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PLASTIC FLEXURE OF ORTHOGONALLY
REINFORCED CONCRETE PLATES

ANTONI SAWCZUK

Institute of Fundamental Technical Research, Polish Academy of Sciences, Warsaw, Poland

Abstract—A method of finding complete limit analysis solutions for orthotropic plates is developed. For a
yvield condition suitable for reinforced concrete slabs, existence of hyperbolic and parabolic stress regimes is
shown. Presence of hyperbolic zones is responsible for differences between the exact and the yield line theory
solutions. Differences between isotropic and orthotropic plate formulas for the yield point loads are shown.
Examples of various boundary conditions are considered.

1. INTRODUCTION

THE yield line theory, its original formulation by Johansen included [1] is applicable to
orthotropic plates. When applied, it furnishes an upper estimate of the collapse load.
No general method existed, however, leading to complete solutions of plastic bending of
such structures.

Recently, Sawezuk and Hodge [2] developed a method to establish complete solutions
for isotropically reinforced concrete plates. It was shown that essentially two types of
load carrying regions unfold in such plates at collapse. These regions are associated with
parabolic and hyperbolic types of equations of the problem. The yield line theory accounts
for parabolic regimes only. This fact produces a substantial difference in the predicted
yield—point load whenever the boundary conditions impose a hyperbolic regime.

Any yield-line theory solution can, in principle, be supplemented by a lower bound
estimate. For orthotropic plates, however, no general method exists for finding statically
admissible stress field and the guess and trial procedures lead to quite distant bounds.
It appeared therefore worthwhile to establish explicitly for orthotropic plates the relations
analogous to those for isotropic ones and allowing a direct integration of stress
equations.

The present note concerns this question. A suitable yield condition for reinforced
concrete plates is formulated in Section 3. For orthotropic plates such a condition has
to be expressed in terms of mixed tensors of moments and plastic anisotropy. The deflected
surface associated with this appropriately generalized ‘“‘square” yield condition is
investigated in Section 4. Stress equations are studied next, yielding the relations concerning
parabolic and hyperbolic regimes. The seventh section gives an analysis of stress discontin-
uities on the lines of change of the stress regime. Specific relations for point lozded plates
are established next and differences with the isotropic case are discussed. Some examples
are given in the last section. The choice of examples is such as to permit comparisons with
the yield line theory solutions and to illustrate the application of the method to mixed
boundary conditions as well as the presence of stress discontinuities and of various stress
zones in a plate.
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2. BASIC EQUATIONS

We consider an orthotropic, perfectly plastic plate. The principal axes of plastic
anisotropy are chosen as Cartesian axes of reference. Let H denote the thickness, M, the
reference yield moment per unit length, and L a reference length in the undeformed middle
plane of the plate. We define dimensionless coordinates, shears, moments, curvature rates
and velocity by

XZX/L, qx‘—‘LQx/MOa mszx/MO""
k.= LK JH, ..., w=W/H

while dimensionless loads by

(2.1a)

p=Q/M, or PL?/M, (2.1b)

for.concentrated and distributed actions respectively. Capital letters refer to corresponding
dimensioned quantities.
The dimensionless form of equilibrium equations is therefore

Myt My = Gy Mgy My, = q,, (2.2a)
9xx+dyy = P (2.2b)

The curvature rates and the transverse velocity are related by
ke = —W,y, ky = —w,,, key = —2wW,,,. (2.3)

In the above, commas denote partial differentiation with respect to the ensuing variable.

In a plastic state the moments must satisfy a yield condition. For anisotropic materials
such a condition necessarily involves the current tensor of plastic anisotropy, C,4,s say.
Hence

f(CaﬁydmaB) = 0, o, ﬂ’ ?, 6 = 1’ 2 (24)
The curvature rates are then given by the associated flow rule
(ke ky, kyy) = V(Of JOmy, Of [Om,y, Of [Om,y), v = 0. (2.5)

Eventually the set of equations of plastic flexure reduces to seven relations for unknown
three moments, two shears, the deflection velocity w, and the scalar multiplier v.

