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ANALYSIS OF DUCTILE FRACTURE AND ITS
APPLICATION TO 200~-AREA WASTE TANKS -~

INTRODUCTION

Studies are currently in progress to formalize operating limits for thef
200 Area waste tanks as related to potential ductile brittle fracture
mechanisms. Ductlile fracture mechanlsms are important in specifying
susceptibility to damage from overstressing due to exceeding fill
limits and under earthquake conditions. It is likely that brittle
fracture becomes important 1f operating temperatures of the tanks

fall bhelow the nil ductility transition temperature. This memorandum
describes the method of analysis used in DPST-74-557 which provides

the bases for Technical Standards that are being developed to establish
411 limits for 200 Area waste tanks. Studies related to brittle
fracture will be published by the Nuclear Materials Division.

SUMMARY
ler
analysis of m
. to failure.
2. A simple relationship between crack initiation 1oading (onset of

ductile tear) and crack length is obtained, and has been recommende
as operating guidelines for the cracked waste tanks(l




J. M., BOSWELL -2 - DPST~-74-558 « f;; el

- . - ¢

L}

DISCUSSION .

Early RED efforts consisted of reviews(l’e) of the Blume study(ﬁ) on
the hydrostatic and selsmic responses of the tanks, assistance( ) to
Separations Technology for hy&raui%s testing of a new Type III tank
end independent stress analysis(5,0) of all three types of steel
containers. RED drafted a short review(7) on metal fracture and
participated in discussions of the fundamentals of fracture mechanism
with authoritles within and outside of SRL.

A, Analytical Development

Metal fracture can be generally described in terms of two fundamental
fallure. In principle, any metal 1n tenslle stress 1s potentially
cepable of either type of failure. Glven the material properties,
the fallure mechanism depends on the loading conditions, among which
the three domlinant factors are temperature, strain rate, and tri-
axiality of stress., Brittle fracture 1s relatively insensitive to
loading influence and the maximum principal stress 0y 15 regarded as
an intri?éﬁc property of material, i.e., the ability So resist cleavage
fracture\®), Material resistance to shear slippage 9) reduces as
temperature increases. Let {, denote the normal stress required to
Induce slippage on a shear plane, at low temperatures, @, > ¢ and
brittle fracture controls the failure mechanism. As temperature in-
creases, {7, may decrease to & level below @y , and the material
may undergo a large extent of plastic flow until ductile tear occurs.
The temperature at which (=0 is called nil-ductility temperature.
Due to heterogenelty of composition and variance of manufacturing
conditions of structural steels, nil-ductility of a steel is charac-
terized by temperatures varylng over a finlte range, so the term,
nil-ductility transition temperature, is usually referred to in
engineering practices. Dependence of (n on strain rate is less
pronounced. The tensile test results(10) at & strain rate of 10~
per second, which 1is roughly the straln rate on the waste tanks

due to earthquake, does not differ significantly from that of a
standard test. Consideration of embrittlement of metal due to

gstrain rate becomes important in cases involving explosive loading.
Thermodynamic aspects of metal fracture are current topics of
experimental research and various proposed equations of state have
yet to obtain universal acceptance. The effects of temperature and
straln rate are schematically illustrated in Figures 1 and 2
regpectively.

Slnce ductile tear is a post-yilelding phenomenon, {p 1is essentially

the maximum shearing stress of Tresca's criterion which is a function

of the difference of the maximum and minimum principal stresses,

Hydrostatlic compression or tension does not influence 0, 3 however,

it raises the magnitude of the meximum principal stress, so triaxiality

of stress tends to favor brittle fracture of the two competing mechenisms.
For thin plates or shells, the stress component normal to the plane of

the plate or shell is small and the effect of triaxial stress is minimal. .

Among the %gi?ries of plasticity, only the incremental theory of
plasticity 18 capable of describing responses of materials exhibiting

L

L
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strain-hardening effect. Owing to nonlinearity of the incremental
constitutive relations, analytical solutions involving mixed boundary
conditions have yet to be developed. (A few simple boundary-value
problems have been found. Among them, the most noteworthy are
expansion problems with cylindrical and spherical symmetries., See

" Chapter V of Reference 11.) For plates containing cracks, numerical
solutions are obtained according to incremental plastici%Y gormulation
(Discussion Section B) by the method of finitie elements(12) (Discussion
Section C). To simplify calculation, (1) the stress-strain curve of
the tensile data is approximated by two straight 1line segments; i.e.;
linearly elastic up to the yleld limit and constant rate of strain
hardening up to rupture, (2) triaxiaslity of stress 1s approximated
by plane-stress state, and (3) the loading is considered quasi-static,
so relatively large increments of loading can he adopted. Material
ductility is implied by the stress-strain relations. Conversion of
the engineerinﬁ stresg-stralin curve to the true stress-strain one
(Flgure 3 and 4) is discussed in Section D.

