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Abstract

In this note we analyze the influence of four damage models on the collas®fia
structure. The models considered here have been developed usihgpibithesis based on
the concept of effective stress and the principle of strain equivalencéhagdvere proposed
by Lemaitre and Chaboche, Wang, Chandrakanth and Bonora. Tleeeti€es between them
consist mainly in the form of the dissipative potential from which the kinetic lawogde is

derived, and also in the assumptions made about some parameterswdtieal.
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1 Introduction

Continuum Damage Mechanics (CDM) is a new approach througbhithe material degradation
can be quantified as a measurable parameter calledatmage variable It is considered as an
internal variable in the framework of thermodynamics, and a measure of the degradation of
the material. The constitutive model of a postulated danpagameter should be a function of the
local stress, strain, strain rate, etc. Integrating ovetdhding history, the damage law will predict
the material failure dynamically [1, 2]. The dissipatiortgutial function ¢) is a scalar function of

all theobservable variablegelastic strain tensar;; and temperaturé’; their associated variables
are the stress tensef; and the entropy) and theinternal variables(accumulated plastic strain

p and damage variablP; their associated variables are the increment of yieldaserR and the
damage strain energy release rafeas parameters. [2—4]. The differences between many ductil

models are mainly based on the form of this potential.

2 Materialsand methods

The analysis of frames considering damaged material carobe dsing the same concepts of
equivalence of stress and strain as in Continuum Mechankexefore, if we consider a 2D beam
element of a frame between nodes 1 and 2 (Fig. 1), generalaedge, stresses and displacements

can be defined respectively at the beam-ends, as

{D} ={D1, D>} (1)
{dF} = {dNy1,dVy1,dM,1,dNya, dVyo, dM o} 2
{du?} = {uf, v}, 07" ush, v, 05} (3)
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A constitutive model for the 2D beam element can be definech@ssét of equations that
relates the generalized stress with the history of gerzedldisplacements. For the elastic case,
considering that the variation of the elastoplastic disptaentiu? at the beam-ends can be split

into its elastic(du®) and its plasti¢du?) component, in a vectorial forfdu?} = {du®} + {du?}

{dF} = [K{du’} = [K]({du™} — {du’}) (4)

where| K] is the elastic stiffness matrix for the 2D beam element.

yL

o
Fi. I 3 2z
1x @D 2 ‘\

Figure 1. Beam element with plasticity and damage at its ends

The variation of plastic displacemefu?}, taking into account the laws in the case of asso-

ciated flow, can be expressed through

@) = {57} ©

whereZ is the yield function for the beam element afth } is a2 x 1 column vector of so-called
plastic multipliersd )\, d\, that measure the total plastic flow of the beam-ends.

The classic CDM formulation from Chaboche and Lemaitre, irfdinen specifically related to
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damage evolution, can be generically expressed as

{dD} = {d\} { —aayqs* } and p= (1_—AD>

(6)

Equation (6), the kinetic law of damage evolution, showsdbepling between the damage
rate and the effective accumulated plastic strain jdig means of the plastic multiplies* is the
damage dissipation potential.

From the plastic consistency condition, we can write

: 07 07
Z:{a_F}{dF}+{8_D}{dD}:0 @)
Substituting Egs. (4)-(6) into Eq. (7), isolatifg\} and substituting it in Egs. (6) and Eq. (4)
0z (07
51 {5} or oy e
{dF} = [K] |1 - {du®} = [KPHdu™}  (8)

07z 0z 0z Opx
or {57} + {50 {57
where[K?] is the elastoplastic degradation stiffness matrix for theb2am element.

To determine the elastoplastic degradation stiffnessixydtis necessary to evaluate the po-

tential derivate with respect to the damage strain eng&rgy

2
___ Yea o [Om Im ) _
V= gm o () e 1 (22)

whereo,, is the hydrostatic stress,, is the von Mises equivalent stressis the Poisson’s ratio,

3 Oeq

204 0) +301—20) (U’”ﬂ (9)

E is the Young's modulus.
The next step consists in deriving the damage dissipatitengial (Table 1) with respect to
for obtaining the damage evolution law. Now we describe tloeg@dure for Lemaitre’s model [5].
For a ductile material, the effective equivalent von Misiesss can be written as a function of

the accumulated plastic strain, using Ramberg-Osgood paweas follows

Oeq

1-D

Oeq
— k" (I S or eq =kp"(1—D 10
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Table 1: Damage evolution law for different approaches

