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ARTICLE INFO ABSTRACT
Keywords: Fiber reinforced polymers with thermoplastic matrices are increasingly used in diverse applications. As a result,
Fiber reinforced polymers ever more complex loading conditions have to be considered in their design. To improve the predictive capabili-
Constitutive modeling ties, a recently proposed constitutive model for fiber reinforced thermoplastic (FRT), originally formulated for two

Continuum damage mechanics
Plasticity

Strain rate dependency
Low-velocity impact

dimensional (2D) loading conditions, is extended to general three dimensional (3D) loading. The model accounts
for stiffness degradation, inelastic deformation as well as strain rate dependency. A comprehensive derivation of
the constitutive equations is presented in combination with adaptations for unidirectionally reinforced (UD) com-
posites, which does not necessitate introducing additional model parameters. The resulting 3D-model is validated
at coupon level using quasi-static and low-velocity impact experiments. It is shown that the model generalizes
well to complex loading conditions and various strain rates.

1. Introduction thermoset resins: Firstly, their ductility leads to a more progressive
failure behavior, significantly improving a structure’s performance un-
der impact [1] or crash [2,3]. Secondly, the ability to melt the matrix

The importance of FRTs continues to grow, primarily driven facilitates its processing, enabling forming [4] and novel joining tech-
by advantageous properties of the matrix compared to established nologies for composites [5,6] whilst improving their recyclability [7].

1.1. Motivation
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Since such applications are characterized by intricate process-structure-
property interactions, their development can pose significant challenges.
Numerical simulations offer a promising approach to accelerate them
and improve robustness [8,9], even enabling analyses with focus on
sustainability [10] and recyclability [11] at an early stage.

For a reliable simulation-aided development process of FRTs based
lightweight structures, the resulting load bearing behavior has to be pre-
dicted. This necessitates taking the resulting 3D material structure and
corresponding mechanical behavior into account. Such a description
is very challenging for FRTs, since several effects like inelastic defor-
mation, rate of deformation or micro-cracking influence the material’s
behavior. Since fiber reinforced polymers (FRPs) with aligned fibers can
be idealized as UD on a sufficiently small length scale, the majority of
constitutive models have been developed for this specifically. Many dif-
ferent approaches to capture the complex deformation behavior have
been proposed in the literature, making fundamentally different assump-
tions on the sources of non-linearity and thus varying greatly in their
applicability.

1.2. State of the art

A common approach is to model all non-linear effects using contin-
uum damage mechanics (CDM). This is based on the fundamental idea
of replacing microscopic defects with a surrogate continuum with equiv-
alent resulting properties, pioneered individually by Kachanov [12] and
Rabotnov [13]. It was adapted to FRP by Ladéveze and LeDantec [14] as
well as Talreja [15]. Based on this foundation, Salavatian and Smith took
the relationship between matrix crack density and continuous damage
variables as basis for their derivation of interaction mechanism between
transverse and shear damage, allowing for an accurate assessment of the
influence of crack closure on shear behavior [16]. Ge et al. extended the
idea of coupling transverse and shear damage to a 3D model and com-
bined this with failure model specific damage evolution to predict the
behavior of fiber bundles in braids [17]. To reduce mesh dependency in
the case of strain softening, Singh et al. developed an approach to link
characteristic element length to material parameters in the Hashin cri-
terion [18] and combined it with different evolution laws [19]. Using a
multi-scale model, Park et al. leveraged the inherent dependency of the
material parameters on effects at smaller scales to determine parameters
for a CDM approach combined with non-linear elastic behavior in the
fiber direction, thus reducing experimental effort for parameter identi-
fication (PI) [20]. Furtado et al. extended a 2D CDM model by taking
the effect of compressive through thickness stress on fiber kinking and
the damage evolution under in plane shear into account [21]. This was
shown to greatly improve simulation predictions of the filled-hole com-
pression test, where a pre-stressed bolt applies out-of-plane stress to the
specimen.

Since CDM cannot capture the permanent deformation FRTs exhibit
after unloading, many authors have introduced aspects of plasticity
theory. To incorporate the hysteresis effects observed during unload-
ing and reloading of a carbon fiber reinforced polymer (CFRP), Fallahi
and Taheri-Behrooz proposed so-called “plastic-elastic” strain that leads
to recoverable deformation while dissipating energy [22]. Similarly,
Cozar et al. developed a 3D invariant based plasticity model that cap-
tures the deformation behavior of CFRP coupon specimens of various
off-axis angles and combined it with CDM to predict onset and propaga-
tion of damage [23]. They further refined the failure model in terms
of damaged, instead of effective, stress to prevent spurious damage
in the transverse direction under longitudinal loading [24]. Goncalves
et al. picked up the idea of an invariant based plasticity formulation
and coupled it with a smeared crack approach to allow for implicit
time integration [25]. They extended it to consider interaction of trans-
verse and longitudinal damage [26]. A similar idea was proposed by
Hoffarth et al., who first developed an anisotropic plasticity model with
a non-associative flow rule [27] which they later extended by a reduced
Matzenmiller damage model [28] to simulate low velocity impact events
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[29]. Building on these ideas, Chen and Li showed that linear evolution
laws for damage as well as plasticity can be sufficient when applied
mode specific and plasticity is formulated using damage affected stress
[30].

Even though many of the works mentioned so far were successfully
employed, even in crash and impact simulations, they generally do not
account for the strain rate dependency of FRP behavior. Treutenaere
et al. addressed this by using a generalized Maxwell model for the funda-
mental stress decomposition into equilibrium and time dependent parts
[31]. By combining this with CDM, they achieved excellent agreement
in continuous loading experiments at different loading velocities. To
reduce the number of material parameters, Fritsch et al. proposed mod-
eling the rate dependent behavior with a single Maxwell-like branch,
substituting the Newtonian dashpot with a hyperbolic Eyring one [32].
This allowed them to accurately capture the stress-strain behavior of
glass fiber (GF)/polypropylene (PP) under both quasi-static as well as
dynamic test conditions. Gerritzen et al. used a data-driven approach to
capture the non-linear out of plane shear behavior of FRTs [33]. By com-
bining it with phenomenological models, strain rate dependency across
a wide range could be represented accurately.

In order to obtain models with predictive capabilities under more
general loading conditions, further interactions have been included:
Chen and Morozov extended a 2D-model taking CDM and plasticity into
account by incorporating a strain rate dependent yield criterion [34].
This allowed for the accurate prediction of both static as well as dy-
namic coupon tests. Similarly, Kerschbaum and Hopmann proposed a
plane stress model combining CDM and plasticity with an empirical scal-
ing law for strain rate dependency of stiffness as well as strength values
proposed by Wiegand [35,36]. Zhai et al. combined CDM, plasticity and
viscoelasticity to accurately model the behavior of glass fiber polypropy-
lene (GF/PP) throughout loading-unloading recovery tests with several
off-axis angles [37]. A similar combination of sub-models with the ad-
ditional hyperbolic viscoelasticity model from Fritsch et al. [32] was
proposed by Zscheyge et al. [38]. They combined it with a novel step-
wise loading-unloading test with relaxation and retardation periods for
efficient PI. Following this, the comprehensive set of 21 parameters can
be determined from just a standard characterization program of continu-
ous loading of 0°, 90° and +45° specimens together with two additional
tests. The generalization capabilities of this 2D model have since been
shown by Andrif et al., who successfully applied it to a CFRP with
polycarbonate matrix [39].

1.3. Outline

The highly generalized material models for composites with thermo-
plastic matrix systems have been developed for a plane stress state. This
significantly limits the applicability of such advanced models, e.g., pro-
hibiting the analysis of manufacturing and mechanical joining processes
with their resulting complex material structures like pin pressing or self
piercing riveting [40-42]. Therefore, the aim of this work is to extend
the model proposed in [38] to a general stress state. Its functionality is
extensively tested on coupon level, and validated using three point im-
pact bending (3 P-IB) tests performed on a specialized rig developed in
[43,44].