A computer code weas written to compute the stress and strain components
of 262 elements, and displacement and force components at 149 nodal
connections for a finite rectangular plate containing a center crack
of arbiltrary length under uniform loading remotely applied in a
direction normal to the crack dimenslon. Input to the code requires
the material parameters (modules of elasticity E, strain hardening
rate H, Poisson's ratio + , yileld limit Y and rupture stress O, ),
- carteslian coordinates of nodes, and designation of the crack tip node.
. In assigning coordinates certain judgment on the size distribution of
elements 1s necessary for accurate solutions. In principle, smaller
elements should be near the area where stress gradient is large. In
general, the area adjacent to the crack tip requires most attention.
For lncremental loading, the code in effect solves a series of mixed
boundary-value problems for loading increments, and tabulates results
of stress and deformation, which reveals the gradual change of pattern
of plastic zone at every step of load increase until rupture stress 1is
reached for one of the elements where ductile tear initiates.

For two kinds of steel, A285B (Type I and II tanks) and ASTM 516 grade
7C (Type III tanks), and six values of L/W, ratio of crack length to
plate width, the results are given in Figures 5 to 16, where the
growth of the plastic zone is indicated by sclid curves corresponding
to the magnitudes in KSI of applied tension; and the dashed curves
gsignify the largest extents of plasticization prior te ductile erack
propogation.,

Plotting the maximum applied stress at initiation, or defined as

failure stress, Oy , against the geometry retio L/W, the curves
(Figure 17) can be described by a simple parabolic relation,

0, = Y{(1r-L/w) 2

where the yield limit (Y ) is the only material characterization.,
. vValidity of this relationship supported by RED tests on three kinds

8
of steels at rocom temperatures 18), It is of interest to note that
such a square-root type of functional fogm with a single material
13) based on energy considerations.

constant was also derived by Gensamer(
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As reported in References 5 and 6, for all three types of steel
contalners, the area of high stress 1s a few feet above the knuckle
top, and the hoop stress in the area 1s significantly greater than
the meridional stress, therefore, a sizable vertical crack 1ln the
area is deemed as most undesirable. Direct application of the plate
fracture results to the high stress area of the tank wall is based
on the following considerations of similaerity and approximation:
1. Due to the large tank radii, the cylindrical walls are
considered as flat plates.

2. In the vicinity of maximum hoop stress, the meridian stress
on the neutral surface is practically zero, so the hoop stress
is equivalent to the applied uniaxial load.

3. The vertlcal gradient of hoop stress is relatively small in the
area of interest so the hoop stress is aspproximately uniform.

Lo o o N Y- Y- Loy I Y
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Use of the maximum hoop stress as appllied loading is & conservative

estimatlon,

L, For a vertical crack in the area under consideration, upward
extension of the crack is less likely and not limiting, because
the ligament length 1s longer and the stress 1s lower in that
direction. The distance between the center of the crack to the

bottom of the tank can be regarded as one half of the test plate

width. It is a conservative simulation in the sense that the

moaanbmadndnge affante Af +he uppem “n‘nt of the tank and the lruh.l‘lck‘.in

ek,

LT OoLLIGIIILLLE TCLLGCANWwD Wi LY 2 ¥ L) & Has

geometry are greater than those corresponding to the symmetrical

ligaments of a plate with a center crack.

B. Incremental Plasticity

For & homogeneous, isotropic Hooklan solid in which there 1s no change
of temperature, complete description of material behavior 1s uniquely
possible under all loading conditions by solving the following set of

eguations in cartesian coordinates xi’ t = 1; 2, 3
deij =-2’-[§;j(dul-)+£i(duj)] (1}
€.. = -'-[(1+v)0‘-_—3/v0‘5~-]
H E L), L) (2)
S (=0 {,j =1 2,3
axi J ’ ’ (3)

where dUu; , de{j and d0}: are the infinitesimal components of
displacement, strain and strgss of a material point respectively, E
and 9 are materisl constants, modulus of elasticity and Peisson's
ratio respectively, (§ =( O, + 022 + 033 ) /3 1s the
hydrostatic component of stress, and &;; = for L = j, eor

$ij = 0, for 1 ¥ J. For a general triaxial state of stress, ther
are ﬁ5 unknown quantities é3 displacements, 6 stresses and 6 strain
involved in 15 equations (6 compatibility equations from (1), 6

5)
)

constitutive relations from (2) and 3 equilibrium equations from (3)).
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For materlals of Prandtl-Reuss type, like structural steel;, solutions
to the set of elasticity equations are only applicable to solids in
which the stresses are sufficiently low such that material ylelding
does not occur anywhere. Yielding phenomenda in most ductile metals

can be characterized by a quantity called equivalent stress (¢

which i1s a function of the state of stress, +(0})) . By appropriate
rotation of the material coordinates, the state of stress - s 18
characterized by its principal stresses G: s 80 0 = (0 .J From
the following three observed facts, the functional dependence of ¢

on G becomes more restrictive:

