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Abstract

This paper presents a set of new analytical expressions for evaluating radial integrals appearing in the stress computation of
several kinds of variable coefficient elastic problems using the radial integration boundary element method (RIBEM). The strong
singularity involved in the stress integral equation is explicitly removed from the derivation of the analytical expressions. This
approach can improve the computational efficiency considerably and can overcome the time-consuming deficiency of RIBEM in
computing involved radial integrals. In addition, because it can solve many kinds of variable coefficient elastic problems, this
approach has a very wide applicability. The fourth-order spline (Radial Basis Function) RBF is employed to approximate the
unknowns appearing in domain integrals caused by the variation of the shear modulus. The radial integration method is utilized to
convert domain integrals to the boundary, which results in a pure boundary discretization algorithm. Numerical examples are given
to demonstrate the efficiency of the presented formulations.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The conventional boundary integral equations dealing with non-homogeneous and non-linear elastic problems
[1,2] include domain integrals in the resulting integral equations. To evaluate these domain integrals, the computational
region is required to be discretized into internal cells, which makes BEM lose its distinct advantage of only boundary
discretization. To circumvent this deficiency, methods of transforming domain integrals into equivalent boundary
integrals are proposed and have been frequently used. In these methods, the dual reciprocity method (DRM) developed
by Brebbia [2] is extensively utilized. However, DRM requires particular solutions to basis functions, which restricts
its application to complicated problems. Recently, a new transformation method, the radial integration method
(RIM), has been developed by Gao [3,4], which not only can transform any complicated domain integrals to the
boundary in a unified way without using particular solutions, but also can remove various singularities appearing
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in domain integrals [5,6]. Due to the advantages of RIM that particular solutions are not required and several
domain integrals appearing in the same integral equation can be dealt with simultaneously, RIM-based boundary
element method has won a good favor from many BEM researchers [7—10] in recent years. However, although the
radial integration boundary element method (RIBEM) is very flexible to deal with the general non-linear and non-
homogeneous problems [11,12], evaluation of the radial integrals numerically is very time-consuming compared to
other methods [13,14], especially for large three-dimensional problems.

In this paper, a new type of boundary-only integral equation analysis technique is developed for several kinds of
variable coefficient elastic stress computation based on the fundamental solutions of homogeneous problems. Unlike
the existing method (e.g. [9]) which evaluates the radial integrals numerically, the method developed in this paper
can analytically integrate the radial integrals by using the fourth-order spline radial basis function (RBF). The strong
singularity involved in the stress integral equation [15] is explicitly removed from the derivation of the analytical ex-
pressions. Through use of the derived analytical expressions in RIBEM, the computational efficiency can be improved
considerably. Three numerical examples are given to demonstrate the efficiency of the presented method, which show
that approximately 80% computational time can be saved by using the analytical expressions than by using numerical
method to compute the radial integrals. Though the formulations are derived on the elastic stress background, they
can also be applied to other physical problems based on the use of RIBEM (e.g. [16—-19]).

2. Review of non-homogeneous BEM in elastic problems [9]

Consider non-homogeneous and linear elastic solid materials. In the absence of body forces, the equilibrium
equation is given by

Ojkk =0 (D

I

where o represents the stress tensor, a comma °,; after a quantity represents spatial derivatives, and repeated
indexes denote summation. It is assumed that the shear modulus p of the material depends on Cartesian coordinates
while Poisson’s ratio v is constant. Under this assumption, the stress tensor o, and the displacement gradient
ur,] = ouy/dx; are related by the following generalized Hooke’s law:

0ij = Cijuur1 = pClyyttk.1 2)
where C?j w 18 the elastic constitutive tensor [20]. The weak-form of the equilibrium equation (1) can be written as
follows:

/QUijUjk»kd“Q =0 3)

where U;; is a weight function, which is taken as Kelvin’s displacement fundamental solution in this paper.
Substituting Eq. (2) into Eq. (3) and applying Gauss’s divergence theorem yield [20]

cit; (x?) :/;ﬂUij(x,x”)tj(x)dF(x)—/lﬂﬂj(x,xp)ﬁj(x)df(x)—i-/nV,‘j(x,xp)ﬂj(x)dQ(x) )

where ¢ = 1 for internal points and ¢ = 0.5 for smooth boundary nodes. The fundamental solutions U;; and T;;
appearing in Eq. (4) can be found in usual elasticity BEM book, e.g. [20] and the kernel function V;; can be expressed
as follows:

