-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by National Aerospace Laboratories Institutional Repository

Arch Appl Mech (2007) 77: 49-62
DOI 10.1007/s00419-006-0079-8

ORIGINAL

Lalitha Chattopadhyay

Analytical solution for bending stress intensity factor in an
orthotropic elastic plate containing a crack and subjected to
concentrated moments

Received: 5 April 2006 / Accepted: 6 September 2006 / Published online: 18 October 2006
© Springer-Verlag 2006

Abstract The problem of estimating the bending stress distribution in the neighborhood of a crack located
on a single line in an orthotropic elastic plate of constant thickness subjected to out-of-plane concentrated
moments is examined. Using classical plate theory and integral transform techniques, the general formulae
for the bending moment and twisting moment in an elastic plate containing cracks located on a single line are
derived. The solution is obtained in a closed form for the case in which there is a single crack in an infinite
plate subjected to symmetric concentrated moments.
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1 Introduction

Fracture of plates and shells is of great practical as well as theoretical interest. The simplest approach to the
out-of-plane fracture problems is to assume the small-deflection, Kirchhoff plate theory. The solution of the
thin plate-bending problem was pioneered by Williams [1], who made use of the eigenfunction expansion
technique and determined the stress distribution in the neighborhood of a crack. Using finite-element methods,
Viz et al. [2], Alberto Zucchini et al. [3] computed stress intensity factors for thin cracked plates. Approxi-
mate weight functions are applied to investigate the influence of the orthotropy of the material on the fracture
behavior of double cantilever beam in [4]. Using complex-variable methods Zehnder et al. [5] calculated stress
intensity factor for a finite crack in an infinite isotropic plate. An analytical solution for the case of bending
or twisting actions of an infinite orthotropic plate by moments that are uniformly distributed along the edges
of the plate is given by the author in [6]. Using a similar analytical approach to that in the present study, the
bending stress intensity factor is determined when the orthotropic plate (Fig. 1) is subjected to symmetric
out-of-plane concentrated moments.

2 Formulation of the problem

Let us consider the bending action of an infinite plate by out-of-plane moments that are applied at an arbitrary
location of the plate. Let the coordinate system be chosen so that the x-axis coincides with the line on which the
cracks are located. The thickness of the plate is considered to be small in comparison with other dimensions.
Let us assume that during bending, the plate undergoes a displacement w perpendicular to the xy-plane. In
the present analytical method, we consider the problem in which an infinite orthotropic elastic plate with the
material principal axes aligned with respect to the coordinate axes. Let My, My, and My, be the moment
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Fig. 1 Plate with a single crack subjected to concentrated moment at an arbitrary location (x1, y1)

resultants and O, and Q, be the shear stress components. The crack surfaces are free from tractions and the
stress in the plate is due to the action of applied moments.

3 Analytical solution

Let L denote the union of intervals occupied by the cracks on the x-axis and M be the interval not occupied by
the cracks. The solution of the problem (Fig. 1) is obtained as the sum of the solutions of the following pair of
problems. In the first problem (Fig. 2) the bending moment field satisfying the equations of equilibrium in the
presence of applied concentrated moment tends to zero at infinity; it is assumed that there is no crack in the
plate. The bending moment is determined in terms of the applied concentrated moment. In the second problem
(Fig. 3), it is assumed that there is no concentrated moment applied in the plate and the crack surfaces are
subjected to a self-equilibrating load system. In the second problem, we determine the bending moment in an
infinite orthotropic plate containing cracks located on a single line. Fourier transform methods are employed
to reduce the problem to that of a singular integral equation of Cauchy type. Let f,(x, y) and f,(x, y) be the
applied out-of-plane moments about the y-axis and x-axis respectively, at an arbitrary point (x, y) outside L.
The crack surfaces are free from tractions:

My, =0, xelL )

The moment resultants and displacement components vanish as x> + y> — oo.
In problem 1, we solve the equilibrium equations under the action of prescribed moments. Let

M )(C}C), M ;;,), M )(C;) be the bending and twisting moments for this problem and hence on the crack line y = 0,
we have

X

Fig. 2 Plate subjected to concentrated moment at an arbitrary location (x1, y1)
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Fig. 3 Plate containing a single crack subjected to a self-equilibrating load system

1

M) = =2 H*(2) @
1

M) =—2G"() 3)