2. Extension of the constitutive model to general stress states

To extend the applicability of the model proposed by Zscheyge et al.
[38] to arbitrary stress states and thus allow for its usage in general
purpose finite element analysis (FEA), the individual submodels are
adapted accordingly. The fundamental idea of modeling the laminate
behavior on the level of its individual UD plies, as demonstrated suc-
cessfully in various other works, see e.g., [45,46], is further pursued.
For a single direction, the submodel interactions may be derived from
the rheological surrogate shown in Fig. 1.

The application of the experimental methodology developed by
Zscheyge et al. [38] allows for a clear distinction of a) time dependent
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Fig. 1. 1D rheological surrogate for the constitutive model.

and independent effects through extended holding periods and b) of
inelastic deformation (modeled as plasticity and represented by the
friction element) and changes in stiffness (modeled as damage and rep-
resented by the non-linear spring) through unloading. They found no
conclusive evidence for the viscoelastic behavior interacting with the
damage up to ¢ = 1.0e—11/s, so damage is considered rate independent.
The overall relationship of stress ¢ and total strain ¢ can be written as:

o=Cl(e-€)+e” . m
—_—

=:0%

with the effective stiffness matrix C, governed by CDM, and plastic strain

P affecting equilibrium stress ge"_ and the viscoelastic overstress ¢%.

Modeling assumptions for the GF/PP under investigation: In this
study, an FRTs made of a UD non-crimped E-GF fabric and a Borealis
BJ100-HP PP [47] matrix, which was used in a variety of recent stud-
ies [41,48] are utilized. A more detailed analysis of the material can
be found in [49]. To incorporate simplifying experimental observations
regarding the deformation behavior of UD plies and to prevent further
increasing the already large number of 25 material parameters, the fol-
lowing assumptions and decisions were made throughout the derivation
of the 3D constitutive model:

Each UD ply is assumed to behave transversely isotropic for all mod-
eled aspects of the deformation behavior, with the primary axis
denoted by 1 as shown in Fig. 2. Hence, the mapping of coordinates
to FRP typical symbols || =1 for the fiber direction and 1 £2=3 for the
directions perpendicular to the fibers. This leads to the relationships
between independent and directional parameters given exemplarily
for the elastic properties in Eq. (2).

E = E| E, =E; =E,
V23 = Vil

Ey
Gy =57,
2(1+vy )

Vi =Vi3 = VL )

G=G;3=G,

Material behavior in the fiber direction is purely elastic and strain
rate independent. In tension this is linear, in compression however
some non-linearities occur because of fiber evasion [14,50,51].
Ductile damage of UD plies has been found to only accumulate under
tensile loading perpendicular to the fiber direction and shear loading
[52], all other modes lead to immediate total failure. Therefore, only
these two modes are considered for damage initiation and evolution.
For the reference yield strength, values perpendicular to the fiber
direction are chosen. Since a linear trend for effective stress and
effective plastic strain could be identified in [38] by sequential de-
composition into underlying phenomena, the hardening behavior is
modeled using a constant tangent modulus 7.

The reference stress for viscoelasticity is modeled as dependent on
the strain rate using a power law: ¢, = a £” with separate parameters
a, b under normal and shear loading.
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* Due to the pronounced rate dependency of PP it is possible to identify
model parameters for strain rate dependency from quasi-static tests
(y = 2.2e — 41/s) and extrapolate to elevated strain rates. This is
validated for the material under investigation up to a strain rate of
y = 2.2e — 21/s. Extrapolation from y = 2.2e — 41/s to a range of
7 = lLe—61/s to y = l.e — 11/s has previously been shown for a
similar GF/PP [38].

It must be noted that the proposed model does not take total failure of
the UD plies into account. Therefore, the derived model is suitable to
assess strain rate dependent deformation and damage behavior, but not
to predict ultimate loads.

Fig. 2. Alignment of cartesian and fiber coordinate system for an idealized UD
ply.

2.1. Equilibrium behavior

Within this section a model for the material’s rate independent stress
response ¢¢? is derived.

2.1.1. Elasticity

The initial stress-strain-relationship in a tension state is considered to
be linear. Therefore the generalized Hooke’s law is used for its modeling.
The aforementioned loss in stiffness in fiber direction under compression
is modeled following the proposal by Ladéveze and LeDantec [14] with
an effective Young’s modulus in fiber direction:

E =E, (1+y(01)(_>):E|F , (3)

introducing the material parameter for fiber evasion y and the resulting
stiffness loss factor I'. Insertion of the effective Young’s modulus into
the compliance matrix S leads to an asymmetric matrix. However, from
the symmetry requirements S;; = S;; vi;/E, = v;, / E; = const. follows.!
To satisfy this in the case stiffness reduction (I" < 1), reduced Poisson’s
ratios in the compressive state are defined:

Vp=v s =23 “4)

The stiffness matrix C is obtained by inverting .S. When using an EULER-
forward time integra_tion scheme for uniaxial fiber parallel compression,
the implementation of I' according to (3) led to time step dependent
oscillations in the stress response. In order to prevent these, a mathemat-

ically equivalent formulation was linearized, stabilizing the simulations.
Details on the adaptation are given in Appendix A.

2.1.2. Damage modeling

The permanent decrease in stiffness due to defect initiation and
growth is modeled using CDM. Following the proposal by Matzenmiller
et al. [28], a damage matrix D is introduced:

1 1 1 1 1
, , , ) , , 5
I—dy 1—dy 1—dy 1-dp 1—d12> ®

D = diag <1

with the damage variables d;;. Here, no damage is considered in the
fiber direction, from which d,; = 0 and thus D, = 1 follow. With D, the

! At Poisson’s ratios v;; i denotes the primary loading direction and j the
direction of resulting transverse strain.
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effective stress &, representing the stress in a virtual undamaged material
with reduced cross section and effective strain £, representing the strain
in such a virtual material, are defined:

§=Do and

. el ©)
e=D"c

This leads to a preliminary effective compliance matrix:

S =sp" . ™

—prelim ==

Given the observations of Kashtalyan and Soutis [53] that Poisson’s ra-
tios are effected by the damage state as well, further effective Poisson’s
ratios are defined by adding degradation functions as proposed by Ref.
[28,52]:

Vy=vy (I—dy)s i #]. (8)

This ensures symmetry and leads to . The effective stiffness is obtained

by inverting S:
c=5" . ©)

To determine the onset of damage, an invariant based criterion orig-
inally introduced as failure criterion by Cuntze and Freund [54] and
adapted by Bohm et al. [52] is used. Invariants regarding rotation
around the fiber direction identified in [18] are used as model basis.
The used invariants are:

I, =6, I, =6, + 63,

) ~ ~\2 ~2 10)
L=%,+%, and I,=(6,-63) +4%.

Furthermore, Cuntze proposes five basic failure modes for UD-plies and
individual criteria to accurately describe failure in each of them [54-56].
These five criteria are then combined through a probabilistic coefficient
to obtain one overall criterion.

The respective criteria can be written as:

I _ -1 _
N )
Ry Ry
go btV e 3O - (£ -)RrVE () — 0 and
LS5 =Y 1T o~ =0an
ZRJ_ 1
VI +b), I
Hy=—%—-1n.=0
m
11

with the material parameters bcL and bf | describing internal friction
and the respective initial strengths R; [52]. The resulting criterion is
then defined using the interaction coefficient m [54,55]:

Jj=lh Ll a2

H= [Z(H,)”"]m —r=0;

Once damage has been initiated, its evolution is determined individ-
ually for each of the failure modes. For this, the mode specific efforts r;
are determined from (11). Based on those efforts, mode specific damage

is determined by:

b = 0 forr<1
i tanh [ﬁj(rj—rjo)'(f] forr >1

with the material parameters f; and «; and the damage threshold r,

which takes the value of r j when r = 1 is first satisfied [52]. The damage

13)
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variables in the fiber coordinate system are determined by:

ar=Y (¢,4)" 14)

J

where mode interaction is taken into account by the coefficients q{
[52,57]. Since experimental results show immediate total failure if dam-
age occurs in one of the modes described by H (|+), H l(lf)or H ?, these are
not considered in damage evolution but wouid trigger an instant fail-

ure criterion [52]. Hence, D can be expressed in terms of mode specific
damage variables using

dp=dyy=dy=d;, and d=djz=d) , 1s)

with d, acting on the behavior in the plane of isotropy and 4, affecting
the shear behavior with one axis parallel to the fiber direction.