1. Yielding 1s reproducible by permutation of the principel stress
directions for isotopic media, so (§ ~1s a scalar function of
Since there are only three scelar invariants J; deducible from
the stress tensor [}, ] , hence [ = f( I; 2 where

J'=0"+0\2+0\3) Jz= 0\"’0\6\3‘?0\3 and 3.3":-0',6\2‘0\3.
2. Yielding is unaffected by a wide range of hydrostatic pressures;
T xfT) and & _L(7T,.T)

3. Yielding is indifferent to hydrostatic’ tension or compression,
hence F = S(Jz) only, since J, changes its sign from tension
to compression,

7

Theoretically, any functional form of ¢ =4¢(T2) 1g suitsble for
& ylelding criterion; one of the simplest is preposed by Von Mises
(1913). It states that yielding occurs when

QJ")??Y (&)

where Y 1is the initial yleld stress of a tensile test, and 0‘ 0}~'0§f
are called reduced stresses. 4 A L

For an elastic-perfectly plastic material (¢ can never be greater
than Y . For materials with strain hardening properties, states
of stress exist for ¢ >f{ s, and the linéar constitutive equations (2)
cease to be valid for ¢ >y . In thé podt-ylelding states, 1t is
necessary to decompose the stralin into a permanent portion G\? and

a recoverable portion . € which is measurable by Y
LJ '
e /
dé; :Aéfj-décf =g Lonodoy-0-20)85d0] ()

Equations (5) are the same as Equations (2) in the elastic range

e =0 . The differential form is necessary because plastic
distortlion is an irreversible process in the thermodynamic sense.
The amount of energy loss is

- . 4 h
W,F=Ja\iijeiJ'.>o for déJ >0 (6)
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is a nonvanishing volume Integral in general. Only for plane-
strain problems, W? 1s reducible to & contour or line integral

by Green's theorem depending on whether it encloses essential
singularities or not. 1In either case, Wi 1is path dependent..
This integral can only be path independent if (1) the plane-
strain state of stress is assumed, and (2) 0* is an analytic
function of ;) , such as an ideally 1ine elasﬁ%c material
for example. It seems that use of a line 1ntegra1 surrounding
8 crack to calculate the strain energy, which in turn is regarded
as an intrinsic material property characterizing material fracture
1s acadenmlc,

atlons developed by Prandtl and
at

]
del = dn g (7)
LJ LJ
where X 1s a scalar factor of proportionality. Let H be the slope

of the true-stress and true-straln curve of an uniaxial test, it
can be shown that

|
H x (8)

and the complete stress-strain relations are

! -
) 3 05 do ! —
- A - A 4 d¢ =
deu 2y 5 am]’ ¢ 2o (9)

- 1=y
deu"'jgdﬁh

Since A‘N,], = fi'dé[; = ()‘.chléi‘j > 0

constitutes loading, the simple criterion of unloeading is
{
U\..dé\\ :_O (10)

Due to nonlinearity of the first of Equations (9), solutions to
equations (1), (3) and (9) are usually sought numerically by use
of small increments of stress,

For plane-stress problem, Equations (9) can be shown(ls) in terms
of Cartesian coordinates X and ¥ as

0, = $C20% 0y )
o) .
07 = (2?} 0 J
get - %%[(trx'woj)déu(o*,‘wcrx')dé,

\
o

+i-vNT

dy. 1 2
s FTE T Axy S oxy - )
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(11)

C. Finite Element Method

The method of finite elements requires that the continuum is dis-
cretized into small finite elements held together by joints or
nodal points. For each finite element, all relevant quantities

are derivable +hwnnﬂh 8 cet nP 14nanw47nﬂ nqnn+%nnﬂ nP nnntinu4+ﬂ

and material constitution such that all internal forces, considered
transmittable only through the nodal points, can be expressed as

a llnear combination of nodal movements. Equations of motion are
finally applied to all nodal points when thée elements are assembled.
From the given values of elther forces or movements at boundary
nodes corresponding quantities for the internal rniodes can be found
directly by solution of a set of linear algebraic equations. The
accuracy of the solution depends on the sizes and distribution of
discretization and computer accuracy in the inversicn of large
matrices. . For nonlinear equations, the intrinsic first crder
approximation inveolved at elemental level will have obvious in-
fluence cn the accuracy of results.

