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I. THEORY OF STRESS

1.1 STATE OF STRESS AT A POINT.

Tractjon: stress vegror

Consider a material body under applied loading, in équilibrium or
in motion. Internal reactions exist at internsl surfaces if the body
is separated into two parts, e.g. separated by a plane-cut n-n,

The resultant action-reaction are equal in magnitude and oppoéite in
direction by virtue of Newton’'s third law. For a continuously

extended material in which the ingernal force over the internal area
near the neighborhood of a material point is called the traction, or
stress vector, at this point on the given internmal plane, Fig.1l.1-1,

=(n)
ar~ (1.1-1)

It is clear that the total force vector acting on AA, af (n) can be
broken down into one normal and two shear components, mutually
perpendicular to each other. The stress vector obtdined in Eq.(l.1-1)

is a point function on the plane-cut n-n. Note that
SOV SN | (1.1-2)

When the traction over any closed surface gives rise to vanishing

resultant force and moment, the system of stress vector is said to be

self-equilibrating.



1.2 CAUCHY FORMULA. CHARACTERIZATION OF THE STATE OF STRESS AT A

POINT.

. Let a plane-cut pass through the same point P on the plane-cut n-

n, a new stress vector T (n*) is obrained at point P, Fig.l.2-1. The

stress vector 1s seen to depend on the orientation of the plane-cut

through a point. This requires an investigation as to how many plane

cuts does it need to have in order te know the stress vector for all

plane curts.

Consider now a tetrahedron with mass Am, acceleration a, in the
neighbarhood of point P as represented in Fig.1.2-2. The internal
;1;;;3 on each of the plane cuts are denoted as AF(_X), Af('y),A?(-z).
Af(n) with the supersceript indicating the normal vector of che.plane-

cut. Applying Newton's second law and dividing by the area b4, it

can be easily obtained at P, in the limit 4A  ~ 0, the following
+(n) '

relation between the traction T and n:
=(n)-_ - c #(X) o2y | o os(2) )
T n . [exT + eyT + zT ] (1.2-1)
where e , € , e_ are units vectors in the X,y,z axes, respectively.

Y z

The relation given in Eq.(l.2-1) 1is referred to as the Cauchy formula.

Writing the traction vectors in their component form,

$X) L i v e +a e (1.2-2)
xX X Xy'y Xz z

- (y) _ - - “ )

T ayzex + 0 ey +-ayzez (1.2-3)

.(2) - - . )

T -0, .8 + ozyey + o €, _ (1.2-4)



then Eq.(1.2-1), i.e. the tractions on & plane with outer unit normal

n becomes

(n)
Tx el + oyxny + 9, <Pz (1.2-5)
(n)
Ty axynx +_ay_yny + azynz (1.2-6)
(n) _
Tz oxznx + ayzny + azznz (1.2-7)
or
(n) _ = - (n) _
T - gen Ti ojinj (1.2-8)
where
n-ne, + nyey + ne, : (1.2-9)

Cauchy formula stipulates that the state of stress at a point is
completely characterized by stress vectors, or tractions, on three
mutually perpendicular planes as the traction on any plane of given

outer unit normal can be obtained from Eqs. (1.2-5) to (1.2-7).

1.3 NOTATION.

Rectangular Co-ordinates (x . v,zY: Fig.1l.3-1

“%x ‘xy “xz
(G) = | o %yy %4z (1.3-1)
g o



“rr “re Tz
(o] = %9r %9r %2 (1.3-2) _
T2r azﬁ crzz
Spheyical Co-ordinates (R, ¢.4}, Fig.1.3-3
%28 °Ré °Ré
{O’] - UBR 039 'dﬂé (1.3-3)
“eR  TerR T4

-
vdl:

1.4 PRINCIPAL STRESSES AND DIRECTIONS

The stress tensor is a symmerric second rank tensor and the

direction cosines of the principal direction n is determined by using

Eq.(A.1-45) or (A.l-46)

(axx-a)nx + ayxny + L 0 . (1.4-1)
- ‘. - -

ay_xnx + (ayy a,ﬂy + oyznz o (1.4-2)

Texx * %zy"y + {o -0 = 0 (1.4-3)

For non-trivial solution, the dererminant of coefficients wvanish,

i.e.,

o - a
xX Xy Xz
o__-a -0 A
Tyx yy ¢ yz (3.4-4) _
T 2x T2y 9227 ¢



or

s 2. . . .
c - Ia c + IIU o - IIIa -0 (1.4-3)

from which the roots O+ aII' aIII are obtalined. They are the
b
principal stresses and upon sustitution of these values in Egqs.(1.4-1)

to {(1.4-3), the corresponding principal directions can be obtained.