B _1 <_£)2 So ] (DCT_D)aB—l/aB

Bonora [3] ¢* - 2 p(2+”)/"

(17 v\ s
Lemaitre [5] (b = 5 o

o =5
Chandrakanth [2] - 9

% 1 Y 2 SW (pcr_p)aW71
Wang [1] Qb = 5(__) 1

Y\? Seo 1
So) 1—D| Dec/n . p2/n

D, andp., are the damage and deformation at failure initiation, respaly, the termsS,,, Sy, Sw, Sc, ap, aw, ac

are material constants, andis the hardening constant of the material.

wherex is a material constant. Then, substituting Egs. (9) and {ii0) Lemaitre’s damage

evolution law (Table 1), we get

a¢* - /{2 Om p2n _ p2n
oy [QESLf(aeq)] —p - Bli=p (11)

In the case of proportional loading, the ratiq/o., can be considered as constant with respect

2
to time so, for simplicity, the terrrngLf (Z’;)} is renamed agBy|.

Substituting Eq. (11) in the damage evolution law given in @), we obtain

. | ) §
D = [Bolp™p or o [Bolp” (12)

Then, we integrate Eq. (12) between the initial conditior= D,, andD = D.,.. The damage
process remains inactivated (i.B. = D,) until the effective accumulated plastic straimeaches
a threshold straip, (i.e. dD = 0 andD = 0 or D = D,). Whenp = py,, nucleation is the
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—e—Bonora's Model
—=—\Wang's Model
—4— Chandrakanth's Model

—— | emaitre's Model

(D)-Damage variable

(P)-Accumulated plastic strain

Figure 2: Damagel) vs accumulated plastic straip)(

dominating void growth state [3]. When = D,,., coalescence dominates the void growth process

and the effective accumulated plastic straireaches the critical valye, for which failure occurs.

2n+1 _ 2n+1 2n+1 _ . 2n+1
D,. — D, = [By] R and D, — D = [By] Po =P (13)
2n+1 2n+1

Eliminating [Bo] in these equations, we obtain a general integrated evolldio for ductile
plastic damage
D. — D
2n+1 2n+1 cr 2n+1 2n+1
p + :pcr+ - (Dcr _DO) (pcr+ _pth+ ) (14)

Substituting the same term into Eq. (11) we obtain the devvaf the dissipation potential

with respect tar".

a¢* an Dcr B Do
= — 2 1 15
oy = 1D ) Y 4o

Similar procedures are used for obtaining the expressmmatiier models (Table 2). Figure 2
shows the evolution law for ductile plastic damage of the e®donsidered. The material coeffi-
cients are taken from reference [3].

. . [0Z 07z . , , .

The next step is to determi ea—F andq — ;. Itis necessary to define the yield function

oD
Z for the beam element in function of the stress and the dantfae onaterial. For the following
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Table 2:{%} and ductile plastic damage evolution law for different mede

% = — ('DC'I’ - DO>1/a (DCT — D)O‘_l/o‘
oy In (per/pn) (1-D)p

_ In (p/pin) \*
Bonora(PAynvp)B D = Do+ (Der = Do) [1 a (1 In (Per/Di1)
p = e, wheree is the base of the neperian logarithm
Dcr - D 1/a
A =1n(per) — In (per/pen) (ﬁ)
O p2" D, — D,
= — 2 1
oy = 1D ) D
Lemaitre(PAMNVD)L D=D, — (Dcr B Do) <p277}+1 _p2n+1)
Pt =y
n n DCT - D n 2n
p2 = pgr_H - (Dcr _ Do) (pzr+1 _pth+1)
% - —a ( Dcr - Do ) (pcr _p>04—1
aY (pcr - pth)a 1-D
Wang(P Ay p)W D =D, —(Dy—D,) (u)
Der — Pth
Dcr - D 1/
p = Per — (Per — Pin) (ﬁ)
dpx 1 (De — D, 1
oY N Qp \ Per — Pth De/n (1_D)
. 1/om
D= [D;*n + (D3 — Dgn) <—p b )}
ChandrakanttiP Ay p)C Per — Pth
D — Do
p = pin + (Per — Ptn) Den — Do

