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ARTICLE INFO ABSTRACT
Keywords: In this paper, a probabilistic approach is presented to simultaneously evaluate all strength and
Composites additional fitting parameters of a pre-selected composite first-ply failure model using known

Maximum likelihood uniaxial and multiaxial failure stress states. The method processes all available mechanical test

fg:;ggzgﬁt results in terms of failure stress states as one batch of data. For parameter fitting it implements the
Failure Y Maximum Likelihood Method and controlled numerical sampling techniques. The present work

introduces the theoretical background as well as investigates the effect of the selection of the
underlying strength distribution function type. The biggest benefit of this approach is the
simultaneous handling of all available test data as well as the generality in terms of assumed
strength distribution function and failure model type. In addition, the automatic evaluation of the
uncertainty of all strength parameters enables introduction of a safety factor quantification
related to uncertainty in material properties as one of the main contributors to scatter sources. A
local sensitivity-based stress-state determination process is also introduced to design a set of input
failure stresses that guarantee the identifiability of all parameters thus, ensuring robustness of the
fitted constants. The entire methodology is demonstrated through the example of the Tsai-Wu
model by processing experimental data and by comparing the results against the literature.

1. Introduction

Fiber-reinforced polymer composites (FRPC) offer exceptional properties and the opportunity to achieve superior strength-to-
weight ratio by wisely chosen ply arrangement thanks to the anisotropic nature of these multiphase materials. However, the uncer-
tainty of various design parameters has led to the use of high safety factors in structural design [52,53] which is too conservative in
many cases thereby the potential of these fibrous materials cannot be fully exploited [54]. Uncertainties derive from the stochastic
nature of constituent’s properties, variation of manufacturing parameters, manufacturing defects [55], material testing [56], or failure
under multiaxial loading [57] as well as uncertainty about the actual loading conditions acting on the component. Another issue
related to the high level of uncertainty is the lack of robust fitting methods being able to handle sufficiently the high scatter in
experimental data [56,59] as well as the lack of knowledge about the contribution of the individual tests to the identifiability of failure
model parameters [58].
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To achieve high reliability and maximize the performance of FRPCs structures stochastic modeling and failure analysis are needed
to be carried out. Soares [1], Sriramula and Chryssanthopoulos [2], and Chiachio et al. [3] summarised the existing approaches to
assess the reliability of FRPC structures. Depending on the aim to the analysis, stochastic modeling can be performed at the micro-scale
(constituent level) [4-8], mesoscale (ply/lamina level) [9-13], or macro-scale (laminate/structural level) [14]. To assess the reliability
of composite materials, various methods are available: analytical predictions [15], probability integration methods e.g. first-order or
second-order reliability method (FORM and SORM) [16,17], Monte Carlo Simulation (MCS) [16-20], stochastic finite element analysis
(SFEA) [9-11,14,19] or the combination of these methods. While the random (Monte Carlo) sampling method requires a high number
of simulations to produce high reliability, numerous solutions offer more efficient approaches e.g. Latin Hypercube Sampling [21,22]
or Markov Chain Monte Carlo Sampling [23] method. Whichever stochastic approach is selected to infer the behavior or the properties
of the system, those parameter identification techniques are usually driven by an iterative optimization process. In design optimi-
zation, various algorithms are used to find the most probable response of the material from a strength and/or deformation point of view
even under multiaxial conditions. The application of the gradient method is one of the most common optimization strategies, however,
it is sensitive to local min/max values. Evolutionary optimization methods, such as genetic algorithms (GA) [24-28] provide more
accurate results but the application of these population-based strategies requires large computational effort. In recent years, more
efficient optimzation techniques like artificial neural networks (ANN) [29,30] and Particle Swarm Optimization (PSO) method [31,32]
emerged.

Another fundamental contributor to the successful and accurate failure model fit is the existence of an informative test data set.
Different mechanical experiments contribute differently to the identifiability of failure model constants. It is vital to find a method that
quantifies how much information the individual experiments possess with regard to the failure envelope parameters [44]. Extensive
research is available in this subject related to the Fi,* fitting parameter of the Tsai-Wu model. Numerous researchers attempted to
provide a deterministic, continuum-mechanics-based solution for this constant, such as Li et al [45,47] or Deteresa and Larsen [46].
However, there are very limited papers available where the identifiability of this parameter is analyzed against the uncertainty about
either the available test data or the other in-plane strength parameters feeding the analytical evaluation [48].