For the plane stress problem of fracture, the plate ABCDE with AE

as one side of an existing crack is divided into 262 elements joined

by 149 nodal points as shown in Figure 5. Since each nodal point has

two components of displacement and force,; the nodal polints are designated
by even numbers, so all the displacement and force components can be
represented by column matrices «; and {;, (=1, ., 298, where the
horizontal and vertical components are denoted by odd and even sub-
scripts reSﬁectivelyu Choosing an arbitrary element deflned by nodal
numbers 2, and 6, for illustration, it is possible to find a square
matrix cif to satisfy uniquely

(IQud =[§1, amd [TT{1=1%] o)
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Let { X;, X;4) ), be the coordinates of a point inside the element,
and U; and Ui, be the components of displacement, the coefficilents
of first order approximation, o, through of, of ;= o, +w,x + Sy, u

S+
oo nr\'l ﬂnn"lv- ﬂnf“‘nnﬂ 'Tn +arma n'F' r\nﬁln'l A'i' e-n"'l ™ L+

== u4 fus* TLX 7 e b el Bad D &5 W A LT y&mucuivlluu
Uy, M «oe and ug and nodal coordinates X1 %9'°°x6° From the
continuity equation (1), 1ts matrix representation becomes

(€] = 5z (8] [n] (13)

where A 1s the area of the finite element and [BJ] is the matrix
whose components are simply functions of constants Q[ . For the

particular element, the 3 by 6 [ B] matrix 1is o
XZ‘XL [a] ,Kb—)(Z (o] XJ_ "‘)(4 o

[8] = 0 Xg=X3 o Xy~ Xs 0 X3-X,

xs_xs Xq-Xe6 X, - Xg Xy~Xa Xz— X, Xy~ ¥g

and the strain matrix has components él and 62 which are the
corresponding horizontal and vertical nommal strains and € 5 which
is the shear straln. These strain components are functiong of nodal
displacements, hence Equation (13) is the matrix form of the com-

patibility relations (1).

The elastic constlitutive relation (2) 1s particularly simple in
matrix form

I v o
(1= L, 051ce1, ©I1=]7 1 o |
|-yt ’ Lo o 2 (14)
2

If the element 1s plasticized, the corresponding matrix to obtain
stress components 1is LDJP s wWhose components depend cn current
state of stress. The explicit form of [»]F is shown in Eguation (11).
It can be shown that the stress components integrated over the area

of the finite element are equivalent to six components of concentrated
forces at the nodes, that iz

(§1=2t(s1[0] (15)

T
where [ B] 1is the transpose of [B] and t is the plate thickness.
Combining (13), (14) and (15), the [<¢] matrix of eq (11) 1is

[c] =L ZEBJ "[»1[8] (16)

Since [cj is positive and symmetric, it is non-singular, sc its
inversion [c] is unique.

F i -

¥

N
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After assembling all the elements at all nodes, the resultant matrix
equation (12), relates the column matrices of displacements and forces
by a 200 x 200 squere matrix [<€] . Equilibrium conditions (3) require
£; =0 for all internal nodes i and those on the boundary where there
is no traction prescribed, and those along BC, a given magnitude is
prescribed. Along DE, the ligament portion of AD, uy = O, for even
Integers of i since AD 18 the line of symmetry, there should be no
displacement in the loading direction.

For & linearly elastic medium, one single inverse of [c] provides all
necessary solutions to the boundary value problem. For an elastic-
plastic material, the elastic solution can only be scaled up to a
loading which causes the first element to yield, Further loading
will have to be treated as & new boundary-value problem because of

the dependence of [p]F on the level of stress.

Solution to Eguation (12) gives all nodal displacements or forces,
then the strain components are calculated by Equation (13) for each
element and Equations (14) and (11) obtain the stress components for
the elastic elements and plastic elements respectively.

For each step of loading increment, the equivalent stress 5 and its

increment 4¢ are calculated for every element and checked by the

yield criterion (4) for elastic elements and the unloading criterion

d¢ €0 for plastic elements. If a plastic element satisfies dF <o
1t unloads elastically. Subsequent lcading will cause the element to
vield at a higher equivalent stress, so the yield value Y for unloading
elements is updated.

A more accurate programing involves control of the load increment such
that no more than one element becomes plastic for each increment as
shown in Reference (15). Such a code is found to be very time con-
suming owing to the smell magnitdues of increments required. For
expediency, the code in use adopts an arbitrary increment size, thus
during steps of calculation, several elements are allowed to reach

the plastic range in a calculational increment. Such a scheme was
also used by Andersson(16),

D. True and Engineering Relations of Stress and Strain

In a tensile test, when & ductile material is loaded beyond 1ts yleld
limit Y , through the plastic range, the dimensions change appreciably,
As the fracture load is approached, particularly after necking starts

in the tensile test, the stress at the critical c¢ross-sectional area

A departs more and more from the nominal stress ¢ calculated on the
basis of the original area A of the cross-section. Thus, in studies

of large deformations, such as metals in the plastic range, it is
necessary to calculate true stress § and strain ¢ under a given

load P on the basis of the instantaneous dimensicns of area A and

length L. |

- - ¢ L-L
€ 1s calculated by €=Sc-]-£l‘-=th(l+&)) € = L°
4}

L,

where L, is the original length of the test speclmen.