-1

Vij = m {r,kll,k[(l - 2V)5ij +,3”,i’”,j] + (1 - 21’)(/1,:"”,/' - ll,jr,i)} )

in which, 8 =2 (2D) or 8 =3 (3D),and « = 8 — 1. it and jx are the normalized displacements and shear modulus
defined as follows:

ij =

. (6)
n=1Inpu.
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From the first expression of Eq. (6), it follows that
8ui 1 312, - 8,11
a_”z_(a_”_uia_” | ”
x; n X; x;

Taking the partial derivative of Eq. (4) with respect to the source point x”, and then substituting the result into Eq.
(7) and making use of Eq. (2), we can obtain the following stress integral equation.

0jj(x?) = /FUijk(x, P (x)d I’ (x) — /F Tijic (e, xP)iig (x)d I (x)

+/ijk(x,x”)ﬁk(x)dﬁ(x)JrFijk(x”)ﬁk(x”) 8

in which the kernel functions U;jx and 7} are the same as given in usual BEM books (e.g., [20]), and other quantities
are as follows:

1 1 -
Viik = mﬁ{ﬁﬂ,mr,m[(l —20)8;7 k +v(Sikr,j + S8jkri) — yrir jril
+Bv(,irj + @ jrr g+ (L —=20)(Barrj + i, ik + 1,i8jx) — (1 —4v)fi 18} &)
(il + Sikfh, + 8jkiLi)) for 2D
Fjr = {40 V) (10)

m(@ + 10v)6; ik + (7 — Sv)(Sikft,j + 8jkfr,;)) for 3D.

3. Transformation of domain integrals to the boundary by RIM

To avoid discretizing the computational domain into cells in evaluating the domain integrals appearing in Egs. (4)
and (8), the radial integration method (RIM) [3-6] is applied to convert these domain integrals into equivalent bound-
ary integrals and results in a boundary-only discretization algorithm. However, since the normalized displacement
[k (x) appearing in Egs. (4) and (8) is unknown, the RIM formulations cannot be directly evaluated. To solve this
problem, the unknowns are approximated by a series of prescribed radial basis functions (RBFs). Thus,

i (x) =Y atp*(R) +a*x; + (1)
A

ZaA =0, ZaniA =0 (12)
A A

in which, R = |x — x| is the distance from the application point x* to the field point x, &* and a* are coefficients
to be determined by nodal displacement values through a node allocation scheme, and ¢4 is the radial basis function.
Numerical investigation indicates that the 4th order spline-type radial basis function can give very stable results [9],
its expression being as follows:

R\? R\? R\*
swian=11-0(5) +5(5) 2(5) o=r=a (13)
0

where, d4 is the support size for the application point A. Substituting Eq. (11) into the domain integral of Eqgs. (4) and
(8) and applying RIM formulations [3—6] yield

19 0
/VijﬂdeIZa?/ — T ptar+at | L Fplar (14)
0 2 r

reon Y rreon Y

.
E‘}:/O reVii¢tdr (15)
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Fig. 1. Relationship between distances.

.
F,.1j=/ rPVi;dr (16)
0
and
: 10 A L or 4 ! rpor
Qv,,»kukd :;ak Fr—a%Fijde—i—ak Fr—a%F[jde (17)
r
Fiy =/ rVijkpdr (18)
0
.
Fiy =f rPVijdr. (19)
0

To evaluate the radial integrals shown in Egs. (15) and (18), referring to Fig. 1, the following relationships are
used:

R =+r2+42sr + R2, S=r,,-éi, R; =xf—x-A. 20)

1

From Eq. (5), it can be seen that the radial integrals in Eq. (15) are regular and can be integrated without any diffi-
culty. However, from Eq. (9) we can see that the radial integrals for F l.’}k in Eq. (18) are strongly singular with the
order of (1/r) when the source point approaches the field point. Therefore, a special technique, referred as singularity
separation technique, is required to evaluate these radial integrals.

4. Analytical expressions for evaluation of radial integrals in stress computation

The radial integrals shown by Eqs. (15)—(19) can be evaluated analytically or numerically by using the following
variable transformation relationship:

Xi =y +rr (21)

where, x; and y; are the coordinates of source point and field point respectively, and r,; = dr/dx;.