It follows from the review above that in the topic of modeling failure behavior of FRPCs the focus is on establishing custom models
that describe better first-ply failure than the well-known conventional ones. This is in many cases extended by a stochastic view where
the strength components are approximated by a preselected probability distribution [20]. The micromechanics-based approaches are
often compared against the conventional simple multiaxial ply-level models for validation purposes [60,61]. The approaches inter-
preted on ply level may be combined with an anisotropic constitutive model to handle simultaneously deformation behavior for more
accurate operating stress and strain as well as failure state prediction. This allows the including of other phenomena such as visco-
elasticity, viscoplasticity, creep, progressive degradation, etc. [62].

Regardless of the presented failure prediction techniques the accuracy in real multiaxial loading cases remains questionable. The
main reason for that is the lack of representative experimental inputs available to cover such cases and therefore in the majority of such
attempts, only numerical predictions are available based on Finite Element simulations. In addition, the stochastic nature of strength
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Fig. 1. Generic process flowchart of composite part integrity analysis combined with robustness check with the aid of High-Fidelity failure model
fitting and FEA.
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data is evaluated separately purely based on uniaxial experiments but it is not known how the level of uncertainty changes in
multiaxial scenarios. Thus, for real industrial applications, an approach is necessitated that: represents well uniaxial and multiaxial
failure, and can robustly fit the parameters and the uncertainty of a preselected failure and constitutive deformation model to all
available conventional and unique experimental results in one go. In addition, the desired approach has the toolset to analyze the
mechanical test results from the parameter-identifiability aspect.

The approach introduced in this paper offers a high-fidelity methodology to predict the first-ply failure of a composite structure
under multiaxial loading. With the aid of this method, it is possible to establish material safety factors as a function of the predefined
probability of survival which can be a way to clarify the relationship between risk of failure and weight of the part. A local sensitivity-
based methodology is also provided to quantify the contribution of individual measurement results to the identifiability of the entire
failure model. This approach helps construct the necessary mechanical experiments more consciously maximizing the information
content with minimum testing effort.

This approach offers a toolset to quantify one major uncertainty source of the behavior of FRPCs: the variation of strength com-
ponents. With this toolset, a more reliable robustness check can be performed on a composite design using Finite Element Analysis
(FEA) since it delivers a precise assumption of the Cumulative Probability Distribution Function (CDF) of the strength components. The
way this approach could be integrated into a FRPC part robustness analysis is provided in Fig. 1. The building block with a red
background corresponds to the methodology to be described here.

2. The probabilistic failure model fitting approach

In this section theoretical background is provided about the FRPC first-ply failure models in general with a special focus on the one
(Tsai-Wu) used to validate the fitting approach. In addition, the fitting process is described focusing on the entire workflow and the key
elements of that: probabilistic objective function and the numerical sampling process to find failure probabilities. Finally, the practical
implementation is discussed.

2.1. Overview of the most common first-ply failure models

In the past decades, many failure criteria have been developed to forecast the failure of a FRPC lamina in a multiaxial stress state.
The simplest criteria are the maximum stress and maximum strain criteria, which handle each stress/strain component independently.
The interactive failure criteria, such as Tsai-Wu [33], Tsai-Hill, and Hoffman [34] criteria, use a quadratic equation to predict lamina
failure in which the stress components act together. The drawback of these criteria is that they do not provide information about the
failure mode. The advanced failure criteria [35-39] are physically based criteria that not only consider the influence of each stress
component on each other but also separate fiber dominated failure and inter-fiber failure (matrix and interfacial failure). The com-
posite community made efforts [40-43] to establish a failure criterion that predicts the failure accurately, but no superior criterion has
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been found so far. In this paper, a widespread criterion is introduced, namely the Tsai-Wu, which has been used as limit state equations
in the present method.
The Tsai-Wu criterion is based on the von Mises theory and can be expressed in the following form [33]:

ol 63, 2.F, 061, - O <i7i>.6”+(ifi).622+1;i2:1m::1 (€D)
Xl ° Xc Yl : Yc (X[ . XC . Yl . YL) X( Xc Y( Yc S]z

where 01 is the fiber direction stress component, X, is the fiber direction tensile strength, X, is the fiber direction compressive strength,
092 is the transverse normal stress component, Y is the transverse tensile strength, Y, is the transverse compressive strength, 715 is the
in-plane shear stress component, S is the in-plane shear strength and F;, is the Tsai-Wu constant. The so-called Inverse Reserve Factor
(IRF) expresses the utilization of the material at the given stress state. Taking a value less than 1.0 refers to a safe state. Once IRF takes a
value of 1.0 the onset of failure is expected.