L)
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From the hypothesis that durlng plastic deformation, the material

volume V does not change

LA = LoAg = V
and CA=0CA, =P
— €
1t can be shown that G =0¢
within the elastic range ( ©°SY ), the strain is small, and
€ =mt+redx ¢ , 80 the englneering reletion r=F¢e 1is close
to the true one,
O_\=EE {or 5‘5\{
where E 1s the modulus of elasticity. Within the plastic range
( F>Y )s the engineering relation for constant rate of strain-
hardening H is approximated as 7
0‘-Y=Ho(é*é),) for 2> Y

where éy is the strain at yleld 1limit, and the corresponding relation

for true stress and true strain can be shown asg

_ : é
T =H,(e ~|+E-e7)e

L]
which is linearized by

-~ —

T-y=r(e-¢)  for &>y

(18)

For A285B steel, Y = 27 Ksi, €y = 0.0009; the strain at rupture
€uit, = 0.25, and the tenslile strength (y;= 55 ksi. The engineering

gtrain at tensile strength is not known and assumed to be €rs =

Corresponding values of true stress and true strain become

(it €, = 00823

Y

#

vl
I

T
F
[

=

b (14 N =0.2233 °

S’

* Conventional definition of 6uJ+ is LW,A° > where A, is the finsl

area at fracture (19).

C.2.
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80 o 30000 € for ~ <27 kv
¢ = ?

27 + 215 (6‘0-000‘3) for (~ >27 ks[) € <0.223%3

Similarly for ASTM 516 Grade 70 steel, from

Y =38 Ksi, €,=0.0013, € ; = 0.17

w

Q 0:.9= 77.5 Ksi, € = 0.136

2>

the true stress and true strain relations are

_ 30000 ¢ for (¢ < 3§ ks
;e

38 +3944( €-om3)for & > 3% Ks{ € <0157

s

—=* »J+"M7—BOSWELL —— - =11 PST=7: o




. .. .
. Voo
| IR R T B N T
, ‘o
o [
‘
\

J. M. BOSWELL =12 - DPST-74-558

REFERENCES

( 1) W. W. F. Yau,memorandum to B. L. Taber, "Review of Phase II
Earthquake Analysis", December 23, 1972.

( 2) W. W. F. Yau, memorandum to J. F. Proctor, "Review of Blume's
Report", May, 1973.

( 3) J. A, Blume & Assoclates, reports to E. I. du Pont de Nemours &
Co. "Phase II Earthquake Analyses of Underground Waste Storage
Tanks #1-24 and 29-34 at SRP, Aiken, S. C.", November, 1972,
March, 1973.

( 4) W. W. F, Yau, letter to E. B. Sheldon, "Hydrostatic Tests of
Type III tanks: Recommended Strain Gage Locations", February 6, 1973.

( 5) W. W. F. Yau to A, J. Schwertferger, DPST-73-348, "Stress Analysis
of Type I & III Waste Tanks", May 23, 1973.

( 6) W. W. F. Yau to J. M. Boswell, DPST-74-392, "Summary: Waste Tank
Stress Analysis, Type I, II & III Tanks', June 20, 1974,

( 7) W. W. F. Yau, memorandum to D. H. Knoebel, "A Short Review of
Fracture Mechanics", May, 1973.

( 8) A, F. Toffe,"Deformation and Festigkeit der Kristalle" Z. Phys., .
Vol. 22, p. 286, 1924, .

( 9) E. Orowan, "Fundamentals of Brittle Behavior in Metals", Paper #7,

[ T, mrm Tl de X miam O Teon adeivvem ~f WMadn T TQEN
Sym. On Fatvlgué & Fraciure o1 mMevais, June, 1Y%HU.

(10) M. J. Manjoine, "Influence of Rate of Strain & Temperature on
Yield Stresses of Mild Steel", J. Appl. Mech. Vol. II, p. 211, 1944,

(11) R. H11l, "The Mathematical Theory of Plasticity", Chap. II,
Clarendon Press, Oxford, Englend, 1950.

(12) 0

A3

C. Zienkiewicz, "The Finite Element Method in Engineering Science",
ur TI4 71 T AanA T™nalanA 1Q71

(-] -~ Y
=20 Jl&&-l-, JJUII\J.U‘J, Ak R e LAl AL g e A

.

(13) M. Gensamer, "General Survey of the Problem of Fatigue and Fracture",
Paper #1, Sym. on Fatigue & Fracture of Metals, June, 1950.

(14) J. R. Rice, "A Path Independent Integral and the Approximate
Analysis of Strain Concentratic by Notches and Cracks", J. Appl.
Mech., Trans. ASME 35, (2) 379, 1968.