It is noted that r ; and y; are constants for the radial integral. This is an important characteristic of RIM, which
makes the evaluation of the radial integrals in Egs. (15)—(19) possible and easy for any complicated function.

Using the conventional singularity separation scheme, Eq. (18) can be rewritten as follows:

F= [ viatar = [ v (o) 60 0) dr + [ Vi O0ar 22)

where ¢A (0) is the expression when r = 0.



48 K. Yang et al. / Comput. Methods Appl. Mech. Engrg. 289 (2015) 44-59

Table 1
Three kinds of variable shear modulus.
Case 1 (exponential change of linear order) Case 2 (linear) Case 3 (exponential change of secondary order)
I [ o + cix; e Ottt
i Inpg +cix; In(uo + ¢ix;) Inpo + co + cixi + cjjxix;
i Ci v ¢i + ¢k (Bijxi + dikxj)

Hotcjx;j

Considering r; is constant in the radial integral, according to the expression of kernel function Egs. (5) and (9),
Eq. (16) can be easily derived and Eqgs. (15) and (18) can include radial integral of the following categories:

,
Fi;k_>/0 Lidr (23a)
r
Fy = [ ot ®opidr (230)
0
r 4 A R) — A 0 v~
Fz‘/}k_>/ M[L,idn f&d,ﬂ' (23¢)
0 r 0o T

Using a numerical integral formula to calculate the radial integral is usually very time-consuming, especially for
large three-dimensional problems. If we can evaluate these integrals in an analytical method, it can greatly improve
the computational efficiency. Here are the analytical expressions of the three kinds of representative variable shear
modulus as shown in Table 1.

For the above-mentioned shear modulus change forms, the following gives the analytical calculation formula of
the radial basis function based on Table 1.

4.1. The radial integral analytical expressions of Fib‘k — for oidr

Using Eq. (21), the integral in P for i.idr from Eq. (23a) can be easily derived as follows:

For case 1:
r
/ fdr = cir. (24)
0
For case 2:
- Cj
i = 7 (25)
Ko tcjxy tcjrjr
/r iadr = ¢iIn(uo +cjxj) _ G ]nu' 26)
0 cir,j cjr,j
For case 3:
Qi =ci +cjk(dijx] + 31'ka) + cji(8ijr i + Sikr (27)
r
- 1
/ fidr = [ci + cjx(8ijx) + 5ikx§7)]r + ECjk((Sijr,k + 5ikr,j)”2~ (28)
0

4.2. The radial integral analytical expressions of F iﬁ.‘k — for @dr

Similarly, using Eq. (21), the integral for %dr from Eq. (23¢) can be derived as follows:

For case 1:

roro.
/ Fi g — eitnr, 29)
0 r
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Fig. 2. Intersections between line and circle.

For case 2:
Referring to Eq. (25), it follows:

C; r
/ “lar = ————1In (-) : (30)
Ho + CjX; 1

For case 3:
Referring to Eq. (27), it follows:

.o~
—dr_[cm+cu(8mx +8]mx NInr +¢ij(Simr,j + 8jmr,i)r. 3D
0

4.3. The radial integral analytical expressions of Fl’j“ — for oA (R)jn,idr

Using Eq. (21), the integral Fi? — for d)A(R)EL’,-dr from Eq. (23b) can be derived as follows:

For case 1: (exponential change of linear order)
Since [t ; = ¢; is constant for u = ppe*, the integral can be rewritten as follows: ¥ = for ¢Adr, referring to
Ref. [16] and based on Eqgs. (14) and (20), it can be derived that:

r 2 R 2 R 3 R 4
%:/(ﬁAdr:/ 1—6<—> +8< ) _3(_> dr
0 r dA dA dA
3 ) } _
—r— [grs —3srt — 23 (R? + 25%) — 6572 R% — 3rR4] Jd3+

[(r + $)(2r% + 5R? + 4rs — 3s)Vr2 + 2sr + R2 4+ 3(R? — 5%)?

log(r 4 s +Vr2 4 2sr + R2)1/d3 — 2r3 — 6sr> — 6R*r)/d3
where r; and rp are the intersections between the line » and the circle centered at A with radius of d4, as shown in
Fig. 2.