2.2. Overview of the elaborated holistic first-ply failure model fitting workflow

The main steps of the workflow elaborated to provide a better quality and high-fidelity fit of FRPC ply strength values and failure
parameters are detailed here. The scope of this paper is to introduce the statistical parameter fitting concept and to prove its ad-
vantages therefore all the other steps listed in this section are briefly summarized.

The entire workflow is described by the flowchart shown in Fig. 2. The description of the main steps is as follows. Firstly, the raw
test data is generated by conducting a variety of mechanical experiments on FRPC samples. This should include the specimen di-
mensions and layup sequence as well as failure loads. Applying the failure loads on the virtual (FE) model of the specimens the actual
stress state in each ply and element can be reliably estimated. A very important prerequisite for this step is to have a precise ply-specific
orthotropic material constitutive model that is the same as the one implemented in the FE analyses of the final product. The engi-
neering constants of that model can be fitted based on the recorded load-deformation curves from appropriate tests. The evaluation of
the material constitutive model and the FE modeling approach is out of the scope of this paper.

For each virtual specimen model, the failed layer and location of failure shall be found which can be based on the aforementioned
FE models’ stress results in each layer. The element/layer providing the largest IRF with a preselected nominal failure envelope is
selected for further evaluation. This means the three in-plane stress components (61, 6 2, T 12) are extracted and stored. Repeating the
critical stress calculation steps for each available experiment a database is created which stores the three in-plane stress components at
failure at the critical element/layer for all test pieces. This database forms a cluster of data points in the coordinate system of 6 1- 6 2-T12
stresses. The next step is to perform the high-fidelity fit of the failure envelope to these data points. Since this paper mainly focuses on
this method it is detailed further in Section 2.3. The outcome of this step is a set of strength CDF parameters that determine the likely
interval for the strength component in question as well as additional first-ply failure model-specific fitting parameters for the selected
theoretical failure approach.

Before proceeding to the FE analysis of the composite component it is also quantified if the constants of the first-ply failure models
can be evaluated from the available set of test results. For this, a local sensitivity-based evaluation is conducted that connects the level
of identifiability of a parameter with the actual failure stress state of the experiment. In case of a not identifiable parameter, a suitable
experiment can be analytically designed using standard test setups and unidirectional (UD) ply orientation based on continuum-
mechanical principles. This method is introduced in Section 2.5 and demonstrated on a real experimental dataset in Section 3.4.

For practical use of the selected first-ply failure model a preferred probability of survival value (Pgyy) can be defined as input. There
is a one-to-one relationship between the probability of survival value and the corresponding strength which is described by the actual
fitted CDF. Thus, using the predefined probability the corresponding strength values can be calculated that will serve as input for the
upcoming FE analysis of the FRPC part. This way the compliance of the part can be associated with a certain risk of failure (1-Pgyy)
which leads to more sophisticated structural assessments. In addition, the fitted CDF of each strength component can serve as an
important input for component robustness analysis (Fig. 1).

2.3. Probabilistic failure envelope fitting approach — objective function

In the newly introduced probabilistic approach, the objective function computes the aggregate probability of failure including all
test data. This objective function implies how likely is that the tested specimens at the measured stress states fail at the given set of CDF
of the strength components. The general mathematical expression of the maximum likelihood estimation (MLE) concept is as follows
[63]:

M

N
OFy =[[P-T[(1-P) (®)
i=1

j=1
where OF)y, stands for the objective function to maximize, N is the number of failed tests, M is number of unfailed tests at the maximum
recorded load level, P; stands for the probability to fail of the “i-th” broken specimen at the measured stress level and with the assumed
strength CDFs and failure parameters, and P; means the probability of failure of the “j-th” unbroken specimen at the measured stress
level and below and with the assumed strength CDFs and failure parameters.