(15) Y. Yamada, N. Yoshimura & T. Sakurai, "Plasti
and Its Application for the Solution of Elastic-Plastlc Problems
by the Finite Element Method", Int. J. Mech. Sci., Pergamon Press, ‘

Vol. 10, pp. 343-354, 1968,

stic Stress Strain Matrix




oo

14

' -3.°M. BOSWELL - 13 - DPST-74-558

L]

1

-
=
(o)}

p—

(17)

(18)

(19)

.t L)

re:
°

se
21, pp

~F

337 to 356, 1973.

W. W. F. Yau to R. Maher, DPST-74-557, "Loading Limitations for
Waste Tanks With or Without Cracks", December 11, 1974,

ntation of Stable Crack-
L]

SRL Monthly Report, "Fracture Tests of Steel Plate", p. 40,
October, 1974,

G.6E. Dieter, Jr., "Mechanical Metallurgy", p. 246, McGraw-Hill,
1961.

WWFY :hhi




o =14 - DPST-74-558

% ttiiies §.oM. BOSWELL.

‘ o SHAres s atlueds/ /e fa//u/‘e
>

\ \ oA P . Yress ad Lrwdls Ao lor-

_— S 7 F . SLp F A el

521/4’15‘ by
=
o

!
|

T

;\
A
2

I
f
;
i
i

Jenperatecs e

‘. ‘.

: A A s ?
7EJ('3. / 7?)’»%?;‘&711-:/‘(’ ,f?-;-‘-;,"?af‘ 7 o ;-é.,“-a:f:'ﬁ,{_/a

)

5

0 o
}* &\8 2 ISri M e \7‘/&‘//.:,:/‘-_-» 3‘7£f€55
“‘r\‘ 3 .

g é\b}, é\b_ ¢ Pucetr o 7%;/&:/«9 SHres 365

N

SHra I

Fro 2 SAram Rate é}%f’pm‘l en -;.-f‘:ﬁ("”fi(v‘/*’f’




t ,i%,, J..M. BOSWELL

S - 15 - DPST-T74-558
*"_.:
® o
] ‘451 ’(ru”_ = 74,8 KS)
ZV guﬁ-.: 22.3 %
p
Org = 55 KSI

‘. “

;.\_;5_1.3. =20 %

T—

T

erlf’g -

J//Eﬁf}‘ ¢ O\T.S. . T@MS},P 3'}“‘@“?1’[\

Y = 27 KSi €rs : Stradin ot o

Y = 27 KSi ) . SIS
(szkd vart ) 0:&)% True ilhmate stress
-éyL"E H Tr'vle V\»"i‘khf\k‘-;-? S"‘rrm;»—\

. 1 1 N é
a .05 .10 5 .20 .25
Fir6. 3

&

Y = 38 Kst ( Yield )i )

L i

i

Siress -Strom pPelations -fof H2E5R Sree/

49.7 Ksy

- 1R 7 0L
i=edi 7o

s ¢ Tensile streng+h
€. 5 : Stan at 0 s

0\1,”4_ - Ti‘ne wltinnad e 'S-Frenq?{q
é“;_f-u : Teve witimatre stra

o g5 s

Fis.= Stiess - S4rain fe/a Feor's

il

L _ ¢

s ]

7"&,!‘ A4 Grade Do SHew/
s




. 4. M, BOSWELL - 16 -

[N L YT T v - r ——— —r
— T 1 i 1

EQUENE DIvTIGIN CO.

341-20 DIETICEN ORAPH PAPEA

N,

MADE IN L.

A,

20 X 20 PER INCH

o) remh—— ._‘.fA_. i

- .
ST NN S SN D

P

FIGURES 5 PO 10 SHCW THE CELNGE
IN CENTER~CRACKED PLATES FOR IN
STRES3ES IN UNITS OF KSI AS IND

Fa et i e e AT OAAMITY T T
(PLWEL SFR WAV ] Do L A L\ D,

T

v

IDENTITIES THE RATIO OF CRACK L
WIDTH AND THE STEEL.

3

CREAET
TCATE!

Lo

ENGTH

o

NG APFLT

Fain

:Q.DJAC ; N

TO PLATE

OF PLASTIC 7CNZ

D

T

e h ;e g oa A e e
DACa FZGURE CAFTION




-

EUGENE DIETZZEN CO.

NLL 341-M DIEYIOEN GRAPH PARER

MADE N UL S A

MILLIMETER

STRESSES

CONTOURS OF PLASTIC ZOHE.
IDENTIFIES THE RATIO OF CRACK
WIDTH AND THE STEEL.

FIGURES 5 TO 1€ SHOW THE CHANGES OF PLASTIC ZONE
IN CENTER~CRACKED PLATES FCR INCREASING APPLIED

r
L

N UNITS CF KSI AS INDICATED ADJACENT TO

EACH TIGURE CAPTION
ENGTH TO PLATE




- DPST-74-558

S COF PLASTIC ZGNE

ANGE

10W THE CHA

T
n

TIGURES 5 TO 16 S

r

R"'C¢ r"C
JNL

!
]

2y
)

CENTE

IN

joly

:.'I.

