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Abstract: The Abaqus damage model for fiber reicddrplastics has been reimplemented as
UMAT user material. As an extension, the plastitavior of the matrix material is taken into
account. Therefore, two modes are considered inugrely from each other: matrix shear and
matrix compression. The original as well as the meaterial model have been verified by means
of single element tests, mesh dependency testshasthndard plate-with-a-hole problem. In
addition, a shell-type structure, namely an indiastmodel of the Boeing-777 Winglet, has been
analyzed.
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1. Introduction

The role of composite materials has become moreiitapt in the last decades, since they are
very important in areas in which lightweight sturets are used, for example in the aerospace or
automotive industry. An important class of compesitonsists of two materials, namely a fiber
with excellent tensile strength and stiffness prtpe and a matrix with poor mechanical
properties (Michaeli, 1994).

The aim of this paper, based on (Hofer, 2012)) iddscribe the constitutive behavior of
composite materials. For this purpose, a user stib@UMAT is written, which takes into
account anisotropy and brittle damage behavioredkas irreversible strains remaining after
unloading, formulated in terms of plane stresslasticity model, which considers plastic strain
only under transversal compression and shear asilded in (Flatscher, 2009), was coupled with
a brittle damage model as presented in (Lapczy87R0

2. Damage model

A damage model as described in (Abaqus Analysi89PBbas been reimplemented as a UMAT
User subroutine.

The strength of a material is characterized bypsipametersX, andX, denote the tension resp.
compression strength of the fib&,andY, the tension resp. compression strength of theixnatr
andS; denote the longitudinal and transversal sheangthe There are four different failure
modes to consider: Fiber tension, fiber compressiwtrix tension and matrix compression.
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The same failure initiation criteria as in Abaguhjch are based on the Hashin initiation criteria,
have been implemented in the user subroutinenthgeince of the shear stress to the failure mode
“fiber tension” has been neglected. The failuréecia are formulated in terms of effective stress

O = Mo, D)
whereo is the nominal stresses the effective stress amd is the damage operator:

1
1
M= 0 1—gm 0 . (2)
R
1-d

Here,d" ,d™ andd® denote fiber, matrix and shear damage variablete Nat the shear damage
variable is not independent, because it is obtaired fiber and matrix damage. For a virgin
material, the effective stress is equal the norshaiss, while at fracturegs — oo.

It should be noted that Abaqus uses a differenitiei for the effective shear stress for the
evaluation of the damage initiation criteria. Thdsénitions depend on the respective damage
initiation criterion, for which the effective shestress is calculated:

it _ A-afHa-afeya-am)a-ame)
Otseff = 012 (1-a%)(1-a°Tit) : @)

The index “crit” denotes one of the four damagéation criteria (“ft”, “fc”, “mt” or “mc”), the
indices “f” resp. “m” denote fiber respective mattihe indices “t” resp. “c” denote tension resp.
compression damage. This distinction in the dedinibf the effective shear stress has not been
made in the UMAT subroutinso that slight differences can be observed ir¢kelts between
Abaqus and User subroutine (see Section 4).

After a damage criterion is exceeded, the matstitihess begins to degrade. It is assumed that
the evolution of the damage variables only depemdthe fracture enerdgyg. The damage at a

time step n+1 is approximated by a hyperbolic fiomcof the equivalent displacemeft,:

f 0
5 1 -6
dn+1 — max( eq,n+1( eqn+1 eq,‘n+1) dn>. (4)

f 0 ’
5eq,n+1 (5eq,n+1_5eq,n+1)
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It is shown in Figure 1.a. Her&?, is the equivalent displacement when damage occtineefirst

time andS;fqis the equivalent displacement at complete faibirthe material, referring to the

corresponding failure mode.
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Figure 1. Evolution of damage and equivalent stress

In Figure 1.bg?, is the equivalent stress, when a failure criteiforeached the first time. In this
figure it can also be seen that the area unddutiaion equals the fracture energy, which is the
total energy dissipated in turn of complete rupt@e the equivalent displacement at complete

failure,qu, is not a material parameter. It depends on thedre energy, which is a material
parameter, and on the equivalent strégSszq can then be computed from the area of the triangle
(Figure 1.b):

8L, = 2G/0l,. (5)

For the calculations of the equivalent displacenafirst failure it is assumed that all stress
components increase in the same ratio to each; atf)és then calculated following

(Lapczyk, 2007) for all four failure modes. If &lur damage variables (for fiber tension resp.
compression and matrix tension resp. compressiend@nputed, the dependent shear damage
variable is calculated as proposed in (Lapczyk,7200

d*=1-(1—-d")(A—-d’)(1 - d™)(1 —d™). (6)

The updated stress tensor is calculated usingaimagded stiffness tensor

(1—-d")Ey, (1—d")(1 = d™)vyE,y, 0
1
ct = >l - d")(1 = d™v By (1—-d™Ey 0
0 0 D(l - dS)Glz
)
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W|th D=1- (1 - df)(l - dm)V12V21.