Based on the general definitions of Probability Density Function (PDF) and CDF in statistics, one can say that assuming continuous
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probability distribution for ply strength P; can be evaluated using the PDF and P; comes from the CDF functions of the strength
component.

The objective is to maximize OFy,, however, the numerical optimizers are more robust in minimum search, thus, the target of
optimization in this case can be expressed in the following form:

(OF )™ = min 3

During minimum search, the parameters defining CDF of all 5 strength components and additional first-ply failure model-specific
constants are being sought.

The main assumptions used to implement the MLE concept in the failure model fitting workflow are the following. Because P; is a 5-
dimensional function of the strength CDFs as well as it is not clear if those CDFs are independent or not it was decided to implement a
numerical estimation of the failure probability using a controlled sampling method. The term with P; in Equation (2) was disregarded
because it was deemed to be an unrealistic scenario to cease a quasi-static tensile test before failure if the aim is to get information
about strength. The five strength values (X;, X, Y, Y., and S) were assumed to follow a certain CDF. Any other first-ply failure-specific
fitting constants were assumed to be a constant value instead of a probabilistic variable. For instance, in the case of the Tsai-Wu model
the F15* parameter is the failure-specific fitting constant.

The mathematical apparatus to implement the MLE method is somewhat more complex than what is needed for a conventional
Least Squares Method based objective function (error minimization), and the number of parameters to optimize is higher as well,
however, there are several advantages that prove that this procedure is the better choice. The CDFs due to their mathematical
formulation result in an inherent weighting of data points. Therefore, this method is not as sensitive to outlier data points as the Least
Squares Method. The outcome of the fitting exercise is the Probability Distribution Function of each strength component that makes it
possible to specify probability level-dependent safety factors.

The fitter was built in a modular way which allows the implementation of arbitrary distribution function types describing the
variation in strength components. The selected CDF is used to evaluate the probability of failure of each test data and is calculated by a
numerical approximation. At the actual state of optimization for each test result the assumed CDFs are sampled several times and it is
checked how many times out of the total number of scenarios the calculated IRF falls into the vicinity of 1.0. This gives an estimated P;
for each specimen. The objective function of the MLE optimization will then be the product of the individual failure probabilities. This
is being attempted to maximize by the optimizer whilst tuning the failure model constants and strength CDF parameters (see Fig. 4).
Due to the five independent strength CDFs to be considered simultaneously during sampling the only computationally effective option
was to implement a multidimensional controlled sampling method. Thus, the Latin Hypercube Sampling (LHS) [21,22] approach was
introduced. In the implemented LHS method the generated sample size was 500 per test result in each optimization round with regards
to the strength CDFs and failure parameters.

Currently, three different CDF types are available in the fitter: Normal (Gaussian), Lognormal, and Weibull CDFs. The reasoning
behind using these three types is as follows: Gaussian distribution is usually the default option in Engineering disciplines when it comes
to describing the uncertainty of any measured parameter, especially strength. It describes the real variation well if the scatter is
moderate (CoV < 20 %). However, in cases when the scatter is large and it is not well justified that the distribution of the individual
strength components is symmetric and has similar characteristics, using an asymmetric distribution provides a more flexible solution.
By changing the parameters of an asymmetric CDF, the shape of the PDF can vary quite flexibly. This is especially true for Weibull
distribution which can cover symmetric and significantly skewed CDF as well. The lognormal distribution is the right choice if the
variable in question can occur in a wide interval even spreading over a few orders of magnitudes. The effect of the CDF selection was
also investigated as part of the present work in Section 3.2.

After identifying the CDF parameters, any strength component corresponding to a certain level of probability of survival can be
calculated with the following formulas [64]:

X(Psur) Lormar = X - (1 =z - CoVx) @
X
X (Pour) lignorn = g N
1
[X(qurv) ]Wu‘bull =41 [ - ln(PS“W) ]k (6)

where Pg,y is the probability to survive, X corresponds to the median of fitted strength, CoVx denotes the coefficient of variation of
fitted strength (for Normal and Lognormal distributions), A is the scale parameter, k refers to the shape parameter of Weibull distri-
bution. The parameter “z” means the “number of sigmas” which can be evaluated with the inverse CDF of X [64]:

z= CDF, _;YI'DNORM (Psurv) 7)

where CDFgfpnoru refers to the formal notation of the inverse standard normal distribution function (with the probability level in
brackets as the argument of it).