Where G*(x) and H*(x) are determined in terms of fy(x, y) and fy(x, y).
The moment—curvature relations in an orthotropic plate are given by

92w 92w
My = —Z(Cllm + C128—y2) 4)
iy, = —o(en 4 0 Y )
yy = —2| C22 3y? 12 92
92w
M,, = —2zC 6
Xy 2L 66 9xdy (6)
where Cy, C12, Ca2, Ceg are elastic constants of the material and are defined as follows:
1 1
Cii=—— Cpn=—— Ce6=GCG
11 EyAO 22 ExAg 66 Xy
v Vyy 1 — vyy vy
Co= = Ao=——
Ey A E.Ag E.E,

where E, and Ey are Young’s moduli in the directions of the x and y axes, respectively. Gy is the shear
modulus for a plane parallel to the xy-plane. vy, is the Poisson ratio characterizing the contraction in the
direction of the y-axis when the tension is applied in the direction of the x-axis. Likewise, vy, is the Poisson
ratio characterizing the contraction in the direction of the x-axis when the tension is applied in the direction
of the y-axis.

In problem 2, we determine the bending and twisting moments M S), M )(Ev)’ M ,%) in the presence of cracks.
It is assumed that there is no applied moment acting in the plate and the crack surfaces are subjected to a
self-equilibrating load system

1
ME) = 7670, xel )
1
@ _ g+
Myy = EH x), xelL )

If O and Q) are the shearing forces per unit length then the governing equations of bending effect are given
by
IMyy  IMyy

Ty =0 ©)
oMy & )
4+ Bl — 0, =0 (10)
00« 90y —
s (11)
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From (9) and (1), the Kirchhoff boundary condition given by the equation
IM
ax

is also satisfied on free edges of the crack surfaces. The stress components at the top or bottom at z = h/2 or
7= —h/2 are

Oy =0, y=0,xelL (12)

. Y.
Oxy = —>5—5 Oyy = —==} Oxx = (13)

4 Solution of problem 1

The equations of equilibrium in the presence of out-of-plane concentrated moments is given by Jean-Marie
Berthelot [7]

1 1
oMY N M)

+ fulx,y) =0 (14)
ox dy
) (1
amy  am
— 4+ =+ fy(x,y) =0 (15)
ax dy

where f,, fy are the applied moments at an arbitrary point (x, y).
Using Fourier transform techniques the twisting moment resultant [Appendix A, (A25) and (A26)] is given
by

M)(c;/) =3 — ) ' nTi(x, y; 1, 0) — Ti(x, y; 0, 11)] (16)

.\ TT c c
Tl(x,y;p,q)=g/ /[(p2+C—Z) (y—v)fx(u,v)—<q2+C—Z) (x —u) fy(u, v)]

—00 —00

x[(x —u)* + p*(y — v)* 1 'dudv

Similarly the bending moment resultants are given by

MY =@ —H N Tax, yi 1, 1) — Do (x, v 12, 11)] (17)
) NS 1
My = —(1; —17) [ETz(x, yiti, 1) — ETz(x, yita, 11)] (18)
12 12
(X, Y p.q) = =— / / [(p2 + —) (x — u) fr (u, v) + p* (cﬁ + —) O —v) fy(u, v)]
27 (60 Cy
—00 —0O0

x[(x —u)? + p*(y — v)*1 'dudv

11, 1o are the roots of 1* — 2A 112 + A, = 0; (19)
C11Cn — C% —2C1»C C
Ay = 11C22 0 12Ces . A, = S
2C2Ce6 Cn

The bending and twisting moments on the x-axis are given by

G*(x) = =2Im[t1¢1 (x) + 21 ()] (20)
H*(x) = —2Re[p1(x) + Y1 (x)] 2
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oo o0

1 1 (t2—t1 , dud
p1(x) = 2/ / P S—— [mlfx(” v) +itimy fy (u, v)ldu dv

(o oo o]

1 (t2 2) 1
Yi(x) = ——/ / ——————[ma fx (u, v) +itamy fy(u, v)]du dv
) wty (w2 —X)

Ci2

Cn . .
m1=t12+c—; mz—tz—i— ;o wr=u—+1Hv; wy =u+1Hv

2 C»

5 Solution of problem 2

The displacements in the x and y directions at any point are given by the following expressions:

L= —7— 22

u Sy (22)
Jw

Uy = —Zg (23)