3. YIELD CONDITION
An element of isotropically reinforced concrete plate yields whenever the maximum
principal moment attains the yield value

f+ = max{|my|,|m,[} +1 = 0. 3.0

In a moment space m,, 1, m,, this “‘square”” yield condition generates a pair of intersecting
coaxial cones (cf. [3], [4], [5]). For an anisotropic plate a yield criterion which appropriately
generalizes (3.1) must be expressed in terms of the mixed tensor of anisotropy and moments

mgﬂ = Cﬂﬂvémyé- (3.2)
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If md; and m,, are required to be symmetric the plastic anisotropy tensor must be of fourth
order and C,p,5 = Cgays = Cisap -

In the system of reference coinciding with the directions of orthogonally disposed
reinforcement the matrix C,g,; is of diagonal form. This is equivalent to the statement
that the yield moment for a principal direction of orthotropy depends solely on the
reinforcement in this direction. Hence

1 00 m,
mYy = Copsys > |0 A O - ||m, (3.3)
0 0B My,
and a generalization of (3.1) is
f+ = max{|m?|,|m3|} £1 = 0. (3.4

From (3.3) in what follows the yield moment in x-direction is taken as a reference value
and C,;,5 is dimensionless. In the space of “reduced” moments mg, m?, m2, the condition
(3.4) gives two cones

fo=P—m2FHMEF =0, 0< +(m2+md) <2 (3.5)
whereas in the moment space
fe= Bm2,—(m F1)(Am,F1) = 0. (3.6)

The upper or lower sign is to be used consistently in all equations.

The material constants A and B depend on the amount of reinforcement (here : equally
disposed at the top and bottom surfaces), as well as on the concrete strength. The form (3.6)
with B?> = A was obtained by Massonnet and Save [3] and Nielsen [6] through direct
considerations of response of reinforced concrete slabs to bending. Moreover, Morely [7],
employing bounding procedures concludes that such a particular form of (3.6) is acceptable.
(cf. also Kemp [8], Save [5]). The formulation (3.4) of this yield criterion permits a direct
integration of the field equations.

The yield surface (3.5) consists of two cones in the reduced stress space and intersecting
the plane m2, = 0 on a square. In the space m,, m,, m,, this intersection is a rectangle
(cf. [3], [7] for visualization). On intersection of the cones

B*ml,+mi=1 m, = —Am,, 3.7)

but the associated flow law contains now two scalar multipliers thus the number of
equations is still equal to that of unknowns.

According to (3.5) the absolutely larger principal “reduced” moment is m$ = +1.
Let mo denote the other principal moment and ¢ the angle between the positive x-axis

and the direction associated with m,. Equation (3.5) is then identically satisfied by the
substitutions

mg=(moF1)cos’d +1,  md = (myF1)sin® ¢ il,} 58)

m2, = (meF 1) sin ¢ cos ¢
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Or, restricting the analysis to the case B = /A

m,¥1 = icos® ¢, Am,F1 = Asin? ¢,

D , (39)
My A = Asin ¢ cos ¢, A= (myF1)
where, as above,
2mS, 2m,,\/ A
tg2¢ = X = uld . 3.10
&29 mi—md  m,—Am, (310)

4. DEFLECTED SURFACE

It has been remarked in [2] that a study of kinematics yields a significant information
regarding integration of stress equations for isotropic plates. In view of the analogy
between (3.1) and (3.4) the situation should be similar for orthotropic plates.