1.5 STRESS INVARIANTS. STRESS DEVIATOR

o= (g +0o +a__32/3 . (1.5-1)

Sxx .7 Txx” 9 (1.5-2)
s S Ty T 1.5-3
vy ( )
S22 = Tzz” 9 (1.5-4)
sxy - axy' syz - ayz' S, " Ty (1.5-5)
tress Invarfants I, IT , III :
o) [»3 (=4 7
e =% * ayy P2 T O Yot oIIn (1.5-86)

X 2 2 2

II =0 o + a0 +¢ ¢ -¢ -0 -a¢a

o XX YY Yy zz zz' xx xy y7 zx
, = %1%11 Y %1%t %11 (1.5-7)
2 2 2
I, - x®yyPzz ° Ixx%yz " Iyy7zx T %z2%xy +,26xyayzazx

(1.5-8)

= 91%11%111

vhere a., %11+ 9111 are the principal stresses.

I



*1.6

Let a,,
1]

ordinate systems x and X', then

24

or

i

2 2 2
= 911311%922%127733%13

STRESS TRANSFORMATION, Fig.A.1-2

(x') - a, (x), 4,9.p.q = 1,2.,3

a. ag
ip“ja pq

2 2 2
911221%922222%933%23

2 2 2

+20

+20

0118914099837+ 7 338334201 ,34,34,

(911211%921312%9312130 31

12%11%12

12%21%22

+20

+20

+20

13%11%13

13921223

13431433

+2c

+20

+20

be the direction cosines between two orthogonal co-

(L.6-1)

2331213 (1-
6-3)

23222823 (L.

23337833 (1.6-4)

+(019311%992812%9322313735,

+(0)4811%993312%933813) 4,3

(911321%9721822%931223733

(L.6-5)

+019851%992822%932853) 35,

+(019851%993897%0 34394344

(097811%921212%731213)23

“(919311%92212%732%13) %32

+(019871%973312%9332313) 355

Cvlindrical Co-ordinates: Fig. 1.6-1

a.. r 8 z

11
X cos 4 -sin § 4]
b sin 4 cos # 0
d 0 0 1

z

c__=cos # @ + sin 24 o

rr xx x
o 4" fin 24 (ayy-dxx)/z + u?s ?5 g

r#

-

2

+ sin f o

-6

L me—— e e

xy

————, T

(1.6-6)

(1.6-8)

{1.6-9}

(1.6-7) -

1.2



2

2
088',Sin § @ ” sin 28“éxy+ cos # ayy | (1.
g = cos # ¢ + sin # o (1.

rz Xz ¥z
T -sin § o + cos § Oy (1.
92z Y22 (1
and

2 . 2
o x~ COS 8 S s;n 8 ITh sin 24 o . (1

2 2 : .
ayy- sin § g ..+ cos 8 T sin 24 7 s (1.
22" “zz (1.
axy-[(SLn 28)/2]( arr-aﬂﬂ) + cos 2§ L '(1
9, = COS O, .- sin ¢ %4 (1.
9" sin ¢ o, + cos 8 9.8 - (1.

Spherical Co-ordinates: Fig. 1.6-2

(L)

ai1 R d s

X sin ¢ cos # -sin @ cos ¢ cos §
¥ ?' sin ¢ sin ¢ cos §  cos ¢ sipn ¢
z . cos ¢ 0 _-sin 4

-2 2 3 7 2
= (5in ¢ cos §) axx+ {sin ¢ sin #) oyy+ c?s $ o

“RR zz
] 2 - -
+ sin ¢ sin 24 axy+ sin 24 cos ¢ O n + sin 2¢ sin # oyz (1.
L2 28
9,4~ Sin § axx+ cos ayy' sin 24 axy (1.
- .3 . 2 2 2 2
944" (cos ¢ cos #) 7ext (cos ¢ sin &) ayy+ sin ¢ e

6-10)
§-11)

6-12)

.6-13)

.6-14)

6-15)

6-16)

.6-17)

6-18)

6-19)

6-20)

6-21)