For case 2: (linear)
Referring to Eq. (25), and let a = po + cjxf ,b = cjr ; and then referring to Fig. 2, the radial integral can be
derived based on Eqgs. (14) and (20) that:

r

(32)

r

,
/ P (R)jidr = (=9b*r* + 12b%r3 (a — 4bs) + 36br(a — 2bs)(a® + 2b*(d5 + R?) — 2abs)
0

12b5d4
— 18b%r? (a* — dabs + 2b*(d5 + R* + 257)) + 16b*ds R(6a* — 3ab(r + 55)
+b*(8R* +2r% + Trs + 35H) + 12(=3a* + b*(d} — 6453 R* — 3R%)
+12a°bs + 12ab3s(d% + R?) — 6a*b*(d% + R? + 252)) In(a + br)

— 48bd s (a — bs)(2a® — dabs + b*GR® — s%)) In (r Fs+Vr2+2sr + RZ)



50 K. Yang et al. / Comput. Methods Appl. Mech. Engrg. 289 (2015) 44-59

Fig. 3. A special intersection.

+96bd A (a> + b2R2 — 2abs)> (In(a + br) — In(b(R> + rs)

—a(r +5) + Vr2 + 257 + R¥a? + b2R? — 2abs))). (33)
For the expression as shown in Eq. (33), it should be noted that a special case, » + s + v/r2 + 2s7 + R? = 0, may
occur. In this case, s = —R, as shown in Fig. 3, and FA — fo ¢A (R)fx,idr can be integrated as follows:
ARVl ¢ 2 52 5 > 2
R)iidr = ————(br(36a>(r — k) — 6a’b(24R?> — 16d4|R — r| — 27Rr + 3r
/O @7 (R, 265 (- —R)( (36a”( ) — ( Al | )

+12ab*(24R?*r — 18R> — 4ds(|R — r|)(r — 6R) — TRr> +r® 4+ 6d5(r — R))
+b3(=36d5(4R? — 5Rr 4+ r?) + 16d4(|R — r|)(18R* — 9Rr 4 2r?)

—3(48R* — 84R’r 4+ 52R?*r? — 19Rr> + 3r%)))

+12(3a — bd + 3bR)(a + b(da + R))*(R — r)In(a + br)). (34)

For case 3: (exponential change of secondary order)
Referring to Eq. (27) and leta = ¢; + cji(8ijx + Sikxf), b = c¢;i(8ijrk + Sikr.;) then referring to Fig. 2 and
based on Egs. (14) and (20), it can be derived that:

r 1
f (R idr = Od“ <2a(5dAr +5da(r + $)R(SR* 4 2r> + 4rs — 35%) — 10d5r 3R*> 4 r(r + 3s))
0

—r(15d} + 10d3r (r + 35) + r2(3r% + 1575 + 2057)) + b(5d}r* + 2ds RB(R* + 17)’
+r(TR* +22r%)s + (2r> — 25R%)s® — 5rs° + 155
—5R*r*(6R* 4+ r(3r + 8s)) — r*(15R* + 5R*r(3r + 85) + r*(5r> 4 24rs + 3057)))

+30d4(a — bs)(R? — 2)21n (r Fs+Vr2 42 + R2)>. (35)

Similarly, for the expression as shown in Eq. (35), it should be noted that a special case, r +s++v/r2 4 2sr + R? =
0, may occur. In this case, s = — R, as shown in Fig. 3, and FA — fo ¢ (R) i ;dr can be integrated as follows:

f dA(R)fiidr = 1;7((15 — r)(10d% (a 4+ bR) — 20d3 (a + bR)(R — r)? + 15bd5 (R — r)?
0 A
—6(a+bR)(R —r)* +5b(R —r)° + 5bds(r — R)
+4ds(IR — r*(5a + b(R +4r)))). (36)

A A
4.4. The radial integral analytical expressions of F; A — fo Mﬁ,id”

Similarly also, using Eq. (21), the integral Fz/; - [ Mu ;dr from Eq. (23c) can be derived as

follows:
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Fig. 4. Another special intersection.