(a) Regular moment points
For moment points on the surface f. or f_, which are away from the crease or vertices,

the flow law (2.5) and the relations (2.3) produce

Wx = WAm,F 1) = visin? @,

IXX

w,,, = v(m,F1) = vid cos? ¢, 4.1)

Yy

Wypy = — "Amxy = — v/\/(A) sin ¢ coS ¢'

Equations (4.1) are a set of relations containing three unknowns w, v4 and ¢ and may be
discussed independently of the equilibrium equations. The type of deflected surface can be
established from the sign of the discriminant of the second fundamental form of w(x, ),
Substitution of (4.1) into the discriminant results in

A = W w,,—wh, = 0. (4.2)

Hence the surface is developable, the system (4.1) is parabolic and the characteristics are
straight lines. We note that for the general form of (3.6) when B # /A, the deflected
surface is either hyperbolic or elliptic.

To obtain an explicit form of the characteristics we eliminate w among the derivatives
of (4.1) and remark that further iv and its derivatives can be eliminated, rendering one
quasi-linear equation in ¢ alone. Supplementing this by the expression for the variation
of ¢ along the characteristic we obtain the following system

\/(A)d)’x cos d) + ¢’y sin ¢ =0
¢, dx+¢,,dy = dé.

(4.3)

A simple computation yields

dy 1
o te o, = const. (4.4a,b
dx /A go ¢ )
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Thus the characteristics (4.4) are straight and constitute one family of principal curvature
lines (cf. Fig. 1). Contrary to the isotropic case, however, they are no longer the principal

moment trajectories (cf. Save [5]).

> 9

=t
o~ §
axes of anisotropy

Fic. 1. Characteristics of the deflected surface.

(b) Singular moment points

On the intersection of the two cones (3.8) the stresses satisfy (3.7). Taking the first
principal moment to be positive, thus

mi=1mi= -1 4.5)
we obtain from (3.9)
m, = —cos2¢p,  Am, =cos2¢,  J(A)my = —sin2¢. (4.6)
The plastic potential flow law associated with (4.5) gives

Wiy = (v +v_)cos 29 +(v, —v_), Wy, = /(A)(vy +v_)sin 2¢

4.7
Wy, = —(ve +v_)cos2¢+ Ay, —v_), v, =0, ve >0
The discriminant of w(x, y) is easily found to be always negative
A = W W, ~wh, = —44v,v. <0 4.8)

thus the surface is of negative Gaussian curvature. From (4.7} one obtains the following
equation

AW, —2./(AW,,ctg 20 —w,,, = 0 4.9)

which is easily shown to have the characteristics

dy 1 dy 1
— == et . 3
&~ U4 g ¢, I JA ctg ¢ (4.10a,b)

The net of characteristics is orthogonal only at 4 = 1, thus for the isotropic case studied
in [2].
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Since (4.10) contains the characteristic (4.4a), the hyperbolic and parabolic regimes
juxtapose.

In the stress regions associated with the vertices of the cones the velocity field is
arbitrary but of positive Gaussian curvature and subject to the restriction that the curvature-
rate vector lie within the cone delimited by the normals to the yield surface at the vertices.

5. STRESS EQUATIONS: PARABOLIC ZONE

For regular points of the yield surface {3.5) the moments (3.9) when combined with the
equilibrium relations {2.2a) produce the following two quasi-linear equations in ¢ and 4

1 ) 1
¢,y COS @ +:/_j ¢, sin ¢ = 7(¢(A)qy €os ¢ — g, sin ¢), (5.1a)

1 . . :
'}‘9:( Cos ¢' +:/’,72’3”’y sin ¢ = .f(q,\W qys A ¢" ¢‘>x» Qbsy)~ {Slb)

As a simple comparison with (4.3) shows, the equations are parabolic, with the same
characteristic (4.4).
Along the straight characteristics therefore

g, sin ¢ —\/(4)g,cos ¢ = 0. (52)

This, together with (2.2b) specifies the shear on the characteristic and eventually allows
the integration of di = f(4, p, ¢). The integral takes a form particularly suitable for further
interpretation if the stress equations are transformed into an orthogonal coordinate
system containing the straight characteristics as one coordinate and possessing an envelope
(Fig. 2). Contrary to the isotropic case this system does not constitute the net of moment
trajectories. The equilibrium equations (2.2) take the form

r,nr.r+mr6,0+(mrmm6) = rg,, (533)

