5.665%x10°m? g =-0.10 65 =0.046rad EIZZ =6.278x107 m* a,, =0.0 i
Llﬁ 6.384x 105 m? T =—0.0384m ¢ =—0.0379m LIYZ —6.837x 10 m? Yo =—0.040Im z¢ =—0»0361mj

Table 1. Geometric, inertia constants and shear deformation coefficients of the examined cross section.
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Displacement w (cm)
Scale Linear Analysis Nonlinear Analysis
factor
)2 Ignoring Shear ~ With Shear Deformation Ignoring Shear With Shear Deformation
Deformation (a; =3.907) Deformation (a;=3.907)
1 -1.10 -1.20 -1.15 -1.26
2 -2.20 -2.41 -2.42 -2.63
3 -3.31 -3.61 -3.83 -4.16
4 -4.41 -4.82 -5.41 -5.87
5 -5.51 -6.02 -7.21 -7.81
6 -6.61 -7.22 -9.29 -10.05
7 -1.72 -8.43 -11.75 -12.69
8 -8.82 -9.63 -14.72 -15.88
9 -9.92 -10.84 -18.42 -19.86
10 -11.02 -12.04 -23.23 -25.04

Table 2. Transverse deflection w at the free end of the cantilever beam for various values of factor .

5. Concluding remarks

The main conclusions that can be drawn from this investigation are

a. The numerical technique presented in this investigation is well suited for computer aided analysis for
beams of arbitrary simply or multiply connected cross section.

b. The significant influence of geometrical nonlinear analysis in beam elements subjected in intense
transverse loading is verified.

c. The discrepancy between the results of the linear and the nonlinear analysis demonstrates the significant
influence of the axial loading.

d. In some cases the remarkable increment of all the deflections due to the influence of the shear
deformation effect demonstrates its significant influence in nonlinear analysis.

e. The developed procedure retains the advantages of a BEM solution over a pure domain discretization
method since it requires only boundary discretization.

Acknowledgments

This work has been funded by the project PENED 2003. The project is cofinanced 75% of public expenditure
through EC - European Social Fund and 25% of public expenditure through Ministry of Development -
General Secretariat of Research and Technology and through private sector, under measure 8.3 of
OPERATIONAL PROGRAM "COMPETITIVENESS" in the 3rd Community Support Program.

References

[1] J.T.Katsikadelis, The Analog Equation Method. A Boundary-Only Integral Equation Method for
Nonlinear Static and Dynamic Problems in General Bodies, Theoretical and Applied Mechanics, 27, 13-
38, (2002).

[2] U.Schramm, V. Rubenchik and W.D.Pilkey, Beam Stiffness Matrix Based on the Elasticity Equations,
International Journal for Numerical Methods in Engineering, 40,211-232, (1997).

[3] E.J.Sapountzakis, and V.G.Mokos, Warping Shear Stresses in Nonuniform Torsion by BEM,
Computational Mechanics, 30(2), 131-142, (2003).

[4] E.J.Sapountzakis and V.G.Mokos, A BEM Solution to Transverse Shear Loading of Beams,
Computational Mechanics, 36, 384-397, (2005).






Advances in Boundary Element Techniques X

A Modified Boundary Integral Equation Method for Filtration Problem

S.Khabthani!, A. Sellier?, L.Elasmi3, F.Feuillebois*
L3LIM. Ecole Polytechnique de Tunisie,rue el Khawarezmi,BP 743,La Marsa, Tunisie
e-mail: sondes.khabthani@ept.rnu.tn
e-mail: assaad.elasmi@ept.rnu.tn
2 LadHyx. Ecole Polytechnique, 91128 Palaiseau Cedex, France
e-mail: sellier@ladhyx.polytechnique.fr
4PMMH.Ecole Supérieure de Physique et de Chimie Industrielles de Paris, 10, rue Vauquelin - 75231 Paris
Cedex 5, France
e-mail: feuilleb@pmmbh.espci.fr

Keywords: Filtration problem, boundary-integral equations, Beavers and Joseph condition.

Abstract.

This work introduces a modified boundary-integral equation method for solving the filtration prob-
lem in case of arbitrary-shaped solid particles. The advocated approach is more interesting whenever
the Green tensor is not symmetric and might therefore be employed in other fields as well. Here, the
Green tensor fails to be symmetric because the Stokes equations in the fluid region and the Darcy’s
equations in the porous medium are coupled across the interface by a slip Beavers and Joseph type
boundary condition.

Introduction

As sketched in Fig.1, we consider the motion of a solid particle with smooth surface S near a plane
porous slab P with thickness e and plane and parallel boundaries ¥y and ;.

0

¥

%o

Qs

Figure 1: A solid particle with attached point O’ immersed in a Newtonian liquid near a porous slab
P with thickness e and parallel boundaries Xy (z3 = —e) and ¥y (z3 = 0).

For convenience we henceforth employ the tensor summation notation in the Cartesian coordinates
(O, 1,9, 23) with OM = z;e;. The flow is governed by the Stokes equations in the fluid domains
Q (z3 > 0), Q2 (x3 < —e) and the Darcy’s equations in the porous medium P (—e < 23 < 0). These
equations are coupled across the plane interfaces 31 and Xy by the slip boundary condition derived
by Beavers and Joseph [1]. The associated Green tensor analytically obtained in [2] suggests using,
at a first glance, the following usual integral representation [3] of each Cartesian component uy, of the
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fluid velocity in the upper liquid domain ;:

) = [ Ty (u()nsGHy. )dS(y) + Culoe 20) for x € 9 1)

Cilx,T1) = / [GE(n, %) Ty (w(m)) — ws ()T (GH(m, )]y dSy for x € Oy @)
1

with Tj;e; ® e; the stress tensor and n the unit vector on S U X directed into the liquid. Unfor-

tunately, since each above term C(x,Y;) involves an integral over the unbounded plane surface 3

the formulation (1)-(2) is not suitable in practice. This work thus advocates a new and modified

boundary-integral approach solely involving the particle’s surface S. It also presents a few numerical

results for a spherical particle.

Governing equations and associated Green tensor for the addressed filtration problem
We denote by u and p the velocity and pressure fields in each domains €y, P and 3. The liquid

has uniform viscosity p and the flow (u,p) obeys the Darcy equations in the slab P and the Stokes
equations elsewhere. In other words,

pAu =Vp and V.u=0in ; Uy, 3)
K
u=-—Vp and Vu=0in P. (4)
1

In (4) note that K > 0 designates the permeability of the porous medium. The particle has trans-
lational velocity U (the velocity of one attached point O’) and angular velocity €. Each flow (u, p)
vanishes far from the particle and the equations (3)-(4) are supplemented with the boundary condi-
tions:

uz(SF) = uz(Z;) and p(E) = p(B;) for i = 0, 1; (5)
O
5 (51 = = (ua(S) —us(S)) for f = 1,2 (6)
5 (535) = ——T(up(S) — us(S)) for = 1,2 )
O3 0/ = VK B\=0 BL=0 = L4
u=U+QAOM for M on S (8)

where (6)-(7) are the Beavers and Joseph boundary condition applied on ¥; and ¥y and o is a
dimensionless slip coefficient introduced in [1].