L. Kovdcs et al. Engineering Failure Analysis 156 (2024) 107834

2.4. Coding and implementation

The High-fidelity method for strength evaluation has been coded in the form of an automated workflow. The implemented MLE and
controlled sampling-based parameter fitter is graphically represented in Fig. 4. It consists of two loops embedded into each other. The
outer loop is controlled by the parameter optimizer. This varies the fitting parameters (strength CDF parameters as well as the
additional failure model-specific constants) depending on the actual value of the total probability as the objective function. Within
each optimization round the code builds up the objective function sequentially. It calculates the probability of failure for each test data
at the actual CDFs and fitting parameters as described in Section 2.2 and multiplies the individual “P;” probabilities. Once the last data
point is processed, the objective function value is sent back to the outer loop for the optimizer to decide how to adjust the fitting
parameters. The selected optimization algorithm governing the fitting parameter adjustments was a genetic algorithm (GA). In
addition, the code computes the actual values of the fitted parameters at the predefined probability of survival using the optimized
strength CDFs with Equations (4), (5) or (6) depending on the selection of the underlying strength CDF type. To help understand the
fitting quality, each envelope is also graphically highlighted against the raw test data in the in-plane stress space. One example of that
is shown in Fig. 3. Finally, the fitted failure model is put through a parameter identifiability analysis and if there are any constants that

turn out to be unidentifiable, an alternative test setup is suggested to provide an informative stress state for the unidentifiable model
constants as per Section 2.5.

2.5. Design of experiments based on local parameter sensitivity

To check the robustness of the fitted failure model, it has to be investigated if the available failure stress states have any influence on
the parameters of it. For that, we defined a measure called local sensitivity as the local partial derivative of the failure model:

Sw([¢71176227712]) = W ®
Where sg; denotes local sensitivity depending on the [6 11, 6 22, T 12] failure stress state, f represents the IRF of the selected failure
model being dependent on the failure stress state, and the model constants collected in the vector [@], © ; represents one fitting
constant of f.

The higher s g ; gets the more information is stored about © ; parameter at the [c 11, 6 29, T 12] failure stress state. It also follows from
this definition that if the available set of failure stress states gives nearly zero local sensitivity for a certain fitting parameter, that
parameter does not have an influence on the IRF value at those loading conditions, therefore it cannot be reliably derived from them
regardless of the parameter evaluation method. In these scenarios, another mechanical experiment has to be designed providing a
failure stress state with adequate s g;.

The local sensitivity values as a function of failure model fitting constants and stress state for the Tsai-Wu model which is the focus
of this paper are as follows:
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In case any of the fitted parameters turns out to have nearly zero sensitivity at the available failure stress states, an analytical
method is suggested to find the most informative conventional test setup concept and UD ply orientation. This Design of Experiment
(DoE) method is suitable for conventional mechanical experiments such as uniaxial tension/compression, simple shear or pure shear.
The kinematics of such tests can be easily described with the toolset of continuum mechanics. In addition, the approach suggested here
assumes that the FRPC laminates sent to test are UDs, follow an either linear or nonlinear orthotropic constitutive model and the stress
distribution of them is uniform. This is not true in reality due to the local stiffening effects of boundary conditions, however, that can be
investigated in detail with numerical simulation. This method can be used for conceptual design which determines the baseline for a
detailed fixture design if needed including the treatment of local stress concentration or hazard of buckling.

Once the conventional test kinematics is selected, the corresponding deformation gradient tensor in a predefined global coordinate
system — usually aligned with the main loading direction - is known from the literature. As an example, for the simple shear exper-
iment, in a global coordinate system as shown in Fig. 5 the deformation gradient tensor Fg is as follows [65].

1 Ax O
F,=|0 1 0 (15)
0 0 1
From that, the right Cauchy-Green deformation tensor (C) can be calculated with the following formula [49].
C=F-F" (16)
As next, the Green-Lagrange strain tensor in global coordinate system can be calculated as follows [49].
1
E=3(C-1I) an
Where I denotes the identity matrix.
For the previously introduced simple shear example, the Green-Lagrange strain tensor looks like this.
Ax
0 - 0
Ey= | Ax AX 0 18)
2 2
0 0 0

In continuum-mechanics finite strain theory typically orthotropic material models are interpreted as the relationship between the
Green-Lagrange strain tensor and the 2nd Piola-Kirchhoff stress tensor. The 2nd Piola-Kirchhoff stress vector in the global coordinate
system can be calculated with a general Hook’s law using the Voigt notation [51].