FMyg, + Mg g+ 2. = Fqy, (5.3b)

IGret+qes+g.+rpl0,r) = 0. (5.3¢)
Y

/- d
/( & AW

X

FiG. 2. Characteristics in a hyperbolic zone.
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The moments (3.9) transformed to the actual system of reference for which
i

Ja g ¢ {5.4)

tgh =
give eventually

1 .
my = m, sin? 0 +m, cos? 0 —m,,sin 20 = -_I:;i(A sin? 0 +cos? 0)
(5.5)

1. .
Mg = (m,—m,}sin 20+ m,, cos 20 = i;(l—A)sm fcos

In view of (5.5) the equation (5.3) can be regarded as the system for the unknowns
m,, g4, and g,. From (5.3b,c) it is found that

9 =0, rq=C0O- f prr. (5.6)
Hence the moment along the characteristic is
1-4 ., Do) 1
m, = ili—-;lm- 31n29+C(6)+~—9+;fpr2 dr— fprdr. 5.7

For an isotropic case 4 = 1, and the result of Schumann is obtained, [9].
To determine the integration function we have on a simply supported edge m, = 0,
thus the radial moment takes on the boundary the following value

+m, = mgtg® f+2m,ytg f (5.8)

where f is the angle between the boundary normal and the straight characteristic, positive
when counterclockwise, (Fig. 1). To specify the stress field completely, an additional
condition regarding shears is necessary. In this respect there is no difference in comparison
with the isotropic case. It is worthwhile to mention that the ““Affinity theorems™ of the
limit analysis theory {cf. [1], [10}, [13]) apply in a parabolic zone of an orthotropic plate.

6. STRESS EQUATIONS. HYPERBOLIC ZONE

The moments (4.6) are easily shown to lead to a hyperbolic equation for ¢, with (4.10)
as the characteristics. To complete the solution one can transform the equilibrium equations
to the system of characteristics as coordinate lines. The moments being known the
equilibrium equations after elimination of shears lead to one relation between the curvatures
of the coordinate net. The second relation is furnished by the conditions (4.10), specifying
the angle of intersection of the coordinate lines.

Alternatively we can choose for the unknown reference system an orthogonal one,
containing one of the characteristics, the first of (4.10) say, as a coordinate line (Fig. 2).
Along this line

. (A—1)*sin*Gcos’ -4  Am}—1
" A(Asin?0+cos?8)  Am,

(6.1)
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the remaining moments m,, m,, being expressed by the formulas (5.5) for my and m,,
respectively. The shear equilibrium equation and the Lamé condition constitute the system
to be resolved for curvatures p,, p,. The procedure is thus analogous to that explained
in [2], except that characteristics are no longer orthogonal and intersect at a variable
angle .

To compute the load carrying capacity Q of an hyperbolic region the “radial” shear ¢,
is to be integrated along a ““circumferential’ line

Q= f {(—gn) ds,. (6.2)
Q"L)

In the elliptic zone associated with the vertices of the yield surface
mi=md=+l-m =41, Am,= +1, m,=0, (6.3)

as it follows from (3.8). Therefore

thus no load is carried by such a zone.

7. STRESS DISCONTINUITIES

Since the various stress regimes give different analytic solutions, stress discontinuities
must be allowed on the characteristics connecting different zones. Moreover, as in a
parabolic region the radial moment (5.8) depends explicitly on the boundary normal,
a discontinuity can appear whenever the normal is not uniquely specified, thus at the
corners. Since in both cases the connecting characteristic is straight we consider only the
discontinuities allowed by the equilibrium equations in the form (5.3).

On a discontinuity line the following continuity requirements are prescribed (cf.
Hopkins [11]).

[mrﬂ] =0, [ml)] =0, [qe+mr8,r] =0 (1.1

We note from (5.5), (6.1) and (6.3) that neither m, nor m,, depend on the radial coordinate
for any of the stress regimes. Assuming, for definiteness m, positive and employing the
above stated conclusions in (5.3) we obtain the following jump conditions.