2
+ cos ¢.sin 28 axy_ sin 24 cos § axz-sin 24 sin # ayz

%pg” -%(sin ¢ sin 2¢) ot %(sin ¢ sin 28) oyy

+ sin ¢ cos2é oxy' cos ¢ sin ¢ azx+ cos & cos #§ o,

g, = -%(cos ¢ sin 28) Tox ¥ %( cos ¢ sin 28) ayy

8¢
+ cos ¢ cos?f axy+ sin ¢ sin ¢ S sin ¢ cos ¢ ayz
1, . 2 1 2 1
- ! -z(gi
0R¢ 5(sin 2¢ cos #) 0x3+ z(sin 2¢ sin #) ayy 2(sm 2¢)azz

1 .
+ 251n 2¢ sin 24 axy + cos 2¢ sin ¢ oyz

+ cos 2¢ cos 6§ ©
zX

(2)
aii R ¢ ¢
o sip ¢ _ 0 cos ¢
f Q 1 0
z cos & 0 -sin ¢
3 2 2 *
apgp~ Sin P arr+ cos ¢ o,,% sin 29 %z
%96” %54
2 , 2
a¢¢—'?o§ ¢ o .t sin ¢ Ors” sin 24 .
Th sin ¢ ar3+ cos ¢ PR
°g¢' cos ¢ 94" sin ¢ aoz
1, . 1, .
Op," 2(51n 2¢) S i(sln 24 o % €os 24 o,

(1.

(1.

(1

(1

(1.
(1.
(1.
(1.

(1.

6-22)

6-23)

.6-24)

.6-25)

.6-26)
6-27)

6-28)

6-29)
6-30)

&-31)

14



*1 7 GEOMETRIC REPRESENTATION OF THE STATE OF STRESS AT A POINT.

-

Filg.1.7-1
ame’ ess id

Let the Cartesian co-ordinate I,II,IIT be coincide with the

principal axes of the stress tensor, then from Eqs.(l1.6.1) to (l.6.4)

wve obtain:

{n) (n)

(n) 2 2 - 2

[Ty

Eq. (1.7-1) represents an ellipscid that is the locus of the end
(n)

points of the traction vectors T' ’.

Cauchy's Stress OQuadric, Fig.1.7-2

Let
N = normal component of traction vector
- 1™ 5 (1.7-2)
and
x = any vector along n, say OP
- |oP| n _ (1.7-3)
then
.2 . - - .
SEFTICE SRR S[ERRpeS
- K, . 7-4
aij xlx] _ {(1.7-4)



Consider the Cauchy’s stress quadric

-

2 2
-f(x,y,z}) = -aijxixj * ky = 0, k, = constant (1.7-5)

Let aij - oji

stress tensor, the Cauchy stress quadric then takes the form:

and X, be spanned in the principal directions of the

2 2 2 2 :
al(xl) + az(xz) + 03(x3) - * kg (1.7-6)

Let o, 2 0, > 04, then Eq.(1.7-6) represents
(a) an ellipsoid, if

2
o) > 0, > 04 >0, (+kg);

2
0> o) > g, > 04, (-kg)

{b) an ellipsoid of revolution if principal stresses are of the
same sign and two of them having same values, {.e.,
gy = 02’ or o, = 03,or o4 = 0y

{(e) a sphere if a) = 9, = 94

(d) a hyperboloid of one sheer if

: 2

oy 2 0, > 0, oy < o, f (+ky)

(e) a hyperboloid of two sheets if
2

oy = 02 > 0, 7 < 0, (-ko)

Mohr's Circle, Fig.1.7-3

Let x be spanned in the principal directions 1,2, and 3:

(L.7-7)

-10- 1o



from which
2 2 .
nx - [(02' N)(03' N) +5 ]/[(01'02)(01'03)]
2 2 :
ny - [(03- N)(al- N +§ ]/{(az-aa)(az-al)]

2 2 '
n, = [(al- N)(az- N) + 5§ ]/[(aa-al)(a3-az)]

For given N and §5: .

2 2 2

(N - (oz+a3)/2] + S = L n_ = constant
! 2 2

(N - (a3+al)/2] + 85 - ry, ny - constant
2 2 2.

[N - (al+02)/2] + 5§ = rz, nZ-- constant

\J
o

2 ! 2
r, = nx (01' 02)(01' 03) + [(02' 03)/2}

|
(=]

T, - n; (02- 03)(02T al) +-[(a3_ 01)/2]2 >

v
[

. 2 - . 2
r, - n, (03- 01)(03' 7,) + [(0;- 02)/2]

-11-

(117-8)

(1.7-9)

a

e

(1.