S=C-E=T'CT-E (19)
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Fig. 6. Schematic flowchart of the iterative Design of Experiments technique for the evaluation of the most informative fiber orientation through the
example of a simple shear experiment.
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Where C denotes the orthotropic tangent or chord compliance matrix in the global coordinate system, Cj represents the same
compliance matrix in the local material coordinate system and T corresponds to the rotation transformation matrix as per Cook [50].
For a general orthotropic ply, the local C; matrix is to be calculated as follows [51].

- q-1
1 —Va —V3
E, En Ex 0 0 O
—vn 1 ¥ 9 0 0
E, E
BB e
c — | 7vs s 1 20
[ E\ En Ex L oo (20)
G
0o 0 0 0 = 0
0 0 O 1
0 0 G
o 0 o0

Where Eq; stands for the normal in-plane modulus in fiber direction, Ey; represents the in-plane transverse modulus, Ez; is the modulus
normal to the plane of the ply, Gy2 is the in-plane shear modulus, Go3 and G135 represent the interlaminar shear moduli and vy, v 21 are
the in-plane major and minor Poisson’s ratios and the v 13, v 31, V 23, V 32 pertain to the interlaminar major and minor Poisson’s ratios.

In terms of failure, the real acting stresses are relevant in each ply. In finite strain theory this is equivalent to the true (Cauchy) stress
tensor that can be evaluated from the 2nd Piola-Kirchhoff stress tensor with the following formula [49].

6=J"-F-S-F" (21)
Where J denotes the determinant of the deformation gradient tensor (Jacobian). This parameter represents the volumetric defor-
mation. In the simple shear example, no volumetric deformation takes place, thus, J = 1.

65 =F-S-F' (22)
The Cauchy stress tensor obtained this way is interpreted in the global coordinate system. But, for the local sensitivity calculation, the

local stress tensor has to be known in a coordinate system aligned with the fiber orientation. This local stress tensor can be evaluated
from ¢ with a simple tensor rotation transformation around the “Z” axis that represents the layer’s out-of-plane direction [50].

T

cos@ —sinf O cos —sinf 0O
6;,= | sind cosd O -06-|sind cosd O (23)
0 0 1 0 0 1

Where O represents the fiber orientation compared to the global X axis.

With the formulas above the local stresses feeding the sensitivity calculation can be analytically predicted for a known standard
mechanical test kinematics (deformation gradient tensor) and UD tape orientation. This allows for building an automated method that
finds the failure stress state and the corresponding local sensitivity for a given test setup as a function of the UD orientation as shown in
Fig. 6. With the aid of this analytical technique, one can get a quick estimate about the UD orientation needed for a certain test setup
that produces the highest local sensitivity and therefore the most information about a certain failure model parameter being attempted
to fit robustly. This method is also demonstrated via real mechanical experiments in Section 3.4.

3. Experimental validation of the fitting and DoE method

To demonstrate the viability of the presented failure model fitting process numerous simple mechanical experiments were con-
ducted on flat UD samples of a preselected FRPC ply material. The selected material type was Toray Cetex® TC1225 - Standard Modulus
Carbon 145gsm UD Tape 34 % RC. The main properties of the selected CFRP are collected in Table 1.

Numerous mechanical experiments were conducted as per relevant standards that were used for several purposes such as the
derivation of nonlinear orthotropic constitutive model of the ply for FE simulation, calculation of nonlinear failure stress states of each
test piece as well as fitting a Tsai-Wu failure envelope to the available experimental failure stress states with the MLE-based fitting
method. The details of the conducted experiments are collected in Table 2.

The test setup for uniaxial tension and uniaxial compression is shown in Fig. 7. An example of flexure and V-notched beam shear
testing is highlighted in Fig. 8. All experiments were conducted up to specimen failure to have information about failure loads and thus,
have the opportunity to infer the complex failure stress states of each test piece with the aid of FE simulation.