2.1.3. Plasticity formulation and interaction with damage

Inelastic deformation is taken into account by a plasticity model. A
yield criterion based on the proposal by Hill [58] in combination with
isotropic hardening and associated flow is used. As proposed by Ref.
[14], interaction between plasticity and damage is considered by us-
age of effective stress in the yield criterion and thus the flow rule. An
effective equivalent stress is defined as:

7=/(2e) A2e ae)

with the coefficient matrix A:

A= =1 =
= F+G+H |0 A
=

a7
G+H -H -G
A=|-H H+F -F | A =2diag(L M N)
- -G -F  F+G

The parameters F,G, H, L, M, N can be written in terms of the initial
yield stresses Y;; as:

F=%<%+%_%) Lol

YZ2 Y33 Yll 2Y23

G=%<¢2+%_%> M=l as)
Y22 Yll Y33 2Y13

3 (Fehen) v
11 33 22 12

Using this,

f=68,-Y=0 (19)

with the reference yield stress Y follows for the final yield criterion.
Thereupon, plastic strain rate is defined by:

P = ) =, 20
£l 2 (20)
with the consistency factor 4 which has to be determined. Furthermore
an effective plastic strain rate is defined by:

=i _pie. @1)
£ %6 = ¢

Using (21) a rate of effective equivalent plastic strain €2 can be defined,
for which

Wr=o"¢?=Do" D& =5" & =5, (22)
with the rate of plastic work W?” as shown in [59]. It is shown in

Appendix B that for the chosen yield criterion in combination with an
associative flow rule 4 = £ follows.
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This leads to

&=, [En atr 23)

with
0

a=(F+G+H)|3! h (24)
= 0 g
and

) F2(G+H) -2FGH —-2FGH
a =—————| -2FGH G*(F+H) -2FGH |,
- (FG+FH+GH)Y| L prGH —2FGH H:(F+G)

2, =98 (57 5577

From this, the effective equivalent plastic strain is defined as:
t

&= / edr . (25)

Based on £~ isotropic hardening is defined by
Y=Y (&) . (26)

The consistency factor 4 can be determined by evaluating the consis-
tency condition [60]:

f+f=0, (27)
which leads to

(N e Y (P p) -

f_<6g> g+0§geg+Tr<022)—0 (28)

when yielding. Here, derivatives with respect to a vector or matrix are
defined elementwise by

o _[or or or) 29)
do do,’ do,” 7 do;
o of o
oD oD aDy;
0 11 12 1j
oD | or s of
- aD; aD;, oDy

In (28) £~ is substituted by the consistency factor 4 and ¢ is substi-
tuted by Hooke’s law, taking into account the change in deformation
state (£°) as well as in stiffness (Q):

g=Ce+le=C(e-&)+Ce=C (g—i‘;—f> +Ce . B
= = = = lod =

Using nominal stress increments in (28) has the advantage of being
associated with the effective stiffness € and thus allows to take the

degradation of Poisson’s ratios into account. Solving (28) for A finally
leads to

T T .
af X of 3 f 7
(%) ce+ (%) %”Tf(@E)
T

A= , (32)
ar\ & (of of
(%) e(5)-
with DAD
o
of ====" and (33)
oo G,
of _ARod 0
oD~ 5, ’

Final formulae for UD material. Applying the presented assumptions leads
to the simplification of Eq. (16):

~ 2 2
- L )2 " R, Ty3 4 R, (~2 + 72 (35)
0, = ((72 O3 R_23 R_12 T13 le) .

In case of the rate of effective equivalent plastic strain, the fact that
both factors G and H go to 0 as a result of the assumptions, prevents
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the formal derivation from Eq. (23). It is instead derived in Appendix C,
leading to

& -8 ’ Ry \” ., 2. (Ru\’ 2 2
P — +( = (.-.p) +<_> (—:[I) +(.:P)
e < ) ) < R, ) 23 R, ( "3 "2 )

(36)

2.2. Strain rate dependency

The dependency of the material behavior on the loading velocity
is modeled as strain rate dependency. For its description a rheological
approach is taken, using a Maxwell-Element with a non-linear Eyring
damper as shown in Fig. 1

For the damper

6% = oy arcsinh <£> @37)
€0

with a reference stress o, and reference strain rate ¢, is assumed. This
leads to

6% = E ¢ — E ¢y sinh S = E,é — 22 sinh I (38)

%0 T %0

for the entire Maxwell-Element [32], with the spring’s stiffness E, and
the relaxation time 7, = 6, /(E, &).

The generalization of this behavior is carried out under the assump-
tion that only the associated strain’s rate has an effect on the stress, e.g.,
o35 is solely dependent on &,,. This assumption is made to avoid the in-
troduction of new material parameters and significantly expanding the
experimental effort. Therefore, Eq. (38) is applied to each over-stress
component individually, excluding the fiber direction.

3. Experimental methods and results
3.1. Conducted experiments for parameter identification and validation

The applicability of the developed extension of the constitutive
model is investigated in a staggered approach: First, the overall stress-
strain behavior is assessed and ultimate strength values of an FRTs
are determined. For 0°- and 90°-direction, specimens in accordance
with DIN EN ISO 527-5 [61], and for in-plane shear properties [+45°]
specimens in accordance with DIN EN ISO 14,129 [62] were used.
Additionally, the material’s specific relaxation time was determined by
deforming a specimen with [457/ — 457] layup to a longitudinal strain
of 1.4 % at a loading velocity of 1 ™™/ . and subsequently hold-
ing for 56 h allowing the stress response to reach a stationary state.
Since the necessary time would make subsequent stepwise tests infeasi-
bly long, a time of 5 h, corresponding to 85 % stress decay, is chosen
as holding time in subsequent tests. The final equilibrium response is
obtained post hoc by extrapolation to 100 % stress decay. Next, the
experimental methodology with stepwise loading-unloading tests with
relaxation and retardation periods proposed in [38] is applied to [90°]4
and [455/ - 45;]S specimens to determine the material parameters. Each
cycle begins with a strain controlled loading up to a target strain, fol-
lowed by a relaxation period. Subsequently, the specimen is unloaded
until a longitudinal force of O N is reached. Each cycle is concluded with
a force controlled retardation period, remaining at O N. Strain levels of
for the holding periods are based on the stress-strain results from the
standardized tests. For validation of the PI, standardized tests are re-
peated at 16™™/ . and specimens with [30°,/—-60°,]; layup are tested
both under continuous as well as stepwise loading conditions. Finally,
3 P-IB experiments with a span of 30 mm and impact velocity ranging
from 4.5 ™/ to 9.0 ™/, are carried out on a 3 P-IB rig, originally devel-
oped in [63], including the refinements from Ref. [43,44]. It is shown
in Fig. 3.

The set-up uses a titanium bar of 9.81 mm diameter and 500 mm
length with a tip radius of 3mm as impactor. It is instrumented with a
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light barrier

bearing 2
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impactor gas gun with projectile

strain gauge bearing 1

Fig. 3. Test set-up used for three point impact bending (3P-IB).