For case 1: (exponential change of linear order)

A A
Since fi ; = ¢; is constant for © = e, the integral can be rewritten as follows: ¢; for Mdr and based
on Egs. (14) and (20), it can be derived that [19]:

"ot — ¢4 (0) 4 2wy A R 52 22 4 e 1 2
/ —dr = —(O.75r +12(d4 + R)rs — §dA(8R +2r* +Trs + 3s°)Vr2 4+ 2sr + R2
0 r
+4r3s + 4sdA(s2 — 3R2) In (r +s5+Vr2+2sr + Rz) + 3r2(d3\ +R>+ 2s2)

+8dAR%In (R2 +rs+ RV ’2+2”+R2>> / i (37)

where r; and rp are the intersections between the line r and the circle centered at A with radius of d4, as shown in
Fig. 2.

For the expression as shown in Eq. (37), it should be noted that the special cases, r + s + v/r2 + 2sr + R2 = 0

and R?> +rs + RV PR may occur. In these cases, s = —R, and Fi‘;.‘ — for ¢A(R);l,,-dr can be integrated
as follows:
When r + s 4+ vr2 4+ 2sr + R2 =0, then R = R — r, as shown in Fig. 3 and it can be derived that [19]:

r oA AR
— AR . _ _
/ ¢—¢()dr = r(36d%(4R — r) — 16d4 (18R* — 9Rr 4 2r?)
0 r
53 ag 2 52 a3 4
+3(48R3 — 36R%r + 16Rr? — 3r%))/(12d%). 38)
When R2 + rs + RY7+27+R — 0 R — r — R, as shown in Fig. 4 and it can be derived that [19]:
r oA AR
— R - _ _
/ PR Y (r(36d3 (4R — r) + 16d4(18R> — 9Rr + 2r7)
0 r
53 ap 2 52 a3\ 53 4
+3(48R3 — 36R2r + 16Rr? — 3r3)) — 192d, B3 In(r))/(12d%). 39)
For case 2: (linear)

Referring to Eq. (25) and leta = uo + ¢ jle.’ ,b = c;r ;, and then referring to Fig. 2, the radial integral can be
derived based on Eqgs. (14) and (20) that:

/’ o2 (R) — ¢A(R)ﬁ G <3r2(a — 4bs) — 2br3 4+ 8d s R(—2a + b(r + 5s))
0 r S

dy 2b2

4dA (20 = 6abs + 362 (% + R2)In (r 45+ Vr2 + 257 + R2) = 3r(a® — dabs + 26203 + R? +25)
b3

N (3a* + 8b*dAR3 — 12abs — 12ab3(d% + R?)s + 6a*b*(d% + R* + 2s%)) In(a + br)

ab?*

+
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8dAI§3 In <R2 +rs+ Iéx/ r2 4+ 2sr + Iéz)

a

8d4 (a2 + b2R? — 2abs)3 In (b(R2 +rs) —a(r +5) + RvVa® + b2R2 — zabs) —In(a + br)
+ — ) (40)

For the expression as shown in Eq. (40), it should be noted that the special cases, r + s + vr2 + 2sr + R2 = 0
and R2 +rs + RY7ZH2r+R — may occur. In these cases, s = —R and Fi‘;.‘ — for ¢A(R)/1,,-dr can be integrated as
follows:

When r + s + Vr2 + 2sr + R2 =0, then R = R — r, as shown in Fig. 3 and it can be derived that:

" $A(R) — AR _
/ PR = TR) i dr = (ci(—br(6a® + ab(—16ds + 24R — 3r)
0 r
+2b%(6d% + 18R? — 6Rr 4 r* 4 4da(r — 6R)))
+23Ba® + 12b3(ds — R)’R + a®>b(12R — 8dy4)
+ 6ab*(d3 — 4dsR + 3R%) In(a + br)))/(2b*d%).

(41)
When R2 + rs + RV +27+R* — 0, then R = r — R, as shown in Fig. 4 and it can be derived that:
" bA(R) — dA(R _
/ Mﬁjd? = (c;(—abr(6a® + ab(16d4 + 24R — 3r)
0 r

+2b%(6d% + 18R* — 6Rr + > +4d4(6R — r)))

— 3264 R In(r) + 2(a + 2bR)(Ba> + 8b3dA R* + a*b(6R + 8d4)

+2ab*(3d3 + 4daR + 3R%) In(a + br)))/(2ab*d}). (42)

For case 3: (exponential change of secondary order)