«
o, =—+1
n
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assumptions (material nonlinearity simulated by the faromaof plastic zones of zero length at

the beam-ends, effect of strain hardening not considerddeantangular cross sectiobx h) [6]

M. (N,\° 1 1/V,\*> 1
N ey _q_p-= 1
w, \§ )iz ts\y, )azpp D=0 (16)

M., N, andV, are the stresses on the cross section of the beam)@ndv, andV, are the

J =

plastic bending moment, plastic axial force and plasti@sharce, respectively, that cause the full
yielding of the cross section of the beam.

Considering the yielding function of Eq. (16), we get

T
1
A Bl — 0 0 0
YA Y N, 2V,
oz _ p hered, — — % p 2" ____ (17
{6F} || wheredi = a oy B svea - ny 40
0 O 0 A2 BQ —_— p p
Mp
YA ¢r 0 N\ 1 v, \: 1
97\ _ hereC, — (2} 1 (X)) 2 4y 18
{aD} 0 C et <Np) (1_DZ>2+(‘/I’) (1_DZ>4+ ( )
2

3 Resultsand result analysis

The accuracy of the model is verified by simulating one expenit for which data was available
in the literature [7]. We can conclude that the model is sariplt it still represents accurately the
behavior of the structure.

After this validation, we apply the method to compare théaqusle load of the 2D frame shown
in Fig. 3(a). We consider yielding by bending moment and laaal shear forces. The loads
are proportionally increased from zero to their collapdees, using an incremental and iterative
procedure. Within each load increment, the equilibriumagigms are solved by Newton-Raphson

methods. Figure 3(a) shows the accumulated deformed sh#pefeame for different load factors
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A

—— Classic Plastic Analisis (Plastic Hinge)

Simulation performed with 30001, chandrakanth (PAyvp)C
E =200GPa, L =1m, A= 0.1 x 0.1m?, e Lemattre (PAur L
oy = 250M Pa (yield stress). 2,900 - MNVD
The material is a Steel-1015 [3]: = Bonora (PAynyp)B
per = 1.4, py, = 0.259, 2800 | T Wang (PAunyp)W
a = 0.2175 and n = 0.0006.
pe . 2,700
x / ‘3 4! j
2 /4 2,600
/4 \\\ ‘ ‘ p / /!
N ‘ y
N /4 2,500
. . i 2,400 ‘ : : : : : : ‘
0006 0,007 0008 0009 0010 0011 0012 0013 0014
Disp_x
(a) Frame example (b) Load factor vs horizontal displacement of node 4rgin

Figure 3: Test on a 2D frame

() for the model( PAynvp)B. In all the models, the sequence of the cross section yidib,
4, 3 and 1, and the collapse loadfis= \ - M,

The response curves for the classic plastic analysis aneldlseoplastic degradation analysis
are shown in Fig. 3(b). They were obtained considering théena nonlinear effect and the
elastoplastic damage model proposed, using the hypotbestsain equivalence and dissipative
potential from which the kinetic law of damage is derived. eTdurves of damage models are
below the curve of the plastic analysis model due to the lbstftness of some sections: the load
factor is lower and the displacements are higher. The @ffeatcumulated plastic strain plays an
important role on the damage evolution law. The evolutiothefdamage variable is much greater
with Wang’s model than with the other models. Therefore,gtagressive reduction of material

ductility is much higher.
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4 Conclusions

The damage model shows a nonlinear variation with respgtastic strain and it can be identified
with a quantitative evaluation of the parametéxs, D,, p:», p.- and also the hardening parameter,
which defines the real stress-strain curve. The effectsiaf amd shear forces and bending moment
have been taken into account for determining the yieldinifpefcross section of the beam.

The results lead to a more accurate prediction of the lodattheses the yielding of the sections
of the beam until the mechanism of collapse is formed. We tmemwe that the transmission of
the load state among all the beams of a system is affectedebyethavior of the plastic material
and the accumulation of plastic strain, which leads to damaghe section and to the subsequent

decreasing in the load-bearing capacity of the structure.
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