(1

(1.

(1.

(1.

(1.7-

(1

.7-10)

.7-11)

7-12)

L7-13)

7-14)

7-15)

7-16)

~J
Pt

~J
~—

.7-18)

-]



B i e B e

{a)

(b)

(c)

Any given state of stress at a point is bounded between the
three circles shown in Fig. 1.7-4, i.e. the shaded area.
The largest and smallest normal stresses are

and o4 respectively.

9y ‘
The absclute maximum shear stress is r - (o,-0.)/2

max 173
The location of the center of the circles depends only upon

the spherical part of the stress tensor and the deviatoric

part of the stress tensor governs the size of the circles.

1.8 EQUILIBRIUM EQUATIONS, Fig.l.8-1

Force equilibrium condition:

JIfy & - pav + [ $™as - 0

~ JIfg(Eg - a4 T, 8s =0 | (1.8-1)

yields equations of equilibrium:

+ f « pu - g + f, = pu (1.8-2)

ji,37 T Y

Moment equilibrium condicion:

Il o x (£ - puydv + IIS tx T(Mas - 0, r - position vector

- [If, e g%y (B - ) + J1s e % T -0, (1.8-3)

-12-
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leads to the symmetry in stress tensor:

e =0 - eijkajk -0 ajk - akj (1.8-4)
where e is permutation tensor defined in Eq.(4.1-3)
Rectangular Co-ordinates, (x.v.z), Fig.l.8-2
Baxx/ax + aoyx/ay + 3azx/3z + fx -0 ; -p ux) (1.8-5)
0. /ax + da_ /3y + do_ Jdz + £ =0 ( = p u .
axy/ x ayy/ b azy/ z + v ( ‘ P uy) E {(1.8-6)
aaxz/ax + aayz/ay + aazz/az + fz -0 (=-p hz) (1.8-7)

Cylindrical Co-ordinates. (r.#.z), Fig.1.8-3

3o, )/3c + % 80_,/38 + 80, /82 + (o, = 9,,)/T + £,= O (=pu_) (1.8-8)

3(a, )/0x + % 20,730 + 80, /32 +20_,/x + £4= O (=ply) (1.8-9)
a(azr)/aa + % aaza/aa +r aazzjaz + arz/r + fz- 0 (-puz) f (1;8-10)
Spherical Co-ordinates, (R.§.4), Fig.1.8-4
aaRR/BR + (aaRa/aa)/(R sin ¢) + (30R¢/aé)[R
+ [cot ¢ 94 + (2GRR- Th aéé)]/ R + fR- 0 (puR) (1.8-11)
BGRB/BR + (Ba¢a/a¢)/R + (3099/35)/(R sin ¢}
+{30Ra + 2cot ¢ Uée]/R + fs -0 (—pua) . (18-12)
BaRé/aR + (aa¢¢/3¢)/R + (6a¢¢/89)/(R,sin é)
+ [3ogy + (eot $)(oy, - oy )I/R + £, =0 (mpuy) (1.8-13)

-13-
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1.9 PROBLEMS

1. Determine the principal stresses and directions for the state

of stress at a point given as follows:

2 4 -6
4 2 -6
- -6 -6 -15

{(a) Using Eq. (1.1-45) we find

2-0 4 -6
4 2-0 -6 =0
-6 -6 -15-0

or

(o - 9(e + 2)(e + 18) = O

The princiial strésses are: Sk 9, azf';Z,-a3- -18
{(b) Substituting each of the principal values in Eq.(1.1-1)

and noting that n is a vector, we obtain:

o= 9. my= (273, 2/3,  -1/3)
o,= -2, hm (120 1702, 0)
o,=-18.  ny= (1//18, 1//18. 4//18)

Note that D ¢ Np= Oyt M= nge 0= 0, i.e. the principal

directions are mutually perpendicular.

-14-
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2. Let o). 7y and a4 be the principal stre;;es ~hat span the

stress space. Show that the equation

2 2 2 2
(sl+ 52+ 53)/2 -k . 1,2,3 are principal directions

$; m 9y - (al +t o, + oo, )/3 i=-1,2, 3

k = constant

represents the surface of a cylinder and the radius of this cylinder

is p = /2 k, Fig.1.9-1.