Table 1
Specification of the utilized specimens.
Intention Loading Velocity Dimension Layup Ref.
Fundamental behavior Continuous mm/ e 15%250 x 1mm? [0°], [61]
25%250 x 2mm3 [90°1¢
1455/ - 453], [62]
Relaxation time Relaxation 1mm/ 25x250 x 2mm? [455/ — 45351 [62]*
PI Stepwise 1mm/ i 25x250 x 2mm? [90°]g [38]*
1455/ - 453],
Validation Continuous 16™™ / in 25x250 x 2mm? [90°]4 [61]
1455/ — 4531, [62]
[30°,/-60°,1, [61]*
100mm/ 25x250 X 2mm3 1455/ — 4531 [62]
Stepwise mm /o 25%250 x 2mm?® [30°,/-60°,1, [38]*
Impact 4.5...9.0 ™/ 9%90 x 3mm?3 [(0°/90°)51 [43,44]*

*adapted from reference

strain gauge, measuring strain waves resulting from the impact. Based
on the Hopkinson bar principle, i.e. using the strain waves in the bar to
obtain information on events at the impact location, acting force at the
impactor tip can be calculated. The contact region of the steel supports is
manufactured with a 3 mm radius as well. Due to restricted availability
of the material, the specimens for 3 P-IB tests were made from the GF/PP
used in [38]. An overview of all conducted tests, the respective lay-up,
geometry and loading conditions is given in Table 1. All continuous load
test cases are carried out with a standard testing machine Zwick 72,5
(ZwickRoell GmbH & Co KG), whereas the stepwise loading cases are
performed on a servohydraulic testing machine Schenck Hydropulser
PC63M-50.

3.2. Experimental results

3.2.1. Quasi-static continuous tensile tests

The fundamental direction-dependent material behavior is identified
by tensile tests. Parallel to the fiber direction, the UD material exhibits
linear behavior up to final failure. The corresponding stress-strain-curve
is shown in Appendix D: Fig. D.20. For transverse tension and shear
resulting stress-strain-curves are shown in Fig. 4.2

For the 90 °-specimens the tensile stress increases up to a strain
&, ~ 0.003, it remains almost constant at 15 MPa with increasing strain
(Fig. 4a). The respective failure strains £ vary significantly between
0.041 and 0.081. Hence, the first strain level for the stepwise load-
ing is defined in the elastic region below the maximum strength at
€, = 2.5¢ — 3. The second step is chosen to closely match the transition

2 Here and in all following figures, specimens are denoted according to
the naming scheme defined in the collaborative research center TRR285:
A03_F_0_XXX encoding specimen number XXX from subproject AO3 made from
Fiber reinforced polymer withOut any joint.

from stress increase to stress plateau. Additionally, two strain levels are
chosen with sufficient distance from the lowest failure strain ™! = 0.041.
The chosen strain levels are summarized in Table 2 and indicated in the
figure by dashed vertical lines (Fig. 4a).

The stress-strain-curves of the +45 °-specimens exhibit a sublinear
growth profile without a distinctive plateau (Fig. 4b). Failure is initiated
uniformly upon reaching a stress of 19.4 MPa. Therefore, the strains for
the load steps are distributed up to a limit of 0.026, with increasing
distance. This limit strain corresponds to the shear stress z;, of 16 MPa,
which is approximately 85 % of the maximum shear stress. This is done
to prevent specimen failure during the stepwise loading and unloading
test. Chosen strain levels for PI are given in Table 2 and indicated in
Fig. 4b.

Since pronounced non-linearity occurs in the strain regime in which
Young’s moduli are determined for transverse and shear behavior, these
values are not used further. Only Poisson ratios and Young’s modulus in
fiber direction obtained from these experiments are used for the further
work. They are presented alongside elastic moduli determined according
to standards indicated in Table 1 for all directions as well as the material
strength values in Table 3.

3.2.2. Relaxation experiments

Necessary holding time to obtain a stationary state is determined by
loading a [457/ — 457] specimen to y = 1.4 % at 1™/, and subsequent
strain controlled holding for 56 h. As shown on the left in Fig. 5, the
stress begins to decay as soon as the loading stops at 35 s. Since the stress
relaxation is driven by remaining viscoelastic overstress, it decelerates
with the advancement of relaxation. However, the stress continues to
decrease for 45h.

Since the specimen has to be held twice per cycle, this implies a du-
ration of 450 h(=18.75d) per test. To prevent this infeasible test time,
a holding time of 5h is defined, corresponding to an 85% decay of
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Fig. 4. Experimental results from tests with continuous loading at v = 1™/ . .

Table 2
Steps for the stepwise loading and unloading tests.
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Transverse £ 2.5e-3 5e-3 le-2 2e-2
Shear Y12 1.42e-3 2.86e-3 6.2e-3 1.326e-2 2.62e-2

overstress, from which the total decay is extrapolated in the PI. This
allows for a reduced test time of 50 h.

3.2.3. Stepwise loading and unloading tests for PI

Based on the quasi-static tensile test the strain and shear strain values
for each load cycle are determined and given in Table 2. Given the
immense time-wise effort per experiment, only one specimen is tested
per configuration, except for the [90°]¢ layup, for which three specimens
are used to address the more pronounced scattering observed in the pre-
liminary tests. By taking this information into account, two weeks of
continuous test time could be saved.

The resulting stress-strain-curves of the [90°]; samples are presented
in Fig. 6a. For each experiment, the envelope of the loading steps be-
haves very similarly to the continuous tests, including the pronounced
plateaus. During the subsequent relaxation periods, a significant de-
crease in the stress level can be observed. After unloading and retar-
dation, a distinct inelastic strain remains, which increases throughout
the cycles. Additionally, the stress-slope of the subsequent loading step
is less steep than in the step before. The specimen with a [455/ — 45]
layup exhibits similar behavior except for the plateau, as can be seen in
Fig. 6b.

From these results, governing parameters are extracted following the
methodology developed in [38]. Here, it is described briefly, more de-
tails are given in the original work. The total stress value at the end of a
loading step o|,— is taken as reference. From this, the change in stress
Ao is analyzed for the entire span of 5h. The measured stress at the
end of the relaxation period o|,_;50(o , is extrapolated to the equilibrium
stress ¢°4, taking into account the remaining 15 % stress relaxation that
would have occurred in additional 40 h. This allows for the calculation

25
—— A03_F_0.637
MPa 1 ] % 85% Relaxation

T s 1
N 10 T —
=

5 4

0 + + + + +

0 25 50 s 100 0 20 h 60

t = t =

Fig. 5. Stress relaxation in [455 /- 45;]s specimen at y = 1.4 %. Left: detailed
view at beginning of experiment; Right: entire experiment.

of the initial viscoelastic overstress ¢°|,_ ; = ol,—¢ ,—0°?. Based on this,
a non-linear curve fit of Eq. (38) is carried out using the least_squares
algorithm implemented in [64] to identify the material parameters for
the strain rate dependent submodel.

For the equilibrium behavior, strain at the end of loading (¢/°%%)
as well as after unloading and retardation (g%°%) is captured. As
with the stress, inelastic strain after full retardation (&”) is obtained by
extrapolation from the difference Ae = ¢;,,; — €,004- The difference
is considered purely elastic, and current modulus is determined by
E = 6% /A¢ and in turn current damage d = 1— E/E. This is repeated for
each cycle and data correlating effective stress with damage is collected
and fitted for Eq. (13), as well as effective plastic strain and hardening
for Eq. (26) with constant tangent modulus 7. The identified material
parameters are given in Table 4.

3.2.4. Coupon level validation experiments

As basis for validating the rate dependency, tensile tests with a load-
ing velocity of 16™/ ., and 100™™/ . are conducted. These exhibit a
similar behavior to the ones at 1™™/ . . but reach a slightly higher stress
level on average, as shown in Figs. 7 and 8.

Table 3
Elastic parameters for GF/PP under consideration, determined according to relevant standards.
Elastic E, [MPa] E, = E; [MPa] G,, = G;; [MPa] vip [-] vy; [=]
31,800 + (826) 3830 +(133) 1190 + (28) 0.24 + (0.045) 0.38 + (0.026)*
Strength R, [MPa] R, = R; [MPa] R, = Rj; [MPa]
644 + (22) 15.6 + (0.7) 19.4 + (0.3)

* Lacking experimental results, Poisson ratio of pure matrix is assumed.
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Fig. 6. Experimental results from tests with stepwise loading and unloading with relaxation and retardation periods.