As obtained in [4] for less-complicated boundary conditions, the Green tensor associated with (3)-(8)
consists of a Stokeslet and several images of singularities. Such a tensor has been analytically obtained
in [2]. A source with strength ey located at y in €y then produces at the observation point x in Q4 a
velocity field G? (x,y)e;. If §jy is the Kronecker delta function we introduce the tensor

Jkl = Okalal — Ok3031 9)

y' is the symmetric of y with respect to £j, R =x —y and R’ = x — y’. Then one gets

1 1 . d d
HGY6Y) = G = quid’ = Swldh — g pwidh = Dok p o widh
o 0 o 0 J ad aJ
+Jk167R§87R;¢g + 63’“8712387133% + 531687]2}@7 - QJMBT%%MQ + 2kaaiRé¢f4 (10)

with the following derivative tensor
0
k

_ /
7

— b1
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and functions ¢, ¢’ and ¢ = Ho[f;(§)y] for i = 1,7 (expressed as the Hankel transform of complicated
functions f;) available in [2]. More precisely,

+o0
Holg) (o RY) = /0 £9(€, Ry)Jo(€p) e, (1)
e ¢k 1 et Y 1
P =— 471_5 = H0(¢)7 ¢ = 7471'R and Py = *W = H0(¢ )7 ¢ = *m (12)

As the reader may check, the above Green function does not satisfy the symmetry property. In
other words, one arrives for the filtration problem at:

Gi(x,y) # Gi(y, %) (13)

This implies that the terms Ci(x,X1) given by (2) do not vanish. This property makes then it diffi-
cult to solve our tangential filtration problem (3)-(8) by resorting to the standard integral equations
derived from (1)-(2).

Modified boundary-integral equation

This section presents for one particle another method also valid for several particles. To avoid integrals
on the surface X, we propose to calculate the velocity and pressure fields (u,p) in the liquid domain
Q; using the following integral representations:

uj(x) = u(x).e; :/SG_]f(X»}’)dk(Y)dS(Y)» p(x) :/SHk(Xv}’)dk(Y)dS(Y) for x € (14)

where H* is the Green function for the pressure and d the unknown Stokeslets surface density here
provided by enforcing on the particle’s surface S the no-slip boundary condition (8). This latter
provides for d the Fredholm boundary-integral equation of the first kind:

/SG;?(X7 ¥)di(y)dS(y) = [U + Q A O'M].e; for x = OM on S. (15)

It is emphasized that d is not the surface traction exerted on S by the liquid flow (u,p). However,
considering our non-trivial Green tensor as the sum of the weakly singular Oseen-Burger Green tensor
(in free space) and a regular additional tensor, the knowledge of this density d is sufficient to calculate
the net force F and torque T (about O') applied by the flow (u,p) on S using the relations:

sz/ddS, I‘:f/[O’M/\d}dS. (16)
5 5
Relation between (F,T') and (U, Q) for a particle without inertia

For a solid particle with negligible inertia and settling under the action of a prescribed uniform gravity
field g, one further requires that
F+Mg=0, I'=0 17

provided that O’ is the particle center of mass and M is the particle mass.
Let us introduce six steady Stokes flows (ul., p¥.) and (uk,ph) for i = 1,2, 3 associated respectively
with translations and rotations of the particle and such that

ur=e; and up =e; AO'M on S. (18)
These flows exert on the particle net forces Fll, % and net torques F§~,FiR (about O’). Setting
U; = U.e; and w; = Q.ej, the net force F and torque I' applied on the moving particle thus read:

F = U;F) + wFh, T =UT)+wTh. (19)
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Accordingly, the relations (17) yield the following 6-equation well-posed linear system
Uj[F).ei] + w;[Fh.e;] = —Mg.e; (20)

Uj[Th.ei] +wj[T%.e] =0 (21)

The matrix of (20)-(21), termed the resistance matrix, is non-singular and thus the system (20)-(21)
admits a unique solution (U, Q).

Numerical strategy

The boundary-integral equation (15) is discretized by using on S a N-node mesh consisting of 6-node
triangular and curved boundary elements. Then (15) reduces to a 3N-equation linear system AX = B
for the 3N-component array X consisting of the Cartesian components of the unknown density d at
the nodal points. The influence matrix is computed by employing standard techniques [5]. For in-
stance, the weakly-singular behavior of each term G*(x,y) is accurately handled by using local polar
coordinates for the boundary elements to which the node x belongs to. Finally, the system AX = B
is numerically inverted by appealing to a LU factorization algorithm since its 3N-3N square matrix A
is dense and not symmetric.

Numerical results and discussion for a spherical particle

This section defines the range of each parameter K,e and o -respectively the permeability and thick-
ness of the porous slab and dimensionless slip coefficient-for applications and gives numerical results
for a spherical particle.

Selected parameters

Let us consider a spherical particle with center O’ and radius a larger than the typical size VK of the
pore of the porous slab P. Thus vK < a. In the case of micro-filtration problem, the permeability
of the membrane is in the 0.1pm — 10um range and for a low Reynolds number flow (Re < 1), the
particle radius satisfies 0.0lum < a < 100um. Moreover the Darcy’s equation is appropriate when
the size of pore is less than the distance e = H — a with H = O0’.e3. Thus, VK < e. Introducing
dimensionless quantities, one therefore has

\/K*z@,e* Z oA YE (22)

where A denotes the slip length.
Force exerted on a sphere translating parallel to the membrane

Consider the case of a spherical particle translating with velocity U = Uje; along the direction x1
parallel to the plane boundary ¥;. The dimensionless drag force F}; exerted on the translating particle
in the z;-direction may be expressed as

1
FT.e1

iy = (23)

B 6mpaly
where FL has been introduced after (18). The friction coefficient F}; is plotted in Fig.2 versus the
sphere-slab dimensionless gap ¢* = % — 1 for different values of the parameter A. As seen in these
curves, the friction increases as A or €* decreases. For A large, one recovers the perfect slip case
whereas small values of A deal with the case of a pure no-slip condition. One should note that when
translating parallel to the porous slab, the sphere also experiences a torque about its center O’. Such
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11

e

force friction coefficient F,
-
>

Figure 2: Force friction coefficient I}, for a sphere translating parallel to the membrane for e* = 1
and K* = 1072

a torque is not plotted here for conciseness.
Torque experienced by a sphere rotating parallel to a slab
We turn to the case of a spherical particle rotating parallel to the porous slab with angular velocity

Q aligned with es. The sphere experiences a net torque I'} (recall definitions after (18)) parallel with
e and this suggests introducing the following torque friction

I‘?pb.ez

5y = (24)

" 8rpad’
As seen in Fig.3, the coefficient I'}, exhibits similar trends as the ones observed for F7; in Fig.2.
This rotating motion also gives a force (not plotted here) directed along x;-direction.