[de6] =0, rlg,] = const. [(rm,), ,] = const. (7.2)
Whenever m, = const. on the characteristic, it is
[m,] = r{q,] = const. {7.3)
and the specific value of the constant is easily found to be
[m,] = —mq(tg® Bs —t8> B_)—2mytg B —tg B-) (7.4)
Amdy=1

[mr] = —Mg th ﬁ+ '—2mr8 tg }3+ - Am,; (75}
for a parabolic-parabolic and a parabolic-hyperbolic boundary respectively. In (7.4),

(7.5) tg B+ and tgf_ denote the normals to the simply supported boundary, respectively
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after and before passing the discontinuity line at the point where it intersects the boundary.
Analogous relations are straight-forward to establish for a transition from the load carrying
regions to the zone of uniform bending (6.3), where Am, = A cos® §+sin? .

It has to be remarked that for a smooth boundary, transition from a hyperbolic to a
parabolic zone is continuous. This continuity requirement for m, allows one to establish
the limiting angle S, at which the change of stress regime occurs on a simply supported
boundary. Making (5.8) equal to (6.1) one obtains eventually

JA=( )sin @ cos 8
A sm2 9-%—(:032 0

tg o = ., O0<é@<nn2 (7.6)
The parabolic solution applies for 0 < | < S, and for |f| = B, the stress region is
hyperbolic. If 4 = 1 the known result 8, = n/4 for isotropic plates follows,

The stress equations can be used for estimations of lower bounds.

8. POINT LOADED PLATES

We proceed to establish the formulas for the limit load, in order to allow comparisons
of the orthotropic plate solutions with those rendered by the yield line theory.

Let us consider a simply supported plate subjected to a single point load p applied
downwards at the origin of a polar coordinate system r, 8 (Fig. 3). The plate boundary is
r = p(f) {dimensionless). We assume that the parabolic solution will hold at least for a
part of the plate. The deflected surface is over there of conical shape with vertex at the
point of loading. The characteristics will then be straight lines through the origin. They
form an angle § with the normal to the boundary (Fig. 3)

’

tgf=tgl0—¢) = %. (8.1)

Since the circumferential curvature is positive, the upper sign is appropriate in Section 3.
The function D(0) in (5.7) must vanish because m, has to be finite also at the origin. In
view of the boundary condition (5.8) the moments are:

my = 1+{x—1)cos? @, m,s = (x—1)sin Gcos 4, (8.2a)

m, = _._(/1) _(x_l)[(g—,) coszei(f):) sin 29] (8.2b)
p p p

i

5 €
‘H‘M\ rec nfarcement

FIG. 3. Stress regimes in a point loaded plate.
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where the minus sign applies whenever § < 0. To allow comparisons with the yield line
theory the “orthotropy ratio” is introduced

*=A" (8.3)
Substitution of these results in (5.3) yields
B B pl ] pr 2
qs = 0, ~rg, = 1+ ; +(x—1)jsinf+|~] cos B . (8.4)
p

The range of applicability of (8.1) and (8.4) is to be established from (7.6), which in view of
(8.1) takes the form

(%) (sin® 0+ x cos? B) £ (¢ — 1) sin 6 cos fp— /% = 0. (8.5)

For each particular boundary curve this has to be resolved for 0, delimiting the parabolic
region.

The load carried by a parabolic zone is obtained by integrating the radial shear along
any circumferential trajectory of the deflected surface, (Fig. 3)

81 6 1 '

Py = (-%y&%:f [1+Fﬂ +W—Jxﬁn6ivqcmﬂf]da (8.6)
] ] p p

At % = 1 the known result for isotropic plates is recovered ([12], [2]).