Table 4

Material parameters for the investigated GF/PP.

Elasticity Plasticity Damage viscoelasticity
E, 31,800 MPa Y, 2.433 MPa R, 2.433MPa E, 1928 MPa

E, 6524MPa Y, 1345MPa R, 1345MPa G, 918MPa
G, 2300MPa T  159,3¢5MPa «x,  0.3834 7, 20,000s
v 024 p 0.3964 ay 07035
v, 038 Ky 0.2250 b O
vy 0.0005 fy  0.5300 a4,  5.4054
m 25 by 0.5439
& o5
05

To further validate the in-plane behavior, tensile tests at 1™/ . us-
ing [30°,/-60°,], specimens were conducted. Similar to the shear dom-
inated tests with [457/ —45]] layup, the force-displacement behavior
exhibits a pronounced non-linearity with sublinear characteristic, as de-
picted in Fig. 9a. All tested samples show very similar responses and
only differ significantly in failure strain.

Additionally, the stepwise-loading and unloading experiment at
amm/ i with [30°,/-60°,]; specimen is used to validate that the differ-
entiation of non-linear effects under a stress combination not used for
PI can be accurately predicted. Its force-displacement curve exhibits a
beginning similar to the continuously loaded ones with non-linear char-
acteristics, followed by pronounced stress relaxation as well as strain
retardation after unloading (Fig. 9b). Evolution of inelastic strain and
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= A03_F_0.413
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0.01 0.05

Fig. 8. Experimental results from in-plane shear tests with continuous loading
at v =100""/ .. (7 =22e—21/s).

damage could not be observed, because the specimen failed prematurely
during the second relaxation period.

3.2.5. Three point impact bending experiments

The material behavior of the GF/PP during low velocity impact is
shown in Fig. 10 for 4.5 and 6.0 ™/,. At an impact velocity of 9 ™/,
the impactor broke the specimen and bounced off the holding aperture.
Hence, the results may only be used up to the point of the impactor

A03_F_0.617 —— A03_F.0.620
—— A03_F_0.618 —— A03_F_0.621
—— A03_F_0.619
30
MPa T
T 20 1 —
15 1
3
= 10 T
5 +4
0 + + + +
0.00 0.01 0.02 0.03 — 0.05
Y2 —

(b) In-plane shear at 4 = 3.6e—31/s

Fig. 7. Experimental results from tests with continuous loading at v = 16™/ . .
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Fig. 9. Experimental results from validation tests with [30°/—60°], layup.

hitting the aperture. They are shown in Appendix E. Since the raw mea-
surement data exhibit pronounced noise, Savitzky—-Golay filter with a
window size of 101 and polynomial degree of 3 is used to smooth them.
Raw measurements are shown with thin lighter lines, analyses are based
on the filtered curves. At both velocities, an initial spike in the force sig-
nal may be observed, corresponding to the first contact of impactor and
specimen. With increasing deflection, the force continues to increase un-
til a plateau, superimposed by pronounced oscillations at 445 and 550 N
is reached, respectively. In case of the impact at 4.5 ™/, the force be-
gins to rise again at a deflection of 2mm until the global maximum is
reached slightly below 3 mm. From that point on, force levels begin
to decrease until the impactor reaches its reversal point at 4 mm and
400 N. During the impact at 6.0 ™/, the oscillations around the plateau
are more pronounced. It continues up to a deflection of 4 mm, at which
point the force begins to decrease, without a prior increase. Notably,
this decrease in force continues up to 7 mm, at which point the reversal
occurs with 200 N, far lower than at 4.5 ™/,. After the reversal, the im-
pactor is repelled with continuously decreasing force, again subjected to
oscillations.

After an initial non-linear deceleration during which the contact is
established, the impactor’s tip velocity decreases with constant acceler-
ation up to the point of first failure at 0.0015 s. Following that, changes
in velocity gradually decelerate up to the repulsion of the impactor at
2.87 and 2.31 ™/, respectively.

4. Comparison of model predictions and experimental results

The constitutive model’s behavior is verified by numerically analyz-
ing the conducted experiments using two implementations with explicit
time integration. Firstly, the uniaxial case is implemented using Python,
allowing for a rapid and flexible analysis of test cases with uniaxial
stress states. Secondly, the full 3D constitutive model is implemented as
Abaqus/Explicit VUMAT, enabling the analysis of the material response
under arbitrary loading conditions.

4.1. Model results for parameter identification experiments

PI experiments are set up in a way that only one stress component sig-
nificantly deviates from zero. Therefore they can efficiently be analyzed
using the Python implementation, in which the experimental boundary
conditions (BCs) can be directly incorporated. Alternatively, the undis-
turbed region of the specimen can be represented by a single element
test (SET) with appropriate BCs, when assuming ideal fiber alignment
and small deformations.

For the displacement controlled deformation steps, permanent com-
parison of the current deformation, with the target value was necessary,
since the occurring plastic deformation cannot be known in advance.
The deformation state was obtained from a nodal *SENSOR for every
time increment. Once the target value was reached, the step was pre-
maturely ended by setting 1FlagsDefine(iConcludeStep) = 1. Since

the usage of VUAMP prevents the definition of relative changes in acting
forces [65] and the absolute values at the end of each retardation period
cannot be known a priori, unloading is modeled by prescribing a nodal
velocity that leads to the same strain rate as the one during loading.
Similar to the loading steps, nodal force from *SENSOR was monitored
constantly and the step was stopped once the force value reached zero.
Additionally, the material’s density was increased by a factor of 1.5e3 to
achieve a stable time increment of 1e-6 s during loading and unloading,
which has been shown in preliminary tests to not affect the predicted
stress-strain response. A factor of 1.5e6 has been used for relaxation and
retardation periods, leading to a stable time increment of le-3 s. Using
this increased density, simulations took 12 h on an AMD Ryzen 7 PRO
4750U using 1 core.? The resulting stress-strain curves are juxtaposed
with the experimental results in Fig. 11.

Both under transverse tension as well as shear loading, the model
shows good agreement with the experimental results both during the
loading as well as the relaxation period. During the unloading and sub-
sequent retardation the simulations exhibit some principal deviations
that increase with the overall deformation. This stems from the fact that
the model was solely developed and fitted to the relaxation behavior.
Given the specialization of the Python implementation, it allows for an
adaptation of the viscoelastic parameters solely for unloading and retar-
dation, thus taking the fundamental change from tensile to compressive
viscoelastic stress into account, without adding significant complex-
ity to the overall model.* Here, a second set of parameters has been
determined with a focus on correctly predicting the deformation at the
end of the retardation period, since this influences subsequent steps the
most. The parameters are given in Table 4, respective curves are shown
in Fig. 11. Under both loading conditions the inelastic deformation re-
mains so small throughout the first cycles that both models produce
very similar results. With increasing inelastic deformation and the ac-
cumulation of deviations in the Abaqus model however, the adjusted
model deviates more noticeably. It remains in far better agreement with
the experimental results, throughout all cycles. In order to tackle the
remaining deviations during unloading, the strain rate dependent part
of the constitutive model would have to be adapted.

4.2. Model results for validation experiments

The predictive capabilities of the developed models are investigated
by simulation of additional loading conditions that were not used for PI.
In doing so, extrapolation in terms of total deformation and strain rate is

3 For the investigated SETs, parallelization overhead was larger than simula-
tion speed-up.

4 To differentiate between loading and unloading in the general model, the
definition of a viscoelastic potential and application of Kuhn-Tucker conditions
could be a solution.
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Fig. 11. Simulation results from tests with stepwise loading and unloading with relaxation and retardation periods.

investigated as well as interaction between the fundamental deformation
modes by means of off-axis specimens.