3. (a) Find the rectangular components of the traction vector T

on the plane with unit normal vecrtor (1//3, l/JE, -1//3) and (b)
determine the normal and tangential components of the traction vector

if the state of stress at the point is given as:

3 1 4
c=- |1 2 -5
4 -5 0

Ans. (a) From Eq.(1.2-5) to (1.2-7)

T - 3q1/03) + - (/)% 4e(-17/3) = 0
T~ (L/73) + 2+ (1//3)- (-5)(1//3) - 8//3

T - Lo (L/3) + (-Y(1//3 + 0 = -1//3

-15- 21
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Hence:

T- (o0, 8//3, -1//3), T =653
{(b) Normal and shear components are

TN -=-n+«T="0.3

T - (T - 19)Y? = (38512

4. For the given stress fileld,

2 2
g = 3x + 4xy - 8y

XX
2 2+ Xy + 3 :
o = 2x
yy?zsy’
xy ~ -x /2 - 6xy - 2y
¢ mo _mo =0
xz yz @ zz

(a) Does equilibrium exist in the absence of body force?
(b) What conditions does this stress field impose upon a

region bounded between 0 < y s 1 and 0 < x < 1?7
Ans.:(a) From Egs.{(1.8-5) to (1.8-7)

.aaxx/ax + aayx/ay - HX +f4y +(-6x-£.y) -0

a ax + do__ /8y = -x -6y + (x + 6y) = O
9 x/ v/ %Y y + < ¥)

Hence, static equilibrium conditions are satisfied in the absence
of body forces.

2 2

(b) x = O: T ex -8y , ' g = -2y
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- 2 2
x=1l o, = ; + 4y - 8y , axy - -1/2 - 6y - 2y

2

. - 2
- 0: - 2x , - - 2 -
y o oyx x /

Yy

2 2
¥ = 1l: ayy -2x + x + 3, ayx - -x /2 - 6x - 2

Note that only components of the traction vector

appears on boundaries.

5. The stress fileld in a continuous body is given by:

1 0 2x
{aij] - 0 1 -2y ‘ (1.9-1)
2x -2y X :
(a) Find the stress vector at a point H:(l,“l*.O) on a
' 2
plane - with unit normal_ﬁ:(l , 1 . “l“)
' 22 Vel
(b) What are the normal and tangential scresses acting on
this plane?
(¢) What are the principal stresses and the principal

direction that corresponds to the smallest principal

value at this point.

6. List boundary conditions in terms of tractions or

as appropriate for the following loaded structure, Fig.1l.9-2.

7. For the following stress tensors

(a) find the eigenvalues

(b) find the eigenvecctors

(c) show that the elgenvectors are orthogonal

-17-
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{d) find the transformation matrix required to go from the

original coordinate system to the principal coordinarte

system.
1 0 0 2 -1 1
0 3 -1 -1 0 1
0 -1 3 1 1 2

8. The stress field in a continuous body is given by:

10 2y
(oy5) = 10° 0 1 4x psi.
2y  ax 1

Find the stress vector T at a point M (1, 1, 1), acting on a plane
X -y -2z=-1.,

9. The state of stresses at a point is given by:

10 5 -10

(oyy) = 102 5 20 15 psi.

-10- -15 -10

Find the magnitude and direction of the stress vector acting on a

plane whose normal has direction cosines (1/2,1/2.1/15); what are the

normal and tangential stresses acting on this plane?

244
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10. In a solid circular shaft subjected to pure torsion,
the stress field is given by:

-

0 0 -Cy

[aij] - 0 0 Cx

-Cy  Cx 0

where C is § constant. At the poin; whose coordinates are (1, 2,IA),
find:

(a) the principal stresses

{(b) the principal directions

(c) the maximum shearing stress and the plane on which it

acts.

11. At a point M of a continuous body, the components of the

s5Cress tensor are:

1 -3 2
[aij]-103 3 4 /1| pst.

2 -2 s
(a) Find the principal stresses and the principal
directions.

{b) Obtain the normal and tangential stresses on a.plane

whose normal has direction cosines (1/]5, 1//3, l[/?)
with respect to rhe reference axes.

{¢) Find thé octahedral normal and shearing stresses.

(d) What ‘are the invariants of the spherical and the
deviatoric components of this stress tensor?

(e) What is the equation of the stress quadric?
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12.  Find che components of the stress tensor of Problem 1.9-1l

in a system of coordinates whose axes have direction cosines

(0, 0, 1), (/2. 12/2, 0y, (1//2, -1//2, 0).