For 0 satisfying (8.5) a hyperbolic zone adjoints the parabolic zone along a straight
characteristic. Such a zone is, as a rule in simply supported planes, bordered on both sides
by parabolic regions. In the actually chosen system of coordinates (Fig. 3) the moments
mg, m,¢ in the hyperbolic zone are given by (8.2a) and

_ (x—1)*sin? 0 cos® 6 —x

8.7
e [—(x—1)cos? 0 ®.7)

The shears follow from (5.3)
rq, = —2x/(sin? @+xcos* ), go=0 (8.8)
and the load carried by the hyperbolic zone OKL in Fig. 3 is obtained from (6.2)

b2 _1(tg b, _. [t by
1 1
- - — . 8.
pn = J;Z rq, df 2\/x [tg \/% ) tg ( \/% (8.9

The total collapse load is obtained summing all contributions (8.6) and (8.9), since
no load is carried by the zones of homogeneous bending (6.3).

When the plate boundary is clamped, the adjoining zone is hyperbolic and the collapse
load consists of contributions (8.9). The situation is analogous to that in isotropic plates [2].

9. EXAMPLES

(a) Simply supported circular plate, loaded at the center

The directions of reinforcing fibers, and thus the axes of orthotropy are as indicated
in Fig. 4. The yicld moments in the directions of orthotropy are

m,= +1, m, = +x, x> 1. 9.1)
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s
_H,H_

A

FiG. 4. Circular orthotropic plates: reinforcement arrangement and boundary conditions.

Since p(0) = r = const., itis f = 0in (8.1) and the entire plate is a parabolic stress regime.
The moments are, therefore

m, =0, mg = 1—(x—1)cos? 0, m,g = (x—1)sin 0 cos 0 (9.2)

and the collapse load follows from (8.6)

/2

p= 4J [1+(x—1)sin? ]1dO = (3 + Dr, 9.3)
0

being equal to the yield line theory solution. Since the stress regime is parabolic in the

entire plate such a result should be expected. The yield line theory, in effect, employs the

parabolic type of relations throughout.

(b) Point loaded clamped plate

For definiteness we take the boundary curve to be concave toward the point of loading.
Because the boundary is clamped the entire plate is in a hyperbolic regime.

The moments are directly given by (8.2a) and (8.7), whereas the shears are specified by
(8.8). The yield point load is therefore

/2
p= 4J0/ (—q)rdd = 4n\/x. (9.4)

The deforming zone covers only a part of the plate.

(c) Circular plate with mixed boundary conditions, lower bound solution

Let the part AC of the plate shown in Fig. 4 be clamped. The zone AOCisin a hyperbolic
stress regime. On the characteristic OC there is the radial moment discontinuity of
magnitude

_ (x—1)*sin® B cos® O —x
B 1—(x—1)cos?0 ~’
since in BOC the moments, m?, are given by (9.2) and in A0C, m", by (8.7) and (5.5).

The collapse load is obtained by adding the contributions of both regions. Simple
computation yields

[mr] = m:' —-m;

9.5)

p=2/x I:Zn—Ztg_l(t\g/—fﬂ +(1 +x)(§—d)) —(xgl)sin ¢ (9.6)

for 0 < ¢ < /2.




238 ANTONI SawcCzuk

(d) Simply-supported rectangular plate loaded at the center

Let 24 and 2B be the sides, B the characteristic length and « = 4/B > 1, Fig. 5. The
boundary curve is

r = p{6) = a/cos 0, 0<0<8,,
1/sin 0, 0, <0< n/2,

,:
Il

where
#, =ctg"ta 9.7
The orthotropy is defined by (9.1), » > 1.

Y ?n»"g e ;
e S
C

F
T o
8 ‘< /@ b !
\ . |
LQLLE B |

o A E X

F1G. 5. Stress regimes in a rectangular plate: (a) parabolic, (b) hyperbolic.

To establish the transition line from a parabolic to a hyperbolic stress regime equation
{7.6} is to be employed for positive

% —(x—1)sin 0, cos 8,

t =ct = ; 9.8
g fo = ctg 0, sin? @, +x cos® 6, ©-8)

It yields

0, = tg~ '/« (9.9)
and therefore the hyperbolic zone covers the range ctg™' « < 6 < tg™ ' /. The diagonal
OD is a discontinuity line for the radial shear and moment.