To avoid convergence problems and mesh dependenibss, a viscous regularization scheme
has to be introduced:

d* = 1y (d~av). (®)
Integrating the above differential equation wite ttackward Euler method yields
dn = (1) i+ (F57) s (9)

Here, the index “v” denotes the viscous damageabsée| h is the time step ands the viscosity
parameter. It can easily be seen that if the viscparameter is small compared to the time
increment, the viscous solution converges to thissaid one.

Consequently, the value of the viscosity paramgtgrould be chosen as large as needed for
convergence but as small as possible to ensuréaiscosity has not a big influence on the
solution of the computations.

To achieve a quadratic convergence rate in theagldbwton iterations, a consistent tangent
operator for the damaged material has been der@tthis purpose, the material layw=
Cd e is differentiated:

d0; _ 3¢

= gk + C
381' aé‘j

d
d sk _ 9C d

a4 % — & + C&. 10
ik 381' 8ej k ij ( )

Substituting all differentiations leads finally to

dg

_ ac aa? ad;
e

dy ey
Co+ el ady ad; de

, 1= [fiber, matrix]. (11)

3. Coupled plasticity-damage

Experimental investigations have shown that contpssian exhibit plastic behavior
(Hobbiebrunken, 2007), (Van Paepegem, 2006) asasdirittle damage behavior. These facts
suggest to develop constitutive laws which conspdastic deformations as well as brittle
behavior. Such constitutive laws can be obtaineddupling plasticity and damage models, where
the plastic models describe the unrecoverable oheftions, if a material is yielding, and the
damage models describe the different behaviordditay and unloading, if a material is damaged
(Ibrahimbegovic, 2009).

In the presented model, two different plasticitycimenisms are assumed: plastic strains driven by
shear forces (Mode I) and plastic strains drivetragsverse compression (Mode Il). In order to
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keep the needed material parameters, as for exastipks interaction parameters or nonlinear
hardening parameters, small, the implementationkeps as simple as possible. To keep the
computational effort low (to avoid a local iteratischeme), interactions between the two yield
modes have not been taken into account.

The damage model remains the same as describled prévious section. After computing the
damage model, the plasticity model is activated.

The yield functionsb for the two modes simply read:

D) = |og,| - Oy.1 D, = —055 — 0y, (12)
where the indices n+1, indicating the current tatep, have been omitted for convenienag,
denotes the actual yield stress.

A linear hardening law is assumed for the develagtroéthe yield thresholds:

Oy = 039,1 + Gk Oy = 039,11 + Cjykyp (13)
Here 039,,_” are the initial yield stresses, C;j; are the slopes of the linear hardening functions
and k; ;; are the hardening variables; their rates are defined as

K = |V1] K = 65,1 (14)
The elastic law for a damaged material, the adelgpiit of the strain tensor and the
non-associative flow rules

711)2 = /il sign(oy,) égz = _iu (15)
are used to yield expressions for the plastic iliei:
s (1-d%Gyp . . i E1z11+Ezép
A= (1=-d9)G1+C; sign(a12)V12 Ay = T B, (16)
with
(1-d/)(1-d™)v1,E, (1-d™)E,

E, = 1-(1-af)(A-d™)v vy,

With these values of the plastic multiplier, thagtic strains and the internal hardening variables
can be calculated for the current time increment.

and E,; = 1-(1-af)(1-d™)vivyy

(17)

4. Numerical examples

The damage model without plasticity has been \egtifind compared to the damage model
implemented in Abaqus. For this purpose, singleeld tests have been made using S4 elements.
Displacements have been applied in positive andthegdirection, longitudinal and transversal to
the fiber direction, respectively. For all four dage modes, the internal Abaqus model and the
user subroutine produce the same results regaaidgdisplacement relations and comparing the
energy output (viscous dissipated energy, energgighted by damage and elastic strain energy).

As the implemented model is mesh sensitive, alsartash dependence has been checked. It
turned out that the mesh sensitivity strongly dejsesn the viscosity parametgrfor small values
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of n (compared to the time increment) the solution epges with increasing mesh inement.
For a larger viscosity parameter the solutions seetto converge

Also the standard plateith-a-hole benchmark tekis been made: The example f

(Abaqus Exampl®roblem, 2009)has been calculated using the UMAT subroutine elmegal,
theresults have been reproduced well, exceviations in integration pointa which more thai
one damage modes are active. This is because diffeeent definitions of the effective stress
UMAT and Abaqus as mentionedSection 2.

As a shell-tye structure, an industrial model of the Bo«-777 winglet has been analyz:
Winglets are often attached to the ends of wingarplanes to reduce the aerodynamic resist
and so to save fuel. The winglet of the Bo-777 is partially made of compdsimaterials: th
upper skinthe lower skin and two spars built up of several layers of composite mater
Other parts, as the windbi which connects the winglet with the wing and thediag edge ar
built of metals. In Figur@ the meshed composite parts of Wiaglet can be see

Figure 2. Meshed winglet, composite parts.
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The elastic constants and the strength propentéekséed in Table 1 and Table 2:

Table 1. Elastic constants of the B-777 composites.