In order to assess the predictive capabilities of the model, at first
transverse tension and in-plane shear tests with continuous loading are
investigated. The former are compared up to a strain £ = 0.04, twice the
PI range, the latter for the valid shear strain range until 5 %, as per [62].
Given the 1D stress state, analyses are carried out using the Python im-
plementation. For the comparison between experimental and simulated
data, the effect of pre-tensioning has been removed from experimental
data.

Experimental results and simulation predictions for testing velocities
of 1 and 16 ™™/ . are juxtaposed in Fig. 12. At both testing veloci-
ties, the developed model accurately captures the initial stiffness and
onset of significant non-linearities. At 1 ™™/_. = the model predicts a

10

soft stress maximum at £ = .011 and slow stress decrease with increas-
ing deformation after that, as opposed to the plateau like behavior in the
experimental curves. Nevertheless, the simulation results remain in very
good agreement with experimental observations throughout the entire
strain range. At 16 ™™/_. . the decrease in predicted stress is less pro-
nounced, leading to an even better agreement between experiment and
simulation.

Fig. 13 contains the similar comparisons under in-plane shear. At
the quasi-static testing velocity, experiments and model are in complete
agreement throughout the deformation range used for PI (y = 2.62 %,
c.f. Table 2). Under continuous loading, the agreement is even better
than observed in the PI experiments, further emphasizing that the small
previous discrepancies stem from the unloading behavior and the sim-
plification of equating relaxation and retardation. If the model is used
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Fig. 12. Validation experiments with [90°], layup for transverse tension with belonging simulated curves.

to extrapolate the prediction of material behavior up to the final strain
of the experiment, close to twice what was used for PI, minor devi-
ations arise that slightly increase with the extrapolation distance but
remain within a highly satisfactory range. The model behavior suggests
that after exceeding the calibration limit, an acceleration of inelastic
deformation and stiffness degradation takes place. However, the exact
cause of this cannot be determined experimentally, since it would re-
quire prolonged holding close to the material’s failure strain which is
not feasible.

To further investigate the model’s extrapolative capabilities, exper-
iments performed at the increased testing velocities of 16™™/ . and
100mm/ .. are used. This, again, leads to an excellent agreement be-
tween experiments and model predictions well past the range used for
the underlying PI at 1™™/ .., without significant deviation up to a defor-
mation of y = 3.5 %. Continued model extrapolation up to y = 5 % yields
good agreement with the experiments, as was the case in the previous
experiment. The continued good agreement between model predictions
and experiments, both when extrapolating to larger strains as well as
higher strain rates, verifies the predictive capabilities of the proposed
model.

Interaction between the two investigated deformation modes of
transverse and shear deformation is analyzed by using test specimen
with a [30°,/-60°,], layup. The model prediction for the resulting
multi-axial stress state is obtained using the Abaqus implementation.
The number of elements in the FEA model is kept as small as possible, in
order to allow for the analysis of the extremely long loading-unloading
experiments, where a physical time of 50 h has to be simulated us-
ing explicit time integration. Hence, the specimen is abstracted to a
cube of side length 1 mm, which is partitioned into the four layers,
each with a thickness of 0.25 mm. Each layer is represented by a sin-
gle fully integrated element, as preliminary studies showed significant
hourglassing when using reduced elements. The resulting mesh has four
elements of type C3D8. No translation is allowed on the three base sides
of the cube, preventing rigid body motion while allowing for lateral
contraction. However, this approach cannot capture typical “double S”
type deformation of unbalanced ply layups. Since more accurate geo-
metric representations of the test set-up would make simulation time
infeasibly long, this numerically highly efficient representation of the
specimen is used for subsequent analyses. The suppression of the “dou-
ble S” deformation may lead to a virtual stiffening of the simulation,
however, because deformation at failure is small, the effect is considered
negligible. Axial stress from simulation is calculated using

(39

11

with nodal forces F' at nodes i of the face with translational BCs and
FEA-model cross section Ag,.

Firstly, the quasi-static test with continuous loading is simulated with
a longitudinal strain rate equivalent to the experimental one. Simulation
results are shown in Fig. 14 alongside the experimental curves. Excellent
agreement of this model extrapolation may be observed throughout a
significant range of the deformation, validating the assumption that sup-
pression of the “double S” deformation does not significantly influence
the behavior here. Both the initial slope as well as the course of the curve
up to a strain of 0.02 coincide with the experimental findings. From that
deformation state onward, the extrapolative deviations observed for the
in-plane shear behavior begin to affect these simulation results as well.
This leads to an overestimation of the increase in reaction force. Still, the
deviations up to the total failure of the specimen are within an accept-
able range. The failure itself and potential modeling approaches have
not been part of this investigation.

During the stepwise testing, the model predictions slightly under-
estimate experimentally observed forces during both loading phases.
However, the equilibrium force after the relaxation period is in excel-
lent agreement. This indicates that the previous underestimation stems
from the viscoelastic overstress. It could therefore be a consequence of
the simplified modeling of strain rate dependency, where lateral con-
traction or prevention thereof currently does not contribute to stress
build-up. Unloading and retardation match extremely well. The absence
of deviations as opposed to the PI-experiments can be attributed to the
comparatively small deformation state. During the PI-experiments, de-
viation increased with overall deformation state. Altogether, the model
was capable of predicting experimental behavior, for the combination
of a layup and testing velocity not used during PI, with high accuracy.

To further investigate the influence of the individual modeling as-
pects, additional simulations of the validation case with stepwise loading
and unloading only taking specific aspects of the derived model into ac-
count are carried out. In Fig. 15 evolution of strain and stress over time
as well as stress-strain-curves are shown, each superimposed with the
experimental results.

From the stress response during the relaxation periods it becomes
clear that the purely elastic model predicts far too high stress lev-
els, which remain constant throughout the relaxation period. Taking
viscoelastic effects into account, leads to initially even higher stress
levels which mostly decay over the course of the 5 h relaxation pe-
riod. Replacing viscoelasticity with pure CDM brings stress levels down
to a more realistic level, similar to the state observed after relaxation.
Further consideration of plasticity reduces the stress response slightly.
However, in both cases the stress level remains constant for the entire
relaxation period. Only the combination of viscoelasticity and damage
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Fig. 14. Validation experiments with [30°,/—-60°,], layup for deformation model interaction with respective simulation curves.

with or without plasticity allows for an accurate prediction of the initial
stress peak at the end of loading and the subsequent decay towards an
equilibrium.

Similarly, the purely elastic model does not capture the strain behav-
ior during the retardation phase. It predicts an immediate drop to zero
strain. The viscoelastic model gives a rapid drop in strain followed by a
slow decay towards the initial geometry. For the deformation behavior,
taking only CDM into account does not yield any effect. Identical to the
purely elastic model, immediate restoration of the initial geometry af-
ter unloading is predicted. Adding viscoelasticity to CDM prevents the
almost immediate change to the undeformed configuration. However,

12

the predicted retardation exceeds the experimental observations, even
the equilibrium behavior, for which the experimentally observed strain
decay has to be extrapolated by 15 %. The pure plasticity model on
the other hand gives an accurate estimate of this equilibrium behavior.
However, just as the addition of CDM has resulted in a time-independent
stress plateau, plasticity yields an immediate drop to a constant defor-
mation state after unloading. Again, the predictions of the developed
model are in excellent agreement with experimental observations.
Combining the insights from relaxation and retardation makes it
clear that only a constitutive model taking viscoelasticity, CDM and
plasticity into account can capture the intricate stress response and
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Fig. 15. Effect of modeling aspects on results for validation case (“E”: elastic, “VE”: viscoelastic, “D” with CDM, “P” with plasticity).
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Fig. 16. Detailed view on impact region of initial FEA model for 3P-IB.

unloading behavior of the GF/PP. This is further emphasized by a
comparison of the respective stress-strain curves with the experimental
results. Only the VE-DP model accurately predicts the material behavior,
including inelastic deformation, throughout the entire experiment well.
All other models fail to capture essential aspects.