In the parabolic zones the moments and the radial shear are given by (8.2a) and by the
following expressions

m, = —sin? §.(2—x+1g>6), —rg, = 1/cos* 0 9.10)
for0 < 0 < 0,, < 0, whereas for 8, < @ < n/2, since § > 0, one obtains
m, = —cos2 8. (2x—1+xctg® o), —rq, = »/sin? 0. 9.1

r

In the hyperbolic zone details of the solution must be found numerically but the load
carrying capacity is known from (8.9),

pr = 2n(n/d—ctg ™! oy/x). 9.12)
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Adding to (9.12) the contributions of the parabolic stress regimes the collapse load is
found

4 o 44 + J’"/Z do
= — b4 —_
P/ Pt ,[0 cos? 0 9, sin’f

(9.13)
— a4 (1 +mf2) =2/ ctg T o/
At % = 1 the result for an isotropic plate is recovered, {2].
For a plate strip, « — oo and
p =2Jx(n+2). (9.14)

Influence of the reinforcement arrangement on the load carrying capacity is illustrated in
Fig. 6, where also a comparison of (9.13) with the yield line theory solutions is given.

/4

22

1 2 3 4 5
a - -

FI1G. 6. Collapse load for orthotropic plate; exact: (a) x = 1, (b) x = 1, 5; yield line theory: (c)
x=1(d)x=15

(e) Clamped circular plate loaded at two points, lower bound solution

In plates loaded by systems of concentrated forces discontinuous stress fields develop.
For the case shown in Fig. 7, CB is a discontinuity line on transition from the hyperbolic
region AC to the zone of homogeneous stress.

In the hyperbolic zone m,, m,q, m, are as given by (8.7) and (8.2a) respectively, whereas
in OCB

me=1, my=x  m,=0. (9.15)

This homogeneous stress field satisfies on OB the continuity requirements [m,] = [m,¢] = 0.
The radial moment and shear have the discontinuity

[m,] = r[g,] = —2x/(sin? 0+ cos® O). (9.16)
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A ! X

F1G. 7. Two point loaded circular plate: discontinuous field (a) homogeneous bending, (b) hyperbolic
regime.

As it was pointed out earlier, the zone of homogeneous bending carry no load. Thus the
load carrying capacity of the plate is found from (8.9) to be

p =8 /n[m—ctg”tay/x]. (9.17)

The method can readily be applied to other examples. It is to be noted that for the
yield condition (3.8) no essential difference exists between the procedure of collapse load
evaluation for isotropic and orthotropic plates. The respective relations for collapse loads
differ however, since the characteristics are no longer lines of principal moments. Kine-
matical conditions on a clamped boundary require a special study.
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AbBerpaxT—IIpeaAcTaBaAeTCA METO OlIPeJCIICHHA TIOHBIX PEIEHUH TPAHUYHOTO COCTOAHUSA A/ OPTOTPO-
MELIX IUIACTHHOK. [ToKa3aHO CylLeCTBOBaHME THNePOOIMYECKUX PEXMMOB HANPSKEHUH IUIs YCAOBUS
TEKY4eCTH, COOTBETCTBYIOWIETO XKene300eTOHHbIM Iuutam. Hanuywe runepobonuveckux obnacteit
BLILIBAET PAa3HULBI MEXAY TOUYHBIM DELICHHWEM M DEUICHHEM TCOPHM JiIMHMH NiepesioMa. VYKa3piBaloTcs
pasHuIBl Mexay (opMynaMH H3OTPONHOW M OPTOTPONHOH IUIACTMHKM JUIA MPENESHbIX HArpy30K.
PaccMaTpuBarOTCA NIPHMEPBI NIPHU PA3HBIX TPAHUYHBIX YCIIOBHSX.