Referring to Eq. (27) and let a = ¢; + c.,'k((Sijx,f + 8,'kx§’), b = c¢ji(8ijr i + dikr,j) then referring to Fig. 2 and
based on Eqgs. (14) and (20), it can be derived that:

" dA(R) — 6A(R 1 3b 5 3 _ -
/ Mﬁyim = —4<— L 204 a + 4bs) — 4r(2bdA R3 + 3a(R* + d2)s)
0 r dA 5 4

—3r2(2b(R* 4 d%)s + a(R? + d3 + 25%)) — 2r*(2as + b(R* 4 d} + 25%))

1 _ 3
+ 3daRGb( + $)(SR? +2r% + 4rs — 3s%) + 4a(8R> + 2r2 + Trs + 35%))
+ds(3b(R? — s*)* —das(s®> —3R?*))In (r +s+Vr24+2sr + Iéz)

—SadAIé3ln (Iéz—l—rs—i—lév r2+2sr+I§2>>. 43)

For the expression as shown in Eq. (43), it should be noted that the special cases, r +s -+ /72 + 2sr + R?2 =0and
R? +rs + RVr*H27+R% — 0 may occur. In these cases, s = —R, and Fl//‘ — [o ¢ (R)[i;dr can be integrated as:

When r + s + vr2 + 2sr + R2 =0, then R = R — r, as shown in Fig. 3 and it can be derived that:
" bA(R) — dA(R _
/ M[L,idr = —(O.6br5 + 0.25(3a + 8bds — 12bR)r4
0 r
2 5 2 5 52\y,.3
+ §(a(4d"‘ —O6R) +3b(dy —4daR +3R)r

—3(da — R)(2b(dg — R)R — a(ds — 3R))r? — 12a(ds — R)*Rr)/d%. (44)
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W=0.3 —> o=/

Fig. 5. Geometry and boundary conditions of 2D plate.

When R2 + rs + RV P2+ R 0, then R = r — R, as shown in Fig. 4 and it can be derived that:

r pA — dA(R
[ R gy = GR-abda R + 3atds + R
0 r

+3(ds + RYQbR(ds + R) — a(da + 3R))r?
2 _ -
+3(a(ds +6R) — 3b(d} + 4daR + 3R*)r3
+0.25(—3a + 8bd + 12bR)r* — 0.6br> — 16ad R In(r))/d5. (45)

Substituting these analytical expressions into Eqgs. (15) and (18) and then substituting Eq. (11) into the above
equation and the results into Egs. (4) and (8) for boundary and internal points, one can establish the desired system
of equations. It should be noted that the expressions of Eqgs. (24)—(45) are suitable for solving both 2D and 3D
problems.

5. Numerical examples

A computer code called RIBEM (radial integration BEM) has been developed using the formulations derived
in this paper. To verify the correctness of the derived formulations, three numerical examples are presented in the
following.

5.1. Stresses over a 2D rectangular plate

The first example to be considered is an isotropic, continuously non-homogeneous elastic rectangular plate with
the dimensions L x W as shown in Fig. 5. The investigated plate is subjected to a uniform tensile stress loading o = 1.

The boundary of the plate is discretized into 52 equally-spaced linear boundary elements: 20 along longitudinal and
6 along transversal directions. 95 internal nodes are used as shown in Fig. 6. Poisson’s ratio is selected as v = 0.25
and an exponential variation of shear modulus in the transversal y direction is used, which is described by

1 “w
_ By _
w = poe, ﬁ——ln<—>
w Ho

o = 4000,  pw = 8000.

For comparison, this problem is also computed using the FEM software ANSYS. Fig. 7 shows the computed
displacement component u| over the top-side, while Fig. 8 shows the computed stress oq; along the middle line
x = 0.5 of the plate and Fig. 9 shows a plot of the results.

From Figs. 7-9, it can be seen that the RIBEM results are very close to the FEM solutions. This demonstrates
that the derived analytical expressions are correct for this example. In this example, the computational time using
numerical solution is 4 s, while RIBEM takes 2 s. About 50% of computational time is saved.
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Fig. 6. BEM model of the plate.
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Fig. 8. Stress o distribution along middle line of the plate.