Motion of a sphere subject to a gravity aligned with e3

Finally we plot in Fig.4 the normalized velocity component ugz of a sphere moving under a uniform
gravity g = —ges (i.e normal to porous slab P). For a fluid with density p and a sphere with uniform
density pg, this velocity is defined as

9 U.eg

U3 = —=

2 (ps — p)a? @)

The sedimentation velocity of the spherical particle in x3-direction raises when the slip length scale A
increase. When the particle is close to the membrane, its movement is slowed down.

Conclusions
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Figure 3: Torque friction coefficient I'}, for a sphere rotating parallel to the membrane for e* = 1 and
K*=10"2

Figure 4: Normalized velocity us of the sphere settling under the action of uniform gravity field
g = —ges for ¢* =1 and K* = 1072,

A modified boundary-integral equation method has been proposed to deal with the filtration problem
and the advocated approach is valid as well for a collection of arbitrary-shaped solid particles. The
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settling velocity of a solid sphere towards a porous slab is determined. Finally, preliminary results for
the force and torque applied on the moving particle are presented and discussed.
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Abstract. In this work, is presented a boundary element method (BEM) formulation to perform linear
bending analysis of building floor structures where the slabs and beams can be defined with different
materials. The proposed formulation is based on Kirchhoff’s hypothesis, being the building floor modeled
by a zoned plate, where the beams are treated as thin sub-regions with larger rigidities. This composed
structure is treated as a single body, being the equilibrium and compatibility conditions automatically taken
into account. In the final integral equation the tractions are eliminated along the interfaces, reducing
therefore the number of degrees of freedom. The displacements are approximated along the beam cross
section, leading to a model where the values remain defined on the beam skeleton line instead of their
boundaries. The accuracy of the proposed model is showed by comparing the numerical results with a well-
known finite element code.

1. Introduction

The boundary element method (BEM) has already proved to be a suitable numerical tool to deal with
plate bending problems. It is particularly recommended for the analysis of building floor structures where the
combinations of slab, beam and column elements can be more accurately represented, considering that the
method is very accurate to compute the effects of concentrated (in fact loads distributed over small areas)
and line loads, as well to evaluate high gradient values as bending and twisting moments, and shear forces.
Moreover, the same order of errors is expected when computing deflections, slopes, moments and shear
forces, because the tractions are not obtained by differentiating approximation function as for other
numerical techniques.

Recently several works about building floor analysis by the boundary element method (BEM) have been
published. In [1-3] the BEM was coupled with FEM to develop the numerical model, where boundary
elements have been chosen to model the plate behaviour, while beams and columns have been represented by
finite elements. As usual, the different elements are combined together by enforcing equilibrium and
compatibility conditions along the interfaces. However, for complex floor structures the number of degrees
of freedom may increase rapidly diminishing the solution accuracy.

In [4-6] are proposed BEM formulations for analysing the bending problem of beam-stiffened
elastic plates. Paiva & Aliabadi present in [7, 8] BEM formulations to analyse building floors
structures which are modelled by a zoned plate with different thicknesses. In these works BEM is
not coupled with FEM, therefore boundary elements are chosen to model both plate and beam
elements.

An alternative scheme to reduce the number of degrees of freedom has been recently proposed by
FERNANDES & VENTURINI [9] to perform simple bending analysis using only a BEM formulation based
on Kirchhoff’s hypothesis. In this work the building floor is modelled by a zoned plate where each sub-
region defines a beam or a slab, being all of them represented by their middle surface. The beams are
modelled as narrow sub-regions with larger thickness, being the tractions eliminated along the interfaces,
reducing therefore the total number of unknowns. Then in order to reduce further the degrees of freedom, the
displacements are approximated along the beam width, leading to a model where the bending values are
defined only on the beams axis and on the plate boundary without beams. In [10] the authors have extended
the formulation proposed in [9] in order to represent all sub-regions by a same reference surface, so that the
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eccentricity effects should be taken into account. It is important note that in the formulations proposed in [9]
and [10] all sub-regions should have the same Poisson’s ration and Young’s modulus. More recently
Fernandes and Konda [11] have modified the model proposed in [9] to consider the Reissner’s theory instead
of Kirchhoff’s.

In this work the BEM formulation developed in [9] is extended to consider sub-regions with different
values of Poisson’s ration and Young’s modulus. The accuracy of proposed model is confirmed by numerical
examples whose results are compared with a well-known finite element code.

2. Basic Equations

Without loss of generality, let us consider the three sub-region plate depicted in Fig. (1), where #,, £, and #;
are the sub-regions thicknesses. The sub-regions are referred to a Cartesian system of co-ordinates with axes
x;, x; and x; defined in their middle plane (see Fig. 1b). The plate sub-domains assumed as isolated plates are

denoted by 2, s 0, and £2; , with boundaries I, s Iy and FJ, respectively. Alternatively, when the whole

r,

solid is considered, {  gives the total external boundary, while £ j represents interfaces, for which the

subscripts denote the adjacent sub-regions (see Fig. 1a).

”Tif,n 1“”T

v
|

Figure 1: a) middle surface view; b) General zoned plate domain.

For a point placed at any of those plate sub-regions, the following equations can be defined:
- Equilibrium equations in terms of internal forces:
my,;=4; =0 M
g, +8 =0 )
where g is the distributed load acting on the plate middle surface, m; are bending and twisting moments and

q; represents shear forces, with subscripts taken in the range i,j={1, 2 .
- The plate bending differential equation,

My +8g =0 3)
or

Wy =8/ D (i,j=12) 4)

4
where D=Et’ / (1-v) is the flexural rigidity and Wiy =V'w , being V* the bi-harmonic operator.
- The generalised internal force x displacement relations,

my; = _D(V@'jwwk HI-v)w ’ij) ®
q;=—Dw,; ©

- The effective shear force,
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V,=q,+am, /& %)

where (n, s) are the local co-ordinate system, with » and s referred to the plate boundary normal and
tangential directions, respectively.
The problem definition is then completed by assuming the following boundary conditions over / :

U =u; on I (generalised displacements, deflections and rotations) and PZi =P on I, (generalised

tractions, normal bending moment and effective shear forces), where Lol =1
3. Integral Representations

In this section, we are going to derive the bending integral equations of a zoned plate where the thickness,
Poisson’s ratio and Young’s modulus may vary from one sub-region to another, but must be constant over
each sub-region. The equations will be derived by applying the reciprocity theorem to each sub-region and
summing them to obtain the equation for the whole body. These integral equations will be used to model
building floor structures, being each sub-region the representation of either a slab or a beam.