3.1. Derivation of failure stress states

As per Fig. 2 evaluation of composite UD ply mechanical properties was the first step to calculate the failure stress state of each
specimen. This was done with the aid of virtual representations of the conducted tests in the form of adequate FE models. The main
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features of the used FE models were as follows:

e LS-DYNA implicit solver,

e 8-node quadratic fully integrated brick elements (ELFORM = 2),

e Nonlinear orthotropic material model used (MAT040) with input stress-strain curves defined in normal and shear directions
(separate data in compression and tension),

o Assumed ply constitutive model: transversely isotropic (Egp = Ess, Gi12 = G13 and v o1 = v31). This is a special form of orthotropic
behavior in interlaminar planes, however, in the plane of the ply the material follows an orthotropic constitutive law.

e Material coordinate system of each element adjusted to the target fiber direction.

The required material properties (stress-strain curves and Poisson’s ratios) were evaluated from specific experiments listed in
Table 2. These experiments with the relevant stress-strain curves and initial moduli derived from them are given in Table 3.

An example of a meshed model for flexure showing the axial stress distribution and deformed shape in the loaded condition is
shown in Fig. 9. Each test type had a corresponding simulation associated with it. From the simulations, the relationship between
external loading and internal in-plane stresses could be established. Since the failure load for all experiments was recorded, the
pertaining stress state was interpolated from the aforementioned load vs. stress data. These 6 11- 6 22— T 12 Stress states were directly
input into the MLE based failure envelope fitter.

3.2. Results of failure envelope fit to experimental results

The MLE based Tsai-Wu failure envelope fit simultaneously provided all parameters. The detailed results are highlighted in Table 4
both for two different fitting scenarios. In scenario 1 the assumed underlying strength distribution function was normal, whilst in the
2nd case a two-parameter Weibull distribution was used. It follows clearly from the figures that in terms of the strength value medians
both assumed distributions provided a very close answer that implies the robustness of the fitting technique as well as the appro-
priateness of the distribution functions. The coefficient of variation (CoV) of the strength components calculated for Gaussian dis-
tribution falls into the region of 13-23 % which was expected due to the apparent noise in the experimental data. The only outlier from
this aspect is the strength in fiber direction (X.) with 34 % CoV. This might imply that either the Tsai-Wu is not the most suitable failure
model based on the available test dataset or that a skewed CDF describing the uncertainty about that parameter would be a better
choice (like Weibull). The quality of the fit was described by the Total Likelihood Estimator (TLE). Based on that the quality of the two
fits was very similar. The TLE is a quantity proportional to the MLE objective function as per Equation (2) but it is more efficient from a
computational aspect:

N
TLE = — > log(P;) (24)
i=1

As a graphical representation of the fitted envelopes, Fig. 10 shows their projection on the ¢ 11- 6 22 plane along with the test results
with nearly zero shear stress. Fig. 11 highlights the fitted envelopes along with all available test data in the 6 11- 6 22— 7 12 space. The
fitted strength CDFs are presented in Fig. 12. In general, it can be stated that a skewed CDF with a broader left tail described better the
strength distributions than the symmetric Gaussian distribution. The only exception is Y; where the two CDFs turned out to be nearly
identical.

As can be seen in Fig. 10 the fitted Tsai-Wu ellipses are quite different in shape although the fitted strengths (intersection points of
envelope and stress axes) agree well. This is the effect of the dissimilar optimized F;2* constants as shown in Table 4. A possible reason
for such an inconsistent fit might be the lack of information content that the available experimental results have with regard to the F15*
constant. If the failure surface is insensitive to the F15* constant at the available failure stress states, it cannot be fitted reliably. This
was investigated with the local sensitivity-based technique detailed in Section 2.5. The conclusions are given in Section 3.4.

3.3. Results of local sensitivity-based identifiability check

To investigate if the available experiments have a strong enough correlation with the F1,* parameter, the fitted failure surface in ¢
11- © 20— T 12 space was discretized by a mesh where the local sensitivity was calculated at each node. This is highlighted in Fig. 13. This
mesh is projected on the 6 11- 6 22 plane and the color of each node represents the level of sensitivity, i.e. the identifiability of
F1o2*constant. The larger circle symbols in Fig. 13 represent the available experimental failure stress states also projected on the normal
stress plane. It follows from this local sensitivity check that all data points fall into the nearly zero sensitivity region from the Fj*
aspect. The circled zone represents the stress states where the F15*is identifiable. Based on this investigation one can conclude that for a
reliable fit of F1,* tensile-compressive biaxial mechanical experiment is needed as far as the in-plane normal stresses are concerned.