We define the displacement boundary conditions as given by
Ax)=0, xeM; Bkx)=0, xeM 24)

where the displacement discontinuities are defined by the functions A(x), B(x)

A(x) = i[u;l)(x, 0) — u§2>(x,0)], xel (25)
0x
B(x) = %[ufv”(x, 0)—uP 0], reL (26)

and the superscripts (1) and (2) denote the components in the upper half-plane y > 0 and lower half-plane
y < 0O respectively. Since the cracks are subjected to a self-equilibrating load system, we have

MB(x,00 = MD (x,0), MY (x,0) = MP(x,0), xelL 27
The condition of continuity outside the crack on the x-axis may be written as
(l)(x 0) = (2)(x 0); M(l)(x 0) = (2)(x 0), xeM 28)

Combining (27) and (28) we can write

M)(ci’)(x’ 0) - M(2)(X7 0)=0, —oc0o<x< (29)
M;;)(x, 0) M)()i)(x, 0) = 0’ —0 < X < 00 (30)

The strain compatibility equation is given by

2 2
ey 08y _ 0“¥xy 31)
dy? 0x2 dxdy
If we define the moment resultants in terms of Airy’s function ¢(x, y) as given by
3¢ 3%¢ BRI
My, = PR Myy = W§ Mxy = (32)

dxady
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then the governing equations (9)—(11) are satisfied. Also from the compatibility equation (31) and from
moment—curvature relations (4)—(6), the present problem reduces to that of solving the bi-harmonic equation

in @(x, y):

[ g g

4 4
=0; Vp= 2A | —— + Ao— 33
@ @ oyt + 1 9x70y2 + A2 g (33)

Using Fourier transform techniques, the bending moment resultant in the upper half-plane y > 0, in terms of
the transformed functions A(£¢) and B (&) of the displacement discontinuity functions A(x), B(x) [Eq. (B30)
of Appendix B] is given by

M(l)(x y) = 47T(f——f)/ H:A(g)
2 1

3 [A(é) 3 iB stgn(é)i|et2|ély}eisxd§, v =0

2

iB Sgn@)} ~n1lgly

(34)
where Ag = C,, — gz
Similarly, we get the bending moment resultant in the lower half-plane y < 0.
Evaluating the inner integral in terms of A(s) and B(s) we get the bending moment resultant as given by

131 )
" _
(@ y) = (12 —). / Als )y[ -2 +1y] [ =92+ 153 ]ds

T/Bw@_”[ f _ e ]m y#0 (5

tits [(x =92+ t12y2] [(x —5)2+ 122)’2]

—00

Similarly the twisting moment resultant is given by

Myy(x,y) = m/[A(s)(x—s)—i—yB(s)y]

131 15
X[[(x—s)2+t12y2] a [(x—s)z—i-tzzyz]]ds’ y#0

(36)
Where A(s) and B(s) are the unknown functions to be determined.
The curvature terms are given by
92w / Als) mitg moty d
_ = —_ Ky
dx2 271(t2 - tl) Y [(x =2 +15y2]  [(x — )2 +13)?]
B / B(s)(x — s) mity B moty ds 37)
Ht [(x—s)2+t12y2] [(x _5)2+t22y2] ’
—00

where c c
2 . 2
m1=l‘1+c—£, m2=t2+c—z

92w

dxady - 27r(l‘2 — tl

nmy rpmy

— d 38
[(x _ s)2 + t12y2] [(x _ s)2 + tzzyz]] s (38)

l/[A@Xx—s)+yB®H{
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The limiting values as y — 0+ and y — 0— of the bending and twisting moments along the crack line
are given by

o
My, (x,0) / BG4 (39)
x,0)=— s
Y 2rtitr(t + 1) ) x—s
—00
o0
Myy(x,0) = Bt (40)
P T ) s
—00
o0
My (x,0) = JE=t 1)
) T i+ ) x—s5
—00
From the boundary conditions (2)—(3) and (39), (40) we get the singular integral equations
i A
—m(t t
/ ©) go= TUFD) oy veL (42)
X —s Ao
—L
i B
—mtt(t t
/ (s) ds = MH*()C), x el (43)
X —S Ao

—L

2

for the determination of A(s) and B(s), and Ag = C| — gz

6 Single crack problem

Solving for A(x) and B(x) in terms of G*(x), H*(x) and substituting A(s) and B(s) in (39), (40) the bending
and twisting moments on the crack line, |x| > ¢, are given by

sgn(x) /CH*(t) (2 —12)
t

M,y (x, 0) = e (44
27,/ (x% = c2) 7, -
+G*(1),/(c2 =12
M,y (x,0) = sgn(x) / t _<x )dt (45)

27,/ (x2 = ¢?)