E,[lb/in?] E,[lb/in?] v[-] Gy, [lb/in?] Go3[lb/in?] G4 [lb/in?]
8.1*10° 8.1*10° 0.06 7.0*10° 7.0*10° 7.0*10°
Table 2. Strength properties of the B-777 composite  s.

X,[lb/in?] X,[lb/in%] Y,[lb/in%] Y[lb/in%] Si[lb/in%] S.[lb/in?]
34470 34470 34470 34470 17235 17235

The fracture energy is assumed to be G = 2000]IBsr all failure modes, in the absence of
experimental values.

The evolution of the damage variables in some kigamaged integration points has been plotted

in Figure 3 —Figure 5:
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Figure 3. Evolution of fiber damage variables.
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Figure 5. Evolution of matrix compression damage va riables.
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Figure 6. Energy dissipated by damage.

It can be seen that both calculations bring theesasults for most cases, so in Figure 6 the total
energy dissipated by damage in the whole moddbisenl, where both models show good
coincidence; also the evolution of damage variabbéscides for the most cases. If in an
integration point more than one damage mode iseeti one time, then there are significant
differences, as can be seen in Figure 5. In tiégation point, first fiber tension damage
occurred and then matrix compression damage. $rctge, Abaqus and UMAT arrive at different
results. The reason for the deviations is the sasmaentioned above in the context of the plate-
with-a-hole test.

The coupled plasticity-damage model has been testaglate with a hole. Due to its symmetry,
only a quarter of it was modeled, which can be sedfigure 7. It consists only of composite

layers, which are listed in Table 7. The mechamicaperties are taken from (Lapczyk, 2007),
while the yield values are assumed to be slightigler than the damage thresholds, see Table 3 —
Table 6.
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Figure 7. Meshed plate with hole.

Table 3. Elastic constants, plate with hole.

E,[N/mm?] E,[N/mm?] Gy [N/mm?] Gy3[N/mm?] Gz [N/mm?] Via[-]
55000 9500 5500 3000 5500 0.33

Table 4. Strength properties, plate with hole.

X, [N/mm?] X [N/mm?] Y,[N/mm?] Y, [N/mm?] S,[N/mm?] S.[N/mm?]
2500 2000 50 150 50 50

Table 5. Fracture energies, plate with hole.

Gg,[N/mm] Gy [N/mm] G, [N/mm] G,,.[N/mm]
125 12.5 1 1

Table 6. Plastic properties, plate with hole.

05, [N/mm?] T3, [N/mm?] G-l Cul-]
45 25.98 1000 1000

Table 7. Layer composition, plate with hole.

Number: #1 #2 #3 #4 #5 #6 #7
Ply angle [q: 0 80 24 56.4 24 80 0
Ply thickness [mm]: 0.1 0.1 0.1 0.4 0.1 0.1 0.1
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For an integration point in the left lower corrwhere damage occurs, the stress strain-diagrams
have been evaluated (see Figure 8 and Figure gjglme 10 the evolution of the stress variables
with respect to time can be seen as well as thiitmo of the damage variabldg* (matrix

tension damage) ant™(matrix compression damage).
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Figure 8. Shear stress-strain diagram.
20 | R
0 L L /\\
~ —0Jo20 —0.015 —o010 —0.005 )
S
5720 - C(lam 1
‘3 1 Cel

|
>
S
T
—

strain £q9

—80
Figure 9. Transverse stress-strain diagram.
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Figure 10. Evolution of stress and damage.

It can be seen in the stress-strain diagrams thiaedeginning of loading the stress response is
linearly elastic. Then yielding occurs, and thevegrshow a distinct yield range, before brittle
damage occurs (here matrix compression damagehanmbminal stresses decrease. The
unloading path is, as expected, not parallel tddhding path, because the proportionality factor
is not the initial stiffness as during loading, the degraded one, following the slope of the
damaged stiffness tensor. After complete unloadimgstresses take their opposite sign, until the
opposite damage mode (in this case matrix tenshomage) is active, and the stresses decrease
again until zero, so the material is completely dged regarding the matrix tension mode. As can
easily be seen, permanent (plastic) strains reafé#n unloading.

5. Conclusions

A UMAT user subroutine has been written, which tak#o account plastic as well as brittle
behavior. The damage model as well as the coupdetigity-damage model have been verified
by numerical tests: The damage model has beeritesteg single element tests, mesh
dependence tests, the plate-with-a-hole benchreatlahd an industrial model of the Boeing-777
Winglet. The original Abaqus model and the UMAT subliine show good coincidence.

The coupled model has been verified by means opldte-with-a-hole problem, where the results
show the expected behavior. For a wider applicagoronsistent tangent for the coupled
plasticity-damage model should be derived to enaugeadratic convergence rate during the
global Newton-Raphson iterations.
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