3 P-IB The 3 P-IB experiments are analyzed using Abaqus. The geom-
etry of all parts is discretized using 3D continuum elements with reduced
integration (C3D8R), resulting in the mesh of the impact region shown in
Fig. 16. Across the entire specimen, cohesive zone models (CZMs) with a
thickness of 1e-4 mm are added between all layers to account for poten-
tial delamination. This strategy has been shown to allow for an accurate
assessment of the structural behavior of the used GF/PP in [66]. To de-
termine suitable mesh size, a mesh convergence study was conducted.
Details are given in Appendix F. The 0.25 mm thickness of each FRTs
layer is discretized with 2 elements as a compromise between simula-
tion accuracy and time. The region directly underneath the impactor is
meshed with an edge length of 0.22 mm in the x-direction and 1 mm in
y-direction. The latter does not require higher mesh density since both
material as well as impact do not change in this direction. The mesh is
coarsened in the x-direction towards the specimen edges up to an edge
length of 1 mm. The resulting characteristics of the mesh are given in
Table 5.

Table 5

Characteristics of FEA model for 3P-IB.
Part Specimen Impactor Support
No. C3D8R 36,720 10,240 930
No. COH3D8 16,830 0 0

13

The developed constitutive model with determined parameters from
Ref. [38] is used for each of the FRTs layers with a global orientation.
Properties for the traction separation law are extrapolated from Ref.
[67], where the same material with graded interface properties was
studied. Used values are given in Table 6. Steel supports and titanium
impactor are modeled as purely elastic to allow for propagation of stress
waves and thus a more realistic representation of the impact system.

General contact with a coefficient of friction of 0.1 is defined among
all exterior surfaces, with updates if elements are deleted. The contact
is enforced based on penalty stiffness. The side of the supports fac-
ing away from the impactor is clamped and an initial velocity v, in
the z-direction is applied to all nodes of the impactor. The simulation
time is set to an arbitrarily large number, with termination criteria on
displacement of the impactor tip, stopping the simulation once it has
been repelled by more than 0.5 mm compared to its initial position. An
explicit time integration scheme with default bulk viscosity parameters
is chosen. Using an 6 cores on an i7-8700 CPU, this leads to wall clock
times of 13.68, 26.41 and 31.24 h for the respective impact velocities of
4.5, 6.0 and 9.0 ™/,.

Fig. 17 shows the deformation state and calculated out-of-plane shear
stress 7,3 in the specimen subjected to an impact with an initial velocity
of 6 ™/, after 1.1e-3 s. A mode II driven delamination in the plane of
symmetry on the left side of the specimen is clearly visible, leading
to a local reduction in stress. Such asymmetric delaminations are com-
monly observed under three point bending in FRP, see e.g., [43,68,69].
Experimentally, these occur due to slight asymmetries in the specimen,
both geometric as well as material properties, and imperfections in the
load introduction. In simulation, it is also influenced by imperfections
and round-offs. In both cases, this leads to marginally asymmetric stress
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Table 6

Properties of CZM adapted from Ref. [67].
Property E, G =Gy R; Ry =Rypp Cre Grie = Girre
Value 5600 MPa 2200 MPa 13. MPa 14. MPa 2.5 N/mm 1.81 N/mm
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Fig. 17. Multi-axiality of stress state in 3P-IB at 6 ™/,.

distributions. Once delamination is initiated on the more critical side,
some of the energy in the system is dissipated and overall stress levels
drop. Therefore, the remaining internal energy is not critical with regard
to initiating another delamination.

The calculated out-of-plane shear stress values in a range of +20 MPa
(r53) and +40 MPa (r;3) contribute significantly to the material’s
deformation resistance. To investigate this further, the evolution of in-
dividual stress components at three distinct locations along the middle
of the specimen is analyzed, each time in one element with O ° orienta-
tion and one with 90 ° with respect to the primary axis of the specimen.
First on the specimen’s side close to the impactor, which is dominated
by compressive stress (denoted by C in Fig. 17b), next close to the orig-
inally neutral axis (according to standard bending theory, denoted by
NA) and finally on the far side, dominated by tensile stress (denoted
by T). The 0 °-C element shows very high stress in the fiber direction,
accompanied by significant contributions from both transverse normal
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stresses as well as through-thickness shear stress 7;5. In the 90 °-C ele-
ment, transverse normal stress components reach an even higher level,
with pronounced contributions from the r,; shear component. With the
initiation of delamination at 0.8 ms, the global bending stiffness of the
specimen is reduced, initiating a decline in the normal stress compo-
nent aligned with the specimen’s primary direction (o, for 0 °-NA; 65,
for 90 °-NA). This is further superimposed by the dynamic behavior
of the specimen, with free ends starting to pose additional deforma-
tion resistance at 1.4 ms, thus inducing an increase in the longitudinal
stress components. At the neutral axis, the initial stress is dominated
by compressive through-thickness stress o35 as a result of the impact,
superimposed by shear components 7,3 and 7,3 for 0 °-NA and 90 °-
NA respectively. Here, the initiation of delamination leads to a buildup

of additional longitudinal stress, which is subsequently also affected by

the oscillations of the specimen’s free ends. On the far side of the spec-

imen, tensile stress in the fiber direction dominates the behavior of the
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Fig. 18. Comparison of simulation and experimental response to 3P-IB at different velocities.

0 °-T element. Here, the effect of decrease in maximum stress due to the
delamination may be observed as well. Similarly, ¢,, in the 90 °-T ele-
ment first rises and then declines. Additionally, transverse shear stress
7,3 begins to build up at 1 ms. From the analysis of the stress evolution
in these elements it becomes clear that the material behavior through-
out the 3 P-IB test is strongly influenced by the 3D stress states and their
interactions.

To enable quantitative comparison of experiment and simulation,
force is extracted from contact force between the impactor and the speci-
men in the simulation, impactor tip displacement and velocity are taken
as averages over the nodes in the cylindrical part of the impactor tip.
Just as with the experimental results, curves obtained from simulation
were filtered to reduce the significant noise level. Resulting curves are
shown together with experimental results in Fig. 18.

From this it becomes clear that the initial spike in the force is sig-
nificantly more pronounced in the simulation than in the experiment
at both impact velocities. This can be attributed to the idealized ge-
ometries of impactor and specimen, which lead to the simultaneous
establishment of a line of contact across the entire width of the spec-
imen, as opposed to a slightly staggered procedure due to geometric
imperfections. Additionally, it is worth emphasizing that the resulting
force history is taken in the numerical simulations directly at the point
of contact, whereas in the experiments an indirect measurement based
on d’Alambert’s analytical wave analysis was used. This implies possible
sources of deviation due to dispersion and damping in the 3 P-IB set-up.
At 4.5™/, the level of the first force plateau at 559 N is overestimated by
114 N, compared to the experimental average, and remains at that level
up to the reversal point, not capturing the additional force increase be-
forehand. This mostly balances out, leading to a slight underestimation
of the deflection at reversal with 3.41 to 3.87 mm and a good agreement
in force of 520 to 490 N for simulation and experiment, respectively. The
unloading path is similar, with a re-increase of force from 3 to 2.5 mm.
Impactor tip velocity is in excellent agreement throughout the entire
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experiment and most notably at separation, indicating that despite the
observed deviations in the force response, dissipated energy is predicted
correctly.

At an impact velocity of 6.0 ™/, good agreement between simulation
and experiment can be observed after the initial spike, with an average
force level throughout the force plateau from 1 to 4 mm deflection of 583
(simulation) to 536 N (experiment). The decline of the force is captured
well, up to a force at reversal of 266 to 220 N, with an overestimation
of the deflection of 7.05 to 6.52 mm for simulation and experiment, re-
spectively. Subsequent unloading paths are in good agreement. As with
the results at 4.5 ™/, excellent agreement between impactor velocity
from simulation and experiment can be observed.