—C

Substituting the values of H*(¢) and G*(r) in the above equations the bending and twisting moments in problem
2 is given by

Myy = Re[¢a(x) + pa(x)], |x] >c (46)
Myy = Im[t194(x) + 2@a(x)],  [x] >c 47

1
$a(x) = 2/ / —————[m1 fx +ityma fylg1 (x, w)du dv
g (t2 — )7

(o olNe ]
pa(x) = / / ————[ma fy +itam; fy]g1(x, w)du dv
tz(lz —tl
—00 —O0
1 2 _ 2
g1(x.w) = - Y e w=utio
xX—w x2 — 2 xX—w



56 L. Chattopadhyay

7 Concentrated moments

We consider a particular case of concentrated moments fyo and — fyo about the x-axis (Fig. 4) acting at an
arbitrary point (0, y1) and (0, -y1) represented by the Dirac delta function &:

Fy(x, y) = fr08(x)8(y —y0);  fy(x, ) = —f,08(x)8(y + yo) (48)

Substituting the values of f, into (46) the bending moment along the crack line for the combination of these
two forces is given by

2.2 2.2
Folx| mz\/cz—i-tlyo ml\/cz—i-tzyo

24 2.2 24 2.2
n(ty — 1),/ (x2 — ¢?) X217y X=+ 15

Myy(x,0) = — . lxl>c (49)

The mode I stress intensity factor at z = h/2 is given by

K= ™ {,/[2(x—c)]oyy(x,0)}= 3frov'2e e il (50)

2_ 2 -
roe 7ty —11)h? \/c2+t12y§ \/c2+t22y§

Fig. 4 Plate containing a crack and subjected to symmetric concentrated out-of-plane moments

8 Uniformly distributed surface loading

For isotropic material, let us consider the case of concentrated moment fy( about the x-axis that acts at a point
(x1, 04) on the crack surface. By taking the limits as yp — 0+, |x1| < c¢ and from (49) for the upper half
plate, we get

Ko — 6fy0 e+ x] (51)
' 22 Je o= x1
If equal and opposite moments (Fig. 5) are added on to the lower half plate, thus forming a self-equilibrating
load system, then the stress intensity factors are given by

K — 6fy0 c+xi

! 2h2\/c \Jc — xi

Letting fy0 = M, (x, 0)dx and integrating from x = —c to x = c, the generalized expression for the opening
mode (mode I) stress intensity factor is given by

(52)

Verx g, (53)

6 [
Ki=——/ M,(x,0
! nhzﬁ/ & )«/c—x




Analytical solution for bending stress intensity 57

Fig. 5 Plate containing a crack and subjected to uniform out-of-plane moment on the crack surfaces

For the simple case of My (x, 0) equal to uniform moment say, My, the mode I and mode II stress intensity
factors are given by

6My./c
K= h"f . Ku=0 (54)

and the above solution is the same as that given in [5,6,8].

9 Conclusion

A simple analytical approach for determining the analytical expression for the bending stress intensity factor
in an orthotropic elastic plate containing a single crack and subjected to out-of-plane concentrated moments is
explained. Using classical plate theory and integral transform techniques, the general formulae for the bending
moment and twisting moment in an elastic plate containing cracks located on a single line are derived. The
solution is obtained in detail for the case in which there is a single crack in an infinite plate and the bending
stress intensity factor is determined in a closed form when the plate is subjected to concentrated out-of-plane
moments.