NJACE
CAFP

A

ED

mao
R

N

T

I3t

E
R

STRESS
Cco
ENTIF

Ry
il

TIC

T

LAT

L3

URS OF PLASTIC 20ur
S«THE RaATIC OF C
EL.

NTO

nl

a—

P

TO

ZACK LENGTH

-
I

T
THE

IES.
Al

ID
WiDT

STE

D

H

Lorracliian. i,




CPST-T74-55

- 19 -

E CHA

TH
--PLATES-FOR -T .
ITS OF KSI AS INDICATED AD

M. BOSWELL-

J.

oW

Rt e e e

IC ZONB
APPLIED |

PLAST
NG_

a7
i

F
EA

GES ©
NCR

N

T
il
KED

ER=CRAC
N U

STRESSES

URES 5 TQ 16 §
o
CONTOU

CENT

FIG
IN™

T TO

APTION
H TO PLATE

i

JACE

H

S OF PLASTIC ZONE.

URE C

EACH FIG

R

LENGT

CRACK

IFIES THE RATIO OF

T
H

IDEN

STEEL.

HE

AND T

WwinT

-
T.i:%:;:1:}:551%;a.i§ii

D e Dt L e SR A

Ay,
q J ’ ) N
J ' Lol vyt
o+ i)

[ T

LA SRR

e by

LIV R

RENE I P

[T




TR J._ M. BOSWELL - 20 - DPST~7U-658

S S PPues SELas s 5Sussusi Vgl uaaEnanmnaee
R LG Rt B "t‘.“‘ﬂ""'% -Afih'i.i‘g‘(';._lfﬁ'ﬁ.ﬂ:*

; T ™ T fio e B s AR 0
S Sefayey t FXTag o o 14;-‘15}'{“}‘\;-{'7* ‘-""d"“tr'k"’i§"'§

-
112

FIGURES 5 TO 16 SHOW THE CHANGES OF FLASTIC ZONE
IN CENTER-CRACKED PLATES FOR INCREASIEG APPLIED

STRESSES IN UNITS CF XSI AS INDICATED ADJSACEHT TO g
CONTOURS OF PLASTIC ZO0NEZ. FACH FIGUZRD CAPTICH jicvsgety
IDENTIFIES THE RATIO OF CRACK LEHGTH T0 PLATE T
WIDTH AND THE STEEL. anEnsnfbas

MADE IN . 5. A

20 X 20 PER INGCH

S -

ey Rsmcl




DPST-74-558

- 21

BOSWELL

J. M,

TLASTIC

"E;

S OF

o
o

CEA

™
]

T
Il

T

T.T
T

iy

fcC

5 76 16 8

ES

FIGUR

iR
4 en O K
t B
N U 4 <
Q4 e Dy gt
<h By < L
(R
< -
i [ao -
[
vy b D
i e
fof «f) ¢
oy T (a2
Lt
P i S
=oAL
e P
oo [l 2y
O w ‘g
= =g 891
e
oy [
Py [
Eip OO
<5 SN
b O
e O T &1
o
3 btey
Ta" m:IL [FpRRe
el A
L] w 4 5
! [ i
oA
0 &
PO
4 M
i o) U3 b
B {3 B
Bt on D b
Koy OB
L L
g = =l
mEOoORA
YO

B I B o T 1+ b 4 °H

GO NTAZLANG INISRA

H LN
\.\.‘ ina:;{Eu?_u_..,_u,h.wnar_“.:sndz




bff..Li.a - 22 - . DPST-T4-558

FIGUR“S 5 T0 16 SHOW THE CHANGES OF PLASTIC ZOUNE
IN CENTER-CRACKED PLATES FCR INCR:ASING APFLIED
SmFESuuS IM UNITS OF K81 AS IHDICATED ADJACENT TO
CONTOURS OF PLASTIC ZCRE. LAC& FTIGURE CAPTION
_JUJTI““ES TiI{E RATIO OF CRACK LEMIGTH TGO PLATE
. D THE STEEL. . ) .
|
|
6
[ &)
E(‘
T L
Fs
2z
e
EI
(.
Yy
X
£
zo
oa
L&
=
ol
i
rn’
z
I




NIDE /<

DPST-74-558

]

D

AW

TIC

TPLA

—o7F

GES

X

s

A

h]

3
I3}

C
)

Fr—
i

T F— T 7.
Oln':f S
T

T

16

510
ER

S

.ES -
1

IGUR

T
I

i

KS

-
e
L.