Let us consider initially a single sub-region 0, , for which the following reciprocity relation can be
written in terms of moments and curvatures:

*(m)
m{" de2

*(m) —
Jw, i mijd.QS = Iw
2, £,

m

©)

where W}?* and mi';* are fundamental solutions with the unit load acting in the x; direction (see Fig. 1b);
no summation is implied on m.

Equation (8) can be modified by replacing the fundamental values of sub-region {2, , by the values
referred to the sub-region where the load point is placed. This simplifies the formulation because allows to

*

eliminate the tractions along the interfaces. Thus, denoting by D and W,;; the values related to the sub-region

i

where the collocation point is placed the following relation can be defined:

«m)_ D
Wl =—w, ©)

m

Considering equation (9) the moment m;" can be written in terms of V and m; referred to the sub-
region where the load point is placed as follow:

v v
*m) _ m * m__ *
my, ——V my, +D[7 ij,ij (10)

Replacing (9) and (10) into equation (8) one obtains:

sij Vo

* D . M
'[Wa,-j mides =Y _[Ww m,.de‘, +D\_(ij—lj JW w,,; dQY 11
Q, Dv a : v o, )

Note that in the case of having V = 0, eq. (11) can not be used. On the other hand one can demonstrate

thatif V=0, eq. (8) results into the same equation presented in [9] related to the formulation where all sub-
regions must have the same Poisson’s ratio and Young’s modulus. Applying eq. (11) for all sub-regions one
obtains the bending reciprocity relation for the whole plate, as follows:
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m=1

Iw,,/m dQ _ z{ nVm J'  m,dQ, +D ( J-[w,,/ w,;de, } (12)

where N, is the sub-regions number.
Equation (12) can be integrated by parts to give the following representation of deflection:

kamiq)= Y2 0030, Ph, (P)-V, 0. Pt}

I

J=lr,

| [D o }(M;@,P)w,n (P)=7, (q. PhlPIHr, (P)+

_Z D, 'R (p)_[D/'V/'D_VD"wJVji:/Rq q, P q ZR )
+ 7, (P (q.P)~ M, (P)w. (q.P)r (P) J(g(p ) (g.p) )mg (p)+

Ny *
+3'D, (Q—JJ o ] 2 aw’"s dr +
oy 14 L D
Now v *
+> | D, —L-1 —DH[V—"—IJ [| w, o+ Qs |y
= \v v K D  0Os

ja

Neo V. . Necl+Ne2 a v .
->»D|——-1R.w, — D|—-1|-D,|—=—-1||R,w,
ST S PN L)

where N. is the total number of corners, N, is the interfaces number, no summation is implied on » and s

that are local normal and shear direction co-ordinates, respectively; T, is the external boundary of sub-
region 0o, ) rja represents an interface, being the subscript a referred to the adjacent sub-region to ) Jj Neo
N, and N, are numbers of corners between boundary elements, between interface elements and between
interface and boundary elements, respectively (see [9]); Qg is the plate loaded area and
R; = W’ngﬂ_W::(si) , being W’ng the value of the curvature W}m after the corner i and W’nx the value of
W’:x before the corner i.

In eq. (13) the free term K(q) can assume several values depending on the position of the collocation

point as follows: K(q)= 1, K(Q)=1/2 and K(Q)=(1+D,/D)/2 for internal points, boundary
points and interface points, respectively. For the free term value on the corners see [9].

Note that in the case of having V = 0, the integral representation of deflection is the same presented in
[9] where are adopted the same Poisson’s ratio and Young’s modulus for all sub-regions. Equation (13) is the

exact representation of deflection of a zoned plate bending problem. The interface values V. and M, were
eliminated, remaining therefore the displacements " and Y. along interfaces, while on the external

boundary the usual four values are maintained: W ; w’n; »and V.

Observe that differentiating eq. (13) once one can obtain the integral representation of deflection
derivative. One has to differentiate once more eq. (13) to obtain the curvature integral representations at
internal points. Then, bending and twisting moment integral representations are obtained by simply applying
the definition given in eq. (5). To obtain the shear force integral representation, completing the internal force
values at internal points, one can differentiate the deflection derivative equation twice to apply the definition
given in eq.(6).
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Equation (13) can be used for solving the bending problem of stiffened plates. In this case the
interface collocation points are adopted on the interfaces. However we have considered some approximations
for the displacements over the beam cross sections in order to translate the displacement components related
to the beam interfaces to its axis. In this model instead of having interface collocations points we have
collocations points placed along the beams axis. Thus the number of degrees of freedom is strongly reduced
(for more details see [9]). After introducing these approximations we have the deflections W and the

deflections derivative W,, defined on the beams axis, while along the external boundary the usual four

values are maintained: W, W,,; M, and V,. It is important to stress that despite of having all values

referred to nodes defined along the beam axis the integrals are still performed along the interfaces. Thus, no
singular or hyper-singular term is found when transforming the integrals representations into algebraic ones.

4. Integral Representations

As usual for any BEM formulation, the integral representations (13) are transformed into algebraic
expressions after discretizing the boundary and interfaces into geometrically linear elements, where
quadratic shape functions were adopted to approximate the variables.

After writing the required number of algebraic equations, one can get the set of equations to solve the
problem in terms of boundary and beam axis values. The boundary nodal values remained in the algebraic

system are: one deflection " and its normal derivative "W, being the counterpart values given by the

moment M, normal to the boundary and the effective shear force V.. Along the beams axis we have
defined only the displacements w and w,,. Besides on the corners is defined the deflection w and its
counterpart value given by the corner reaction R.. Thus two algebraic equations have to be written for each
boundary node and other two relations for each beam axis node. For each boundary node we define two
outside collocation points very near to the boundary, where the deflection representation (13) is written. For
each beam axis node is defined one collocation point where are written two algebraic equations: one of the
deflection and another one of the deflection normal derivative. The beam axis collocations points are
coincident with the node when variable continuity is assumed or defined at skeleton element internal point
when variable discontinuity is required. Besides, for both, boundary and interface corners, one extra equation
of deflection must be written.

After selecting the recommended collocation points and writing the corresponding algebraic relation for
all of them, one obtains the standard set of equations given as usual by the following expression:

HU=GP+T (14)

where U contains the generalized displacement nodal values defined along the boundary and along the
skeleton lines, P contains only boundary nodal tractions, and T is the independent vector due to the applied
loads.