Appendix A

1 1
oMY N oMy

+ fx(x,y) =0 (AD)
ox dy
oMy oaml)
— t + fy(x,y) =0 (A2)
ax dy

The double Fourier transform of f,(x, y) is given by

ToE = / / Felr, y)eEEe M dxdy (A3)

—00—00
Taking the double Fourier transform of (A1) and (A2), we get

..—(D) . —(D) —_
M, +inM,, + fx(&,n) =0 (A4)

vt . —( —
€M) +ind ) + T =0 s)
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The displacement components are given by

Jw
Uy = —7—
* Zax
Jw
y = Zay

M.y =i(Cri&uiy + Craniiy)

My, =i(Cro&lix + Coonity)

M 1C66(”y€ + uxn)
ity = C& M{f,(Cos&” + Coan®) — f,En(Ces + C12)}
ity = C& m{f,(Cosn* + C11E%) — f,En(Cos + C12)}

where

C(& ) = [CoCes (&2 + 2 (E23 + )]

(A6)

(A7)

(A8)
(A9)
(A10)

(Al1)
(A12)

(A13)

Using the above equations, the double Fourier transform of the bending moment and twisting moments

(A9)—(A10) become

My ==CE 0§ fE ) [C11Ce6E 2 +10*(C11C02—C12Cs6— CH) |+1 f3Ces [Cran* —C1iEY}  (Al4)
My, =—C (&, n) {& fe (5, m)Ce6 [C12E% — Coan?]+n fy [C22Ce6n* +£*(C11C22—C12Ce6—CT)]}  (Al5)
M,y =iC(&,1)Ceg {€ fx (€. n) [1fxCe6C126* — Coan*|+£ fyCos [Cran*— C11£%]} (A16)

Taking the inverse transform of (A16), we get the twisting moment resultant as given by the following equation:

My = W/ / [fxQ,v)]1 + fr(u, v)2]dudv (A17)
o 0 - 1 1
_ n 2 _ 2 _ —iE(x—u)—in(y—v)
h= / / Ez(cug C22m )<52t12 T e+ '72H © d&dn (A18)
—00 —OQ0
(o ole o] —1 1 1
L= —(Cran* — C11£%) _ e~ —in(—v) g 4 (A19)
’ / / g Bl e 2
o oo L
[ &( ) ( )
_ n —iE (=) —in(y—v) _ // ncosé(x —u)sinn(y — v
In = dédn = —4i dn  (A20
11 //‘(3%2_’_77 §dn = 22 dgdn  (A20)
—00 —O0
0o 00 3 o) 3 ,é):( i ( )
_ Ui —iE(e—u)—in(y—v) _ // n°cosé(x —u)sinn(y — v
o = PEYPO RN dedn = —4 ded
o=/ EE ) = e@rip
TeeTee 00

Using the integral

w .
nsin(my) o T plely
257 4 2 =3¢
0

(A21)

(A22)
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we can evaluate the integral (A20) with respect to n and (A20) reduces to

o)
t —
I = —27wisgn(y — v)/ e 51 cos £(x — u)dE = i — u)2(y+ t;’()y — (A23)
0
Iy = 27i ) (A24)
= 2mi
P e w2 -
Using Eqgs. A(18)-A(21), we get the twisting moment resultant as given by
() _ ;2 _ 2\—1 . .
Mxy - (tz _tl) [t]T](x, y7t]7t2)_t2T](x’ s t25t1)] (A25)
where
i c c
12 12
Ti(x,y; p.q) = 5= / / PP+——)o-vfiwv)—(¢°+ =) & —w)fu,v)
2 Cx» Cn
—00 —O0
x[(x —u)? + p*(y — v)*] 'dudv (A26)
Appendix B
The governing differential equation of problem (2) is given by the bi-harmonic equation in ¢(x, y):
M) 3ty a*e
Vig=0; V=2 4201 ——— +Ar— Bl
@ @ oyt + 1 ox2ay2 +th2og (B1)

Let oV (x, y) denote ¢ (x, y) in the upper half-plane y > 0and G (£, y) be the Fourier transform of oW (x,y)
and let 9@ (x, y) denote ¢(x, y) in the lower half-plane y < 0 and G® (£, y) be the Fourier transform of

@ (x, y).
o0

GV, y) = / eV (x, y)e¥dx, y>0 (B2)
-0
o0

G, y) = / @ (x, y)erdx, y <0 (B3)

—00

Taking Fourier transformation of the bi-harmonic equation, we get the ordinary differential equationin G (£, y)
as given by

d“GEy)
dy4

,d*G (&, )

A AE*GE, y) =0 (B4)

2A &

The solutions for the above differential equation are given by the following expressions:

GV (E, y) = PiE)e Y 4 y0 &)k, y>0 (B5)
GO (E.y) = PE)E"EY +y0a®)e”E, y <0 (B6)

where the superscripts (1) and (2) indicate the upper and lower half-planes, respectively. The constants t; and
t are the real parts of the roots of the quartic equation