5. Conclusion and outlook

To accurately predict the behavior of FRTs under arbitrarily com-
plex loading conditions, a recently published material model has been
extended to a 3D formulation. This enables the application of the consti-
tutive model to further areas of active research. A key motivation is to
improve the understanding of how manufacturing and mechanical join-
ing methods influence load-bearing behavior by inducing complex 3D
fiber orientations and associated stress states.

The extended model has been applied to a UD GF/PP. The identi-
fied parameters assuming transversely isotropic behavior in each UD
ply are summarized in Table 4. Using these parameters, PI experiments
have been analyzed using the developed 3D-model. It has been found
to accurately represent the intricate material behavior during loading
and relaxation periods. During the unloading phase, the simplifying
assumption of identical viscoelastic behavior as under loading led to
noticeable model deviations. Nevertheless, error accumulation for all
loading sections remained insignificant throughout the analysis of up to
five cycles in the used stepwise testing procedure. It has been shown,
that simple adjustments such as using separate parameter combinations
for the viscoelastic behavior during loading and unloading to take the



J. Gerritzen, B. Groger, M. Zscheyge et al.

change from tensile to compressive behavior into account can further
improve the prediction accuracy.

Predictive performance was determined by a variety of validation
tests not used for PI. For tests with continuously increasing defor-
mation, extrapolation up to twice the strain used during PI showed
overall excellent agreement with experimental results. This accuracy
could be extended to significantly increased testing velocity both under
transverse tension as well as in-plane shear. Additionally, model pre-
dictions for the interaction between these two loading conditions were
in very close agreement with experimental observations from off-axis
specimens, both under continuous as well as stepwise loading.

The influence of the individual modeling aspects was elucidated us-
ing the example of the off-axis tests with loading, relaxation, unloading
and retardation. This comparison made it clear that only a constitu-
tive model taking viscoelasticity, CDM and plasticity into account can
capture the intricate behavior of GF/PP undergoing non-monotonous
loading.

Finally, the generalization capabilities of the developed model were
demonstrated by its application to several low-velocity impact sce-
narios, with local strain rates reaching up to 100 !/,. Under these
conditions, far exceeding the calibration experiments, the specimens’
force-deflection responses were predicted with some compromises at an
impact velocity of 4.5 ™/, and with very good agreement at 6.0 ™/,. The
impactor velocity at separation, indicating energy dissipated throughout
the experiment, was captured with excellent agreement.

The proposed model constitutes a sound basis for the analysis of UD
FRTs under complex geometric and loading conditions. It may well be
applied to other transversely isotropic materials with similar behavioral
characteristics, such as yarns in a mesoscopic modeling of woven fabrics.
For this, the modularity of the proposed model may be leveraged to make
necessary replacements of modeling aspects “in-place”. Further develop-
ment should focus on incorporating failure modes that lead to immediate
structural failure without prior damage evolution. This would enable the
analysis of impact events with even higher energy and crash experiments
as well as joining tasks that locally cut the material, such as self piercing
riveting. In this context, approaches that explicitly consider the complex
interaction of superimposed stress states, such as our recent proposition
[70], offer significant potential. In connection with this, a differentia-
tion between loading and unloading behavior for the viscoelastic part
represents a promising opportunity for model improvement. Finally, the
actual application of the developed model to a joining zone with its
complex local fiber architecture after mechanical joining is expected to
enable deep insights into its load-bearing behavior, failure mechanisms
and resulting optimization potential.
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Appendix A. Robustifying the implementation of stiffness loss
under fiber parallel compression

Regarding the implementation of the stiffness loss factor it must be

noted, that the standard approach for explicit time integration

M = 14y (o)) (A1)

leads to numerical instabilities, which intensify with reduction of the
time increment dt as shown in Fig. A.19 for the example of applying a

uniaxial compressive strain of £, = —0.05 in a virtual time of 1 s.
0
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—400 4 —
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Fig. A.19. Instabilities in the stress-strain behavior under uniaxial compression.

For the uniaxial case, this can be prevented by inserting the stress
o) = E, T'¢; into (3). The resulting equation can be rearranged, yielding

1 1

= = i
1-yE g 1_}/5{'"

(A.2)

with the linear stress oii", which would occur without the elastic stiff-
ness loss. For the general case, the second definition of I' is used, with

the generalized linear stress /" = [C‘

ee] . This leads to a small er-
=1 1

ror, since the effects of fiber parallel compression on the POISSON ratios
(c.f. Eq. (4)) were neglected in the derivation. Taking the effects into
account, however, would prohibit an analytical solution, thus also in-
troducing errors and adding significant complexity to the model from
approximations of the solution. The presented solution has been found
to be stable under all investigated loading conditions.

Appendix B. Derivation of relationship between plastic multiplier
1 and effective equivalent plastic strain rate e
Given the effective equivalent stress from Eq. (16)
T
.=1\/(Rc) ADs

and yield criterion Eq. (19)

f=6,-Y=0
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for the derivative

follows. Substituting this and the definition for plastic strain rate from
the associative flow Eq. (20)

and hence

i=g (B.1)

Appendix C. Derivation of effective equivalent plastic strain rate
under transversely isotropic assumptions without plasticity in
primary direction

Based on the definition of the effective stress for transverse isotropy

in Eq. (16)
2
)+

6y —53)" + (

and flow rule (19)

Ry 73
Ry;

f=6,-Y=0 ,
the directions of plastic strain can be written as

(&) & (

T2

% |

(C.1)
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Appendix D. Experimental results from tensile tests parallel to

fiber direction
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Substituting this into the definition for effective plastic strain rate from the
associative flow Eq. (21)

9f

G

£

and solving for the stress components yields

P

- :p ~ :
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5 —gi=(l—dye (2253 2% (275 C.2
0, — 03 ( 2) 7 < ) 7 ) ( )
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=1 % M2 p _ O 12 5p
T =0-dp) 7 R_g Yo = 7 R_g Y12 (C.5)
Substituting these equations into the effective stress, leads to
2 2 2 - - 2
~ _J|% &-& + Ry 6, RS, 73,
6, = p 5 —
i AR Ry
1 (C.6)
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Since % is quadratic in every term, it can be removed from the root and trans-
ferred to the other side of the equation. From eliminating redundancies in the
fractions and taking Eq. (B.1)

i=gr

e

into account,
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follows for the effective equivalent plastic strain rate.
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Fig. D.20. Experimental results from tensile tests parallel to fiber direction.
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Appendix E. Results of 3P-IB tests performed at 9 ™/

—
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Fig. E.21. Experimental results from 3 P-IB tests at v,

Appendix F. Mesh convergence study for 3P-IB simulation

To determine the influence of mesh size on simulation results, three dis-
cretizations were analyzed for the 3 P-IB at 4.5 ™/. Firstly, a coarse mesh with
an element edge length in the primary direction of the specimen of 0.61 mm
directly underneath the impactor, gradually coarsening up to 3.81 mm at the
end of the specimen and 3 mm in the width direction, combined with one el-
ement across the thickness of each ply. This leads to a total of 3036 elements
in the mesh. Secondly, a mesh with medium refinements, leading to an edge
length of 0.40 mm in the middle of the specimen with coarsening up to 2 mm
and 1.8 mm across the specimen width. This mesh also has one element across
each ply, leading to a total of 9775 elements. And finally, a fine mesh with
0.22 mm edge length in the middle and 1 mm at the end of the specimen as
well as across its width. This is combined with two elements across each ply,
resulting in a total of 53,550 elements. Resulting force-time plots are shown in
Fig. F.22.

1200
l.v,\ ——— Experiment
N i —:— coarse
| \ --= medium
800 7 i fine

Force —

0.003 s
—

0.001

0.002
Time

Fig. F.22. Influence of mesh size on predicted behavior.

From the comparison it becomes clear that the coarse mesh leads to sig-
nificant deviations. With increasing mesh density, its influence decreases. To
ensure that stress distribution across the individual plies can be captured by
the model, the fine mesh is chosen for this work (Fig.E.21).

Data availability

Data is available upon request from https://trr285.uni-paderborn.
de/en/publications.
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