5. Numerical Application - Plate reinforced by two external beams

The stiffened plate depicted in Fig. (2) is now shown to demonstrate the performance of the proposed
formulation. The results are compared to a well-known finite element code (ANSYS, version 9), where shell
elements have been used to discretize all floor slabs as well as the beams. Observe also that in the proposed
model the elements placed at external beams ends, in the direction of the beam width, are automatically
generated by the code, so that there is no need of defining them.

The plate to be analysed is reinforced by two boundary beams, increasing the stiffness of the structural
system mainly in the x, direction, as shown in Fig. (2). A distributed load g of 0.04kN/cm’ is applied over all

surface of the stiffened plate. The side defined by the coordinate X; = —100cm (see Fig. 2) is considered
fixed (w=w,,=0.0), while the remaining three sides are assumed free (V,=M,=0.0). For this analysis
thickness #,=10.0cm, Poisson’s ratio v,=0.2 and Young’s modulus E,=3x10°kN/cm’ were adopted for the
plate, while #,=25c¢m, v,=0.0 and E,=2. 7x10°kN/cm® were assumed for the beams.
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Figure 2. Plate reinforced by two external beams a)geometry b)discretization

The adopted discretization is shown in Fig. (2b), where each plate side without beams as well as each
beam axis was discretized by /2 quadratic elements, giving the total amount of 48 elements and 100 nodes.

Deflections obtained in the plate middle axes x, (defined for x,=0.0) and x, (defined for x,=120cm) are
displayed, respectively, in Fig. (3) and (4). Figures (5) and (6) show, respectively, the deflections and the
bending moments along the beam axis x, (defined for x,=10.0cm). As can be seen the numerical results
compare very well with the ones obtained by ANSYS.
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6. CONCLUSIONS

A BEM formulation based on Kirchhoff’s hypothesis for performing bending analysing of plates
reinforced by beams has been extended to deal with reinforced plates composed by beams and slabs of
different materials. So that different values of thickness, Young’s modulus and Poisson’s ratio can be defined
for each plate sub-region. The beams are assumed as narrow sub-regions, without dividing the reinforced
plate into beam and plate elements. Therefore this composed structure is treated as a single body, where
equilibrium and compatibility conditions are automatically guaranteed by the global integral equations. In
order to reduce the number of degrees of freedom some approximations are considered for the displacements
along the beam cross section, leading to a model where the problem values are defined on the beam axis and
on the plate boundary without beams. The performance of the proposed formulation has been confirmed by
comparing the results with a well-known finite element code.
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Abstract. Geodynamical problems are often solved by discrete element methods, which can
describe possible damage in rock. The assessment of bumps occurrence in deep mines, which can
occur during longwall mining, for example, belongs to the most serious tasks for mining engineers
since its consequences are commonly fatal. Describing the problem in early stage of bumps (small
displacements are considered) this is a stability assessment, as ones the wall loses its stability, the
next movement of rock particles is not decisive. If gas explosion occurs in the rock, for example,
discrete element method — hexagonal particles — can be applied in combination with boundary
elements involving dynamical effects. Eigenparameters simulate the explosion.

1. Introduction

In this work interface between static, [1], and dynamical states before and at the moment of bumps
is characterized. First the main idea is mentioned and basic formulas are derived, and then some
applications to rock bumps are presented. Time-dependent problem with the D'Alembert forces,
which are caused by very fast movement of the particles, leads to a simplification that the body of
the rock and coal seam are substituted by hexagons, which are, or are not in a mutual contact. The
material properties along the interfaces of adjacent hexagons are determined from the stress state,
transformed to the contact tractions. The hexagons represent a possible shape of the grains the earth
consists of. The most natural contact conditions obeying Generalized Mohr-Coulomb hypotheses
may be simply introduced and, after imposing all such contact conditions, the localized damage, or
"cracking" can be found out. The stability then depends on the "measure" of the touched zones.
Mechanical behavior inside each element is either linear or non-linear (plastic, viscoelastic,
viscoplastic, etc) and is expressed in terms of boundary elements. The effect of eigenparameters
appears in our conception either in characterization of the plastic behavior or in expressing the gas
exlosion in appended examples. In any case the uniform eigenparameters are used inside of the
hexagon elements, so that integration of volume integrals is dropped out.

2. Equilibrium in one element

Principal ideas of discrete elements (DEM) are adopted here: the domain defining the continuum
(both mine and surrounding rock) is covered by non overlapping elements (grains) of hexagonal
shape (generally various shapes of hexagons may be taken into account), see Fig. 1. In this paper,
generalized Hooke’s law is used and non-linear behavior appears on the interfacial boundary due to
Mohr-Coulomb hypotheses. Hence, the free hexagon element method presented here fulfills elastic
material properties involving eigenparameters being assigned to the particles and other geotechnical
material parameters (the angle of internal friction, the shear strength or cohesion, the tensile
strength) are allocated on the interfacial boundary of the elements. As said above, the shapes of
hexagonal elements can be diversified. On the other hand, considering the most particles are of the

127



128 Eds: E.J. Sapountzakis, M.H. Aliabadi

same shape leads to very powerful iteration procedures, as the stiffness matrix can be stored in the
internal memory of computers only ones, and during the iteration process only unknown
displacements, spring stiffnesses and tractions along the interfaces change.

boundary abscissas

particles - grains

Figure 1: Adjacent grains set up.

Let us consider a typical hexagonal element from the set Q_,s =1,...,n, where nis the number
of elements covering the original domain describing the system coal seam - rock overburden, with
abscissa-shaped boundaries 7,,/ =1,...,6 . In undeformed state the domain €, is equipped with a
local coordinate system Ox,x, (the problem is solved as two-dimensional). Elasticity being assumed
in each hexagonal element is described by a well-known set of 8 equations for eight unknowns
displacements u'(x,t) = {u; (x,1),u;(x,1)}, strains &'(x,1) = {g,(x,1),&),(x,1),65,(x,1)} and
stresses 6 (x,1) = {0),(x,1),0,,(x,1),0,,(x,7)}, all being dependent on position x € Q, and time 7.
In the sequel the index s is dropped out for simplicity.

Generalized Hooke’s law relates strains and stresses as:

05 (X,0) = Lyl (%, 0) - 11y (0], 0, (x,0) = Ly (x,0) + 2;(0), 0, joou f =12 M

and the dynamical equilibrium is expressed as:

@, (x,1) Fu,(x,t)
x P&

J

@

In (1) L, is the elastic material stiffness tensor, u,, is the eigenstrain tensor and 4, is the

eigenstress tensor, both being constant inside of each hexagonal element. In our case they describe
sudden change of volume due to the underground gas blasting. Note that relation A, = —L,,u,,

holds valid, and the eigenparameters can generally stand for plastic strain, relaxation stress, change
of temperature, they can express hereditary problems, etc, which property may be used for more
complicated problems. Moreover, the volume weight vector is neglected and p is the mass density
being assumed to be constant in the entire element.