5 OF
T

T

0PI

—

Kz

T

S

e

L)

NI
yiy

Ui
PL
H

CRA

N

N
=

I

T
E
RS ©

Y]
L]

CE
RESS
NTOU

-
i

I
T
Co
T
W

S

LATE

TO P

LEHGTH

e

iy
oy

el
ALU

Fa

C

10 OF
Ll

T

A

R
ST

LES THE

v

T

XN

B et S S S

T ‘._*_,«L'.» L

IN

n
k)

iD THE

k]

.
L

A

H

H

iDT

w 'S T NI 3aYH

‘D0 NIBZLAFIAQ 3N3EN3

RHONI ¥3d 0Z X 02

Hidvd HdVYHdE0 NIAZLIIO DZT-IPE ON

-~

e,

-~




] J. M. BOSWELL 7 - DPST-T4-55

FIGURES 5 TO 16 SHOW THE CHANGES UF PLASTIC ZONE-—
IN CENTER~CRACKED PLAT 58 rCR INCREASING APPLIED
STRESSES IN UMITS COF KSI AS INDICATED ADJACENT TO
CONTOURS OF PLASTIC ZONE. LACn FIGURE CAPTIOHN
IDENTIFIES THE RATIO OF CRACK ‘.EIIGTH TO PLATE
WIDTH AND THE STEEL. '

B, AL

MADE 1N L.

EJEENE DIETIEER O

i Jul

'!:'.‘:

i

T

"
L

d41-M DHETZOENM GRAPH PARER
SMILLIMEY

NQ.




I

- —
ey om vy e
i, Ci‘“:u‘.“.

o
e

L]
Ty
(¥

5

al
—F

ey

A
CAP

PR NN .

o
1ot
1
0 I
<, fi+
TR
4 M
J.
-

T

CRACKS

TER~

i

_CE
RE

_IH
4

P
G

TIH

.
']

T

TY
N

oy
u

7

L(

=T
i

L7

e

1%

1.‘\,-' 9

b
byl
—

m
L

N

Co

jiX

iy
L

GTH 7O PLA

ACH

CR

R it

i

t
._

v # ¥ouwo e .t . . T - £ k . N
. cw BRI AT L MR o EREX] ce e . . t K i




nlo
y 14
2
hY -
T
Nu e
7 1
, 13 48}
| Lot il
- mm
e
| mmP
| &D
| | ix]
| \O b
JC
- ©
iv
, up 32
, [}
| mww.u
L o -\H.
355
[E3] MU
= =
R
O B
@ |
I T
2 | L
A ﬁ"
b . v
Fy _ M
w B
N
g
d
rl
S
S
d
|

ATE

-t oA
L

=t {3
3 2
WD
[ R
1O
vp) <0
< Iy
L)
— [
s "nu _..._.,.
S OO
t-1
iy O
OOHA
bt B [
oy A en Dl
g ]
| < 144

S

S

NTIFL
H AND

STR

CONTCUR

IDE
JWIDT

70 STE

ioolT!
[ B

iz

&




]
MAGE (M L. S. A,

e P PR TR T R T
MILLIMETER

LA A= PR b Baic i BUENE — b § —i BELEY g L)

J. M. BOSWELL ‘ - 27 - DPST-Th-558
i PIGURES-5_TO_16_SHOW_THE CHANGES OF PLASTIC ZONE
| IN CENTER-CRACKED PLATES FOR INCREASING APPLIED -

STRESSEZ IN UWITS CF KSI AS INDICATED ADJACENT TO
CONTOURS OF.PLASTIC ZONE, TACH FIGURE CAPTICH

IDENTIFIES .. THE RATIO OF CRACK LENGTE TC PLATE
WIDTH AND THE STEEL,

“fen s

e bae




DPST-74-558

i,

'BOSWEL

i
- .

-

J

$

Iyeeytpmeeertsel

282

iy

e

RS b

13

'J‘IL

L
11

g g

T
B

1
TETTEI S

:
Y
o
basts

pod

-

|3

7
It
T

T

L3

PRSI PITS P
11

it
T

T

‘1
P

3d
I
I

B

i

g
30

o=

it

LI
bty

=

gk
jsdginia s

jegaaiva g

I

s

T
rr bt

Py it

23,
T

"I.‘..,.,. ) St

PR

it
frriz
v

t

T
I

11r

e
[P

JLATE
jebalsl

i

LSl

I
FaaEss

i

[ranrs

1]

rrrrd e
T

i

oy

i

H
1
g
bt

I
i

plerir

T

1

A |

I
oI
“+

14

L foeell

i
il
frig

AR

T
i i

1

P P
Fiis

—ty
it

T
g§28
3!

FE

1§

I B e

ndady

5
of

I
11t
T
sy

i

.
!

rrptple

i3

jesh)
PR iy
g

pares

T

Py gy

¥

+
1
ey

Bie

L TR

BT oy
S

by

I

A

iy prmr

[SeS Shs

rerher

[ty
it }

bl
13

g |

r

=

s

A MLIWOZO Mobd¥yD SA QOINLO NOILEILInt FTeLsn

W 5 ‘MM 3AVK HILIAKWITIIW
‘00 N3IPZL3IQ 3N3IBN3 H3idvd HdWVAD N3IBILIIQ AN-EtPE ‘CN