5.2. Stress over a 3D hexahedral

The second example is a 3D hexahedral elastic analysis. Fig. 10 shows the dimensions and boundary conditions of
the hexahedral structure. The bottom surface of the composite model is fixed, while the top surface of the hexahedral
is subjected to a pressure of 100 units and others are traction free. Poisson’s ratio is selected as v = 0.25.

An exponential variation of shear modulus along the z direction is assumed, which is described as follows:

1
—m

2

— 124 —
n=pnre’", V=
H? 1y
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Fig. 10. Dimensions and boundary conditions of the hexahedral.

Fig. 11. BEM model of the hexahedral.

in which H = 8 being the height of the hexahedral, ; = 4000 and p> = 8000 being the shear modulus on the

bottom and top sides of the hexahedral, respectively.
The BEM model is shown in Fig. 11, which consists of 448 linear boundary elements and 655 nodes, among which

the number of boundary and internal nodes are 450 and 205, respectively. The displacements at 7 internal points alone
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Fig. 13. Computed stress o7, of the hexahedral.

the z direction are investigated, which are located at the line of x = 0, y = 0 as shown in Fig. 10. For comparison,
the problem is also computed using the FEM software ANSYS. Fig. 12 shows the computed results using RIBEM
and FEM for the 7 internal points, while Fig. 13 shows the computed stress o, along the z direction midline of the
hexahedral and Fig. 14 shows a plot of the z direction displacement contour.

From Figs. 12—14, it can be seen that the presented RIBEM results are in good agreement with FEM results,
although coarse meshes are used in BEM. In addition to be sure, the displacements computed using FEM are similar
to those using the current RIBEM with the same coarse meshes as in RIBEM, but the accuracy of stresses using FEM
is worse than using RIBEM. Therefore, to achieve a same accurate stress results, a finer mesh is necessary for FEM.
This demonstrates the advantage of RIBEM over FEM in meshing aspect.

In this example, the computational time using numerical solution is about 25 min, while RIBEM takes about 6 min.
This means that more than 75% computational time is saved.

5.3. Stress over a 3D cube

To test the computational efficiency of the presented method, the third example is a 3D cube elastic analysis. Fig. 15
shows the BEM model of the cube with the dimensions of 10 x 10 x 10. The bottom surface of the model is fixed,
while the top surface of the cube is subjected to a pressure of 100 units and others are traction free. The linearly
varying shear modulus along the z-direction is @ = 1 + rz, where r = %(uz — p1) with H = 10 being the height
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Fig. 14. Displacement contour of the results.

Fig. 15. BEM model of the cube.

of the cube, 11 = 4000 and > = 8000 being the shear modulus on the bottom and top sides of the cube, respectively
and Poisson’s ratio is also selected as v = 0.25.

The BEM model is shown in Fig. 15, which consists of 600 linear boundary elements and 1331 nodes, among
which the number of boundary and internal nodes are 602 and 729, respectively. The displacements at 9 internal
points are investigated, which are located at the line of x = 5, y = 5. For comparison, the problem is also computed
using the FEM software ANSYS. Fig. 16 shows the computed displacement results using RIBEM and FEM for the
9 internal points, while Fig. 17 shows the computed stress o, along the z direction midline of the cube and Fig. 18
shows a plot of the z direction displacement contour.

From Figs. 16-18, it can be seen that the presented RIBEM results are in good agreement with FEM results,
although coarse meshes are used in both BEM and FEM. In this example, the computational time spent in numerical
solution is about 176 min, while RIBEM takes about 37 min, nearly 80% computational time is saved. It is expected
that more computational time can be saved using the present method for larger engineering problems.
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6. Conclusion

An efficient boundary element analysis approach is presented for solving elastic stress problems with several kinds
of variable shear modulus. The radial integration method is used to transform the domain integrals appearing in the
stress boundary-domain integral equations into boundary integrals. The radial integral in RIM with several kinds
of variable shear modulus is analytically integrated for domain integrals based on the employment of the compactly
supported fourth-order spline RBF. The strong singularity involved in the stress integral equation is explicitly removed
for the derivation of the analytical expressions. The derived formulation can save computational time considerably in
forming non-homogeneous integral coefficients.

For the use of the RIBEM to solve other problems [8,16], the final radial integrals can be classified into the eval-
uation of line integral as shown in Eq. (23), and the integration results Egs. (24)—(45) can be applied to solve a broad
range of engineering problems, not just limited to elastic problems.
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