Integral equations will formulate an equivalent problem to (2): Consider a single hexagonal
element (described by the domain Q with its boundary /), being in a current state. In each

hexagonal element the elastic material properties are taken into account, i.e., the element behaves
linearly. This makes it possible to introduce only elastic material stiffness matrix, which is
considered homogeneous and isotropic, and we get well-known integral equations being valid along
the boundary abscissas of the hexagons:
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(@ (ET) = Py (x:8)de- §,(x,T)p; (x;€) dx +

FuxT) . ,, 3
+ ﬁ%uﬁ (x,&) dx + ) j) (Mo, (x:) dx

o,

where ¢ is the point of observation, x is the integration point, ¢, is a matrix its values depends on
a position of the point of observation, and the subscript / identifies the pertinence of the
displacements and tractions to the element number s (this index does not appear at the variables,
’u,(x,T) _ O'u,(x,t)
ot o

again for simplicity), /,.;. For example, if uniform distribution of

displacements and stresses is considered, ¢, =—J,, where J,is the Kronecker symbol. If linear and

1
5 ij>
regular distribution of hexagons is assumed (the vertex angles are 120°), thenc; :%5,./.. The

quantities with asterisks are given kernels.

The solution of the problem of elasticity in each hexagonal element Q is realized by the
simplest approximation. The positioning of DOFs can be carried out either at the middle of the
boundary abscissas (uniform distribution of displacements and stresses - tractions) or at the vertices
of the hexagons - then the distribution of boundary displacements and tractions is linear.

Without loss of generality, assuming the uniform distribution of boundary quantities
(displacements u,(x,7) and tractions p,(x,T), i=12), and uniformly distributed eigenstrains

1, (T) in the domain Q_, and, furthermore, placing the points of observation & successively at the
points &, which are centered at the boundary abscissas of the hexagonal elements, the integral
equation (3) turns to:

l 1 ] * 1 *

24 =PIT) §i(68) de-ul(T) Py(xé)det
Iy Iy (4)

+p(T)il(T) §; (x:&) dx+ 0, (T) §,(xi&)dv, j =120 =1,...6

where u!(T), p!(T),and b (T) are values of the relevant quantities positioned at the x,,/=1,...,6,
ie. u/(T)=u,(x,,T), and p!(T)=p, (x,,T). Point out again that the density p is considered
82u[(x1,t)
a2 t=T"
Note that if uniform distribution of eigenparameters is assumed inside of the particles the
integrals of kernels belonging to the eigenstains in (5) can easily be calculated using Eshelby’s
forces. Knowing the form of kernels and substituting the approximations for boundary

displacements and tractions, for the volume weight and eigenstrains matrix, the following equations
are obtained:

uniform inside of each element, and ii! (T) =

Au= f+q, Ku=F+0Q, K=B'A, F=B'f, 0=B'q, %)

where A4, B,and K are square matrices (12 * 12), u is the vector of displacement approximations,
f and F are the vectors of approximating tractions, V involve the influences of the inertia forces
while ¢ and Q are the vectors of effects of the eigenstrains. The latter are vectors (12*1). Note that
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the stiffness matrix K is different from that arising in applications of finite elements (here it is
prevailingly non-symmetric square matrix).
For the next purpose write the matrix equation (5) as:

Kl'll'luli +Kilfzué‘ = Ei +Vli +Q]i’ Kijz'lulj +K1‘/2'2u2i = le +V2i +Q£> isj = 1’“'36
or
u 4

v,

Kll K12
(6)

KZI K22

0
2,

u,

Index i denotes the number of row and index ; stands for the number of slope in the above
matrix notation. K'',K'>, K*' and K* are matrices (6*6) and the other quantities in (6) are vectors
(6*1). Subscript 1 denotes the quantities in x,-direction and index 2 describes quantities in x, -
direction.

3. Current equilibrium inside the particle with fixed neighborhood

If each hexagonal element is considered small enough, lump mass dynamical problem can be formulated.
Suppose the only element s can move while the others in the neighborhood remain stable. Now we are able
to fill in the distinctive terms in (6). The unknowns in the formulation of the problem will be displacements
along the boundaries of elements in x, and x, directions, which create interfaces between adjacent elements.
In the element s the interfacial forces act (formulations for general approximation, not only for uniformly
distributes displacements and tractions along the boundaries):

In x, - direction:

B = Il - T ddfud -ud )= K [o]{ + k]

) u' (x) . Fui(x) .,
o=, P e § T (g s, g
Q, Q
o =- ﬁixi“]o‘:”(x;fj)+y'2yzo‘;]2(x;§j)]dX, J=16
)

s

and similarly in x, -direction. Vector V¥ ={V;Y V/,7} is the term expressing the influence of the dynamical
forces.

As the eigenparameters stand here for description of explosion no shear components are considered in (7).
This means that the rotation of particles is suppressed, as this is mostly caused by irregular shape of the
particles, so that this assumption is versatile. Since the internal equilibrium has to be fulfilled, for the force
resultants it inevitably holds

6 6
H, =3 (F+V7+00); V=2 (F +1 +0)). ®)

J=1 J=1

Decoding the latter equations yields using (6) yields

6
s11 i sj s12 sj sj__ g8 is si_ is si si
DK 0w H(KP k0w = ki + kyuy + VT + 0
1

i=1,...,6 (17)
o SO o
(K; +k§’15ﬁ)uf’ +(K; +k2’2£)ll Yuy =k +kypuy, +V,)" +0)

~.
i

M-
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which is a system of 12 equations for 12 unknowns displacements, six in x, direction and six in x,

direction. This system is always solved in an iteration step, in which the neighboring elements are considered
fixed and the values of displacements are taken from the previous step.

4. Example

Hereinafter study on a longwall mining after gas explosion loading is carried out. Before tackling
the concrete problems, some simplifications will be introduced. First the volume weight forces
b,can be neglected, as only a small part of the rock mechanically cooperates with the coal seam.

The effect of overburden (mostly several hundreds of meters) is simulated as loading along the
upper part of the domain describing the whole system rock — coal seam. There is no aim to delve
into details concerning the description of the time development steps, which are based on finite
differences. The formulas for that are exactly the same as those used for PFC and other distinct
element codes, see [2].