= 2A P+ A =0 (B7)
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P1(&), P2(§), O1(§), O2(&) are the unknown functions to be determined from the boundary conditions and
continuity conditions. The bending and twisting moments in terms of GV (£, y) for y > 0 are given by

1T 9260
~ ay?
—00
1 o0
M) (x,y) = / £2GW(, y)e ¥ds, y >0 (B9)
7'[
i aGV(E, y)
M)El,)(x,y):—g/sTye fdg, v >0 (B10)

The bending and twisting moments for y < 0 in terms of G (£, y) are given by

1 [ 32GP¢,y) _
M@ y) = 2n/ —p g y<0 (B11)
—00
o0
1 »
M3 (x,y) = = / £2GP (&, y)e s, y <0 (B12)
—00
o0
i IGDE, )
M3 (x,y) :_g/ STe Exgg, y <0 (B13)

The partial derivatives with respect to x of the displacement components in the upper half-plane (y > 0) are
given by

o0
9 1 92 Ci .
2. _ o L 1202650 | —igxg B14
e = | [W +o2E26 0 e (B14)
—00
9 i 7T C Ao\ 0
W —__! T oW (22 - 20) L s gmikxng B15
8xuy (X,y) 27TAO / |:8y3 + (C22 C66) 8y € é ( )
—00

The partial derivatives with respect to x of the displacement components in the lower half-plane (y < 0) is
given by

o0
9 1 92 Ci2 . ,
9 2 _ G® 2G@ | g—ikxg B16
axtx ) 27 Ao / [3)’2 - C22g ]e : (B1o)
—00
9 i Tl Cho Ao 9
(2)()6 y) = ! / 2 G® + 2 20 o1ty e—iéxdé- (B17)
ax 27tA0 ay3 Crn Ces/ dy
—00

The displacement discontinuities are given by the equations

A(x) = ‘1[ D (x,0) — <2>(x,0)], xel (B18)

B(x) = ax[ D0 @, 0], xeL (B19)
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The moment boundary conditions are given by

M;;)(x, 0) — Mg)(X, 0)=0, —-oc0<x<o0 (B20)
M)(r;)(x’ 0) — MS)(X’ 0)=0, —oc0<x<00 (B21)

Using the displacement discontinuity relations (B18)—(B19), the moment boundary conditions (B20)-(B21)
and using (B8)-(B13), we get the algebraic equations for solving the four unknowns
P (&), P2(£), Q1(£), Q2(&) appearing in GV and G® in terms of A(£) and B (&) as given by the following
equations:

Pi(§) + Q1(8) = P2(§) + 02(8) (B22)
NP1 +n01(E) +1Pa8) +1202(8) =0 (B23)

Y 21,2 2 2 2 Ciop
NoAE)=E"[1{ P1(E)+1501()—1; Pz(%‘)—tzQz(é)]JrC—zzS [P1(E)+01(5)—P2(8)—02(8)] (B24)

AoB(&) = i&%sgn(@) [{ P1(§) + 15 Q1(8) + i P2(§) + 15 02(8)]
Cn Ao

+ |:C_22 - _j| [(1P1E) +1001¢) +1Pr(E) +100208)] (B25)

Solving the above equations we get

- VI bR
PO = e [A(s) tlB(é)Sgn(S)] (B26)
018) = L[ (é)—iE@)sn(s)] (B27)
TG e noo
Py(&) = L[ <s>+1§(s)sn(s)] (B28)
BT e nooE
0s(8) = ——— 20 [Z(s) + 1 BE)s n(s)] (B29)
TGy nooE

Substituting the above values of P;(£) and Q (&) in (BS) and (B9), we get the bending moment resultant for
y > 0, as given by

M(])(x y) 4 5 / ![ (é) %}e—ﬂfb’ _ [A(é:) — M]e_nlglyle_igxdé’ y > 0
(tz _t ) 1 15}
(B30)

Similarly substituting the above values of P»(£) and Q»(£) in (B6) and (B12), we get the bending moment
resultant for y < 0, as given by

MO, y) = /[[ @ + 1Bsgn($)] 11|§|y_I:A(g)_;’_M}etzélyle—iéxds,y<0
4 (t2 —l‘l) 153

(B31)
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