13. A very thin plate is uniformly loaded as shown, Fig.1.9-3.

Among all the planes that are normal to the plane of the plate, which

ones are the principal planes and what is the value of the stresses to

which they are subjected?

14, For the following states of stress at a point, use Mohr's
circle to obtain the magnitude and directions of the principal

sStresses:

(a) o)) = 4,000 psi, ‘o,, =0, o, = 8,000 psi

913 =933 T %33 =0

(b) o,, = 14,000 psi, o

1 - 5,000 psi, o, = 6,000 psi

22

9137 %3 7 %33 -0
(c) o, = 12,000 psi, ézz - 5,000 psi, 0,5 = 10,000 psi

913 T 23 " 933 = ¥

15. 1f the stress tensor at a point within the body is given by

" 1000 200 0
200 -600 -400
0 -400 0

find the normal stress in the direction n, where n is the unit vector:

-20- 26



16. Consider a body gnder a state of biaxfgl shear:

0 Xq 0 -
Xq 0 6] Xy = 2
0 0 0

Find the principal axes and the principal stresses at a point in the

‘body with coordinate (0} 1, 2).

17. For the state of stress shown in Problem 16, find the stress

tensor with reference to a coordinate system rotated 60 about the Xq

axis by the right-hand rule.

18. Find the spherical and deviatoric stress tensors from the

stress tensor shown in Problem 9,

19. A stress field is given by:

- 3 2
Oy ” 2x7 + ¥y axy -z ;
3
ayy - 3Ix~ + 20 Oz = Y (1.9-2)
o - 3y2 + 32 g = x
zzZ i yz

What are the components of the body force required te insure

equilibrium?
20. Show that the conditions on stresses at a point that

-0, O._=0o.__ , o =g (1.9-3)

_21- 2
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continue to hold even 1f the element shown is in motion and has an

angular acceleration like a rigid body.

él. Suppose an elastic material contains a large number of
. evenly distributed small magnetized particles, so that a magnetic
field exerts on any element dx dy dz s moment dx.dy dz about an axis
parallel to the x axis. What modificstion will be needed-in Eqs.(1.9-

37

22. Consider an elastic solid acted upon by bedy forces that
exert moments M per unit volume {as in the case ol a polarized
dielectric solid under the action of an electric field). Show that in

this case, eqs. of equilibrium must be replaced by .

‘ijk ajk + Hi -0 : (1.9-4)

What can be said in thls case abour the symmetry of the stress

components?

no
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" Fig. 1l.1-1 Internal force acring at a point P
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Fig.1l.2-1 Differently oriented cut at point P
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Fig.l.2-2 Stress vector T on a surface element with u.ait
outer normdl. vector W
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dx

v3 T

dz
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g - ¥YX
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Fig.l.3-1 Stress tensor on a material element at a
point {(stresses on negative faces not shown)

Fig.1.3-2 Stress tensor ¢ on a material element orienced
in (r,%,z) co-ordinates at a point



Fig.l.3-3

o
Stress rtensor ¢ Oon a material element oriented
coordinates at a point

in (R,8,9¢)
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Fig.l.6-1 Unit vecrors in cwvlindrical
coordinate svstem (r,8,z)

Fig.1.6-Z  pnic vectors in spherical
co—ordinate system (R,%.9)
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Fig.l.7-:

Fig.l.7-:

Lame'

stress ellipsoid

L

ho |

-
-

Cauchy's stress quatric
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Fig.1.7-3

constant

Mohr's circles on stress
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Fig.l.7-4

“ohr's. ci=cleS on stress:
absolute maxioum shear
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Fig.1.8-1 Solid body under surface traction T and body force f -
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opy {30y, /3y )y

4 - /3 g —
o z+(°cyz'°Y)d} ~ (dm)a

Gy t(30,,/ 370y Czps
yx ¥X . :: | Cz
—::;J 1.2 & +(30 /ax)dx
. | Gy~ ¥~ t//; : +(oo /Gx)dx
1 " 1 N

el — c -~
Oxx zy ;/1 Ouy* fagxx/cx) dx
o Oz :(‘szfaz)ﬂz _ X
xv
+{3 ’752 dz 6’

\Z

;y+(302y/32)dz J

Ovy

Fig.1.8-2 Equilibrium in the neighborhood
of a point
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Fig.l.9-1



- Fig.1.9-2 Square plate with center hole
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Fig.1.9-3 Thin plate under applied stresses
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