The domain describing the problem is a rectangle of 26 m x 9.5 m, the coal seam is 4.75 m high.
Regular distribution of hexagons is considered, internal radius of each hexagon is 0.25 m, the adit
has the width 3 m. Number of particles is 1532. Material parameters of the rock mass have the
following values: the elastic modulus £ = 50 GPa, the shear modulus G = 20 GPa, the angle of
internal friction is 25 degrees, the shear strength ¢ = 1 MPa and the tensile strength p, = 100 kPa.
The coal seam is characterized by £ = 5 GPa, G = 2 GPa, the angle of internal friction and the
shear strength vary. The load due to the volume weight y =25 kN/m” is given by the overburden.
Depth of the mine is considered as 1000 m. In Fig. 2 setting of hexagonal elements is seen, shaded
part describes the coal seam and the upper part the overburden. Also boundary conditions are
simulated by rollers along the outer boundary. The zone of explosion 10 m x 4 m is also marked.
The boundary of the blast of gas is 10 m far from the face of opening. In the following pictures each
particular hexagonal element is drawn in undeformed shape (regular hexagons), although they
undertake a local deformation (described by movement of centers of gravity of deformed elements).
The reason is that the accumulation and fictitious overlapping of particles underlines a
concentration of stresses.

Figure 2: The region of gas explosion in the coal seam

The explosion of the gas is simulated by eigenstrains, which are applied inside of the coal seam
and do not change during the development of time dependent deformation in the system rock - coal.
Affect of the blast magnitudes on the face stability are solved.

The damage caused by the blast the magnitude of which attains 10 MPa is seen in Figs. 3 and 4.
Vertical disconnections in a large band along the upper part of the coal seam are obviously seen in
the pictures. In this band the largest nucleation of cracks is concentrated and according to various
material properties the behavior in this band is slightly different. It seems remarkable that the face
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deforms very similarly for all cases of material properties. The most different changes are observed
right ahead and even above the center of explosion.

Figure 3:
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Figure 4: Movements for 2, =40 kPa, ¢ = 250 kPa, gas pressure = 10 MPa.

5. Conclusions

Dynamical behavior in a coal seam due to a gas explosion at the moment of rock burst and closely
after it is studied in this paper. In comparison with classical DEM, for instant with the PFC, we start
with different shape of particles to have possibility to obtain also stresses in the particles and
between them and with static equilibrium in the state when no inertia forces may occur. If dynamic
origin of loading is expected the kinetics of the moved particles is employed. The inertia part of the
governing equations starts to prevail and becomes active. Generally, in contradiction with the PFC
dynamical equilibrium is taken into consideration after sufficient differences in movements of the
hexagonal elements. Regular distribution of elements speeds up the iteration and also better
overview on behavior of particles is provided by the pictures.
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Abstract. A study of the application of Boundary Element Methods to problems involving non-homogeneous
materials like Functionally Graded Materials (FGMs) is presented. The Analogue Equation Method (AEM) is
used to transform the original problem into a new problem with unknown forcing term but known fundamental
solution. By means of this transformation an undetermined system of Boundary Integral Equations (BIEs) can
be obtained combining standard boundary element discretization and Radial Basis Functions (RBFs) approx-
imation for the residual term. The application of the original differential operator to the displacement BIE
provides the extra equations to compute the unknown forcing term. The boundary character of the method is
maintained since the integrals involved in the equations are limited only to the boundary if radial basis func-
tions are selected in such a way that the corresponding analogue equation could be solved analytically. A
performance analysis of several radial approximations is presented according to different types of radial func-
tions and the number and distribution of radial source points. In the same way the application of the method to
wave propagation problems in frequency domain is studied for different wave lengths.

Introduction

The Boundary Element Method (Brebbia and Dominguez [1]) (BEM) has been used successfully for solving
many engineering problems governed by systems of partial differential equations. The key feature of the method
is that only boundary discretization is required in order to solve the problem. Nevertheless a fundamental so-
lution is needed in analytical form or with low computational cost. In practice, this condiction often limits the
application of the BEM to constant coefficient systems. The introduction of new materials including function-
ally graded materials (FGMs) has increased the interest in boundary methods capable of dealig with materials
exhibing heterogeneous composition.

Several techniques has been used to avoid these problems including change of variable ([2, 3]) that des-
pite the advantage that the fundamental solution is obtained in analytical form, the application fields is strongly
limited to a small range of variation of properties. Other approaches including Localized Boundary Element
Method ([4, 5]) and Dual Reciprocity Method (DRM) [6-8] has been tested for this type of materials. To
simplify and automate these methods a combination of analog equation Method (AEM) and DRM approaches
has been used [9] to make the choice of the fundamental solution independent of the problem.

The accuracy of this approaches are strongly dependent on the function used in the approximation
[10, 11]. A variety of interpolation functions will be tested in this work for the solution of 2D problems using
the AEM-BEM.
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Problem Statement and Solution Method

The response of a nonhomogeneous body is governed by the boundary value problem:
Lij(uj) +bi(x) =0 enxe (1
G'ij(uj) + hi(X) =0 enxel 2)

Where u; = u;(x) is the response of the body, 4 represents the problem dimension, L;; are a general second-
order elliptic operators defined in €2 and G;; are general linear firs order operators defined in I'.

Conventional BEM approach demands to obtain the fundamental solution for L;; operators. At present time
there is no formulation for solving a general case in closed analytical form. According to AEM [9], for a
problem well-posedness in the Hadamard with u(x) solution we can re-write the previous equations to obtain:

E,;,-(uj) + &(x) =0 enxec( 3)
Gij(uj) + hi(x) =0 enxel 4)

For the above system displacement BIE can be written as:

[ E:ajuZ z;y’ ] /{ Z%Uz x;y7) ] (x5 2)dIN(x)
= /J(Iv(x) - ZajCji(X;yj)} U (x;z)dl'(x)

J

(&)

Where the unknownn forcing has been transferred to the boundary using DRM techniques [6]. This step is

0 ~
always possible if we select the appropiate L;; operator. Due to b;(x) is unknown new equations are needed,
so following Katsikadelis [12] we apply the original differential operator to the previous equation obtaining:

—bi(z Zaijm [um(z y )} / [ ZO‘JU ]Lkm [U (x; z)] dr(x)
- /F |60 = 3 il ¥) L [Q,’;”(x; o)]arce)

J

©)

In order to close the problem, for a general set of boundary conditions defined by (2) a new equation derived
from (5) must be built:

_dﬁc(z){h,(z)—z ;G {@m(z;yj)]} +/Ju] Z(y]u, X;y )]Gk [U’”(x z)]dl"( )
J

J

= /F[QZ(X) - Z i (x; yj)] Grm [C??Z"(x; z)]dF(x)
J

)

Many times the equation (7) can be simplified or even not used according to the type of problem, EU operator, or
the selected discretization. In this work Laplace operator will be used as auxiliary operator and scalar problems
with “flux” (type 2—2) boundary conditions will be tested so the boundary conditions will be imposed directly
and equation (7) will not be used.

Interpolation Functions
Performance of AEM-BEM approach for 2D scalar problems will be tested using the following RBFs :

e Interpolation type f(r) = ¢+ r:

This (with ¢ = 1) was the most popular choice for these methods until the 90s[13]. The parameter allows
the inclusion of a new equation for energy minimization or equivalence condtitions.
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e Interpolation type f(r) = V¢ + r:

Multiquadrics was one of the first improves in order to achieve more accurate results [12].

e Interpolation type ATPS:

Golberg [14] proposed the use of augmented thin plate splines (ATPS) for building systems with better
conditioning which in R? and in R? are represented with:

M

R? - b(x) ~ Z ajr]zLog(rj) + a1z + asxs + agp
J
M

R3 — b(x) ~ Z a1 + a1xy + asxz + ag
J
M

M M

Where Zozj = Zajacl (Xj) = Z@jf?(Xj) =0
j=1 j=1 j=1

e Interpolation type Supported Spline:

This supported type approximation [15, 16] uses functions with local nature allowing interpolation inde-
pendence among different zones of the domain.

M
b(x) ~ Zajf(rj) +a1x1 + agr2 + ap
J

g {1 () ) o
J

M M M
Where ZOC]' = Zaﬂl(xj) = Zaﬂ?(xj) =0
j=1 Jj=1 Jj=1

v AN

w h%
N
»

Numerical Examples

As stated before scalar 2D problems will be tested. Constant element discretization has been selected for sim-
plicity. Only interior points will be used for interpolation functions but improvements are expected extending
this to the boundary. A minimum distance from interior points to the boundary for avoiding explosive diver-
gences has been set to 1.5 element length.

Example 1: The first problem considered will be the thermal distribution in a plane body with mixed boundary
conditions (See Figure 2) governed by

Ve{K(x)VI}=0 in ®)
Where K(x) = (22 +y + 2)2
The following solution of the diferential operator will be used with its respective boundary values:

622 — 6y> + 20zy + 30

T(x) = 100
(9 * 2w +y+2

(©)]

This case has been selected because by means of a variable transform [2] it can be turned into a conventional
Laplace problem so we can easily pose a comparition in terms of accuracy. In Figure 1 is presented the evolution
of the mean error (percentage) of the calculated 7" in the boundary versus the number of equations for 100
interpolation functions. The behaviour for interior points, boundary flux as well as an increase of interpolation
functions is similar, so the graph is representative in terms of trends. The only exception is multiquadrics.
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Instabilities are more marked with the increase of interpolation functions and calculations at interior points or
for derivative variables.

—MEC Trad
2| |[—ATPS 2D
< 1|---ATPS3D
—1+r
“=-01l+r ety
—(@+n)s a
o014+ 1)°5 | reees
—Spline s=0.5
---Spline s=0.2
Spline s=0.1
Spline s=0.05 Cosso

MEAN ERROR OF T - %
S
S}

R i | |
700 600 500 400 300 20 T e «
NUMBER OF EQUATIONS Ttieo)

Figure 1: T Mean Error - B.E. Variation - NI = 100

Figure 2: Boundary Conditions

Example 2: The next problem considered will be a general second order operator applied to the same plane
boby.

Uz + 21‘2uyy + 2zYugy + TUy — Yuy + u = e*{[10 + Tsen(2y)|[1 + = — 722 + [14cos(2y)][2xy — y]}
(10)

The following solution of the differential operator will be used with its respective boundary values:

u = e”[10 + Tsen(2y)] (11

In the Figure 3 is presented the
evolution of the mean error (per-

—— ATPS 2D centage) of the calculated U in

-~ -ATPS3D the boundary versus the num-
§ —1+r L .
S10% S--01+r ber of equations for 100 inter-
& Q@+ r)o’zs polation functions. Again, con-
g Seoa+n) s s
: —Spline s=05 dltlonlng prob?ems are present
H - --Spline s=0.2 for multiquadrics. The conver-

10

of the number of internal nodes

. . . | above 2-3 times boundary ele-
700 600 500 400 300 200

T E Spline s=0.1 : :
\/ : : splines0.05|  &ence speed is lower .than in
the previous case and a increase
| |

NUMBER OF EQUATIONS ments means small improves in
Figure 3: U Mean Error - B.E. Variation - NI = 100 terms of accurcy.

Example 3: Next the plane body will be a 1x1 square with mixed boundary conditions under:

2 2
_ " —
l+z+y © l14z+y

4
uy+ |20+ ————|u=0 (12)

v2
Y (I+z+y)?

The following solution of the differential operator will be used with its respective boundary values:

u = [1+ z + ylsen(wx)sen(wy) (13)
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= In this example case w = 20
Interpolation Type NI U Mean Error Q Mean Error will be studied. This example
Multiquadrics c=1 900 - - is selected in comparision to the
1600 - - previous cases to check a pro-

Multiquadrics ¢=0.1 900 0.186 1.22 blem with a high number of cy-
1600 0.192 1.19 cles of variation inside the do-

ATPS 2D 900 4.08 2.60 main. This type of problems en-
1600 1.30 1.33 tails a greater number of inter-

ATPS 3D 900 55.4 22.4 nal nodes to achieve accurate re-
1600 20.6 10.1 sults. It’s interesting to point

Spline s=0.5 900 0.701 0.939 out that the shape of the field
1600 1.09 1.48 solution is captured by the al-

Spline s=0.2 625 0.659 0.767 gorithm and the difference be-
900 0.140 0.270 tween exact and calculated so-

1600 0.0594 0.184 lution adopts the form of an at-

Spline s=0.1 900 0.910 0.655 tenuation. Since a relative small
1600 0.230 0.224 number of equations is neces-

Spline s=0.05 900 76.6 27.1 sary to identify the shape of the
1600 26.5 13.7 solution, this information can be

used for an adaptative algorithm

. to obtain improved results.
Table 1: Mean Error in Boundary - U, q

Conclusions

The main objective of this work was to test the sensitivity of the implementation of the AEM-BEM approach
to the choice of radial basis functions (RBFs). We have found that in problems with “soft” variations of the
residual term (mainly steady problems) the AEM-BEM is an accurate approach with a relative small number of
internal nodes and a proportion of 25-50% (internal nodes - total equations) seems to be the best combination
for not wasting numerical efforts.

In terms of stability ATPS and augmented Splines has the best behaviour due to they are designed to produce
positive defined matrix in the direct problem. In the opposite side multiquadrics as shown instabilities and lack
of convergence. In terms of accuracy ATPS 2D has generally shown the best results. Splines has achieved
the highest accuracy in problems with many cycles of variation. However, when using these functions, a new
variable is introduced: the size of the support, and there is no rigorous guideline on how to choose it, which
affects largely the accuracy and the convergence of the code.
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