Table 1

Properties of the FRPC laminate selected for method validation.
Resin type Manufacturing method Reinforcement Fiber volume content Layup sequence Plate thickness
Thermoplastic (PAEK) Hot pressing from organosheets UD CF (145 gsm) 66 % [0]g 1.1 mm

10
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Table 2
Details of performed validation experiments.
Experiment type Standard Fiber Number of test Mechanical test frame Measured quantities
orientation pieces
Uniaxial tension ISO 527-5 0° 15 Instron® 8801 +/— 100 kN high-frequency Load [N], strain [%]
Uniaxial tension ISO 527-5 90° 15 servo-hydraulic machine
Uniaxial tension 1SO 527-5 15°-30°-45° 8-8-6 Load [N], extension [mm]
Uniaxial ASTM 0°-15°-30°-45°- 10-5-5-5-10 Zwick Z250 20kN servoelectric testing frame Load [N], crosshead
compression D3410 90° displacement [mm]
3-point-bending ISO 14125 0° and 90° 10-10 Hegewald & Peschke +/— 50 kN servoelectric ~ Load [N], specimen deflection
4-point-bending ISO 14125 testing frame [mm]
Tosipescu V-notched ASTM 5-5 Load [N], shear strain [%]
shear D5379

Load cell

Compression
plate

ottt

Fig. 8. Typical test setup for ISO 14125 flexural (left) and ASTM D5379 V-notched beam testing (right).
3.4. Suggested experiment setup for reliable F;;*fit

To find a suitable experiment for a successful Fy,*fit, the analytical DoE concept was implemented as introduced in Section 2.5. In
terms of the predefined kinematics, a simple shear experiment was chosen with a known deformation gradient tensor as shown in
Section 2.5. The purpose of this investigation was to find the relationship between the ply orientation of the UD plate being simple
shear tested and the F15* identifiability. Once this relationship is known, one can choose the “most informative” UD orientation for the
preselected test type. After conducting the calculation steps with the strength parameters from Gaussian CDF fit, the UD orientation vs.
relative sensitivity graph was constructed as shown in Fig. 14. The actual UD orientation (denoted as © in Fig. 14) is measured from the

11
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Table 3
Experimentally derived stiffness properties of the selected composite UD ply.
Experiment type Fiber Derived stress-strain Derived initial Material parameters evaluation process
orientation curve parameters
Uniaxial tension 0° 611- €11 — tension* E11c = 126 GPa From direct load and strain measurement as per standard
V12 = 0.355
Uniaxial tension 90° Goo- €99 — tension™ Egor = 8137 MPa
3-point-bending 0° 011- €11 — compression* E11c = 124 GPa Indirect way via iterative calibration of the surrogate FE
4-point-bending 0° model’s material card
3-point-bending 90° G22-€22 — cOmpression*® Egze = 2.5 GPa
4-point-bending 90°
Uniaxial tension 15°-30°-45° T 12-Y12 Gyo = 4282 MPa
Tosipescu V-notched 0° and 90° Gy2 = 4200 MPa From direct load and strain measurement as per standard
shear

*Linear stress—strain relationship.

Unit of stress: MPa

>1992.62
1596.23
1199.84
803.457
407.072
10.6857
-385.7
-782.086
-1178.47
-1574.86

<-1971.24

-

Fig. 9. FEA-based stress state prediction at failure, 3-point-flexure as per ISO 14125.

Table 4

Detailed results of the MLE based Tsai-Wu failure envelope fit.
Parameter Normal CDF - TLE = 104 Weibull CDF - TLE = 101

Mean CoV Median Scale factor () Shape parameter (k) Median

X 2311 0.13 2311 2340 21.52 2301
Xe 735 0.35 735 728 15.22 711
Y, 75 0.24 75 80 4.63 74
Y. 199 0.14 199 217 21.84 213
Si2 66 0.19 66 65 3.06 58
Fio* —0.0023 - —0.0023 - - 0.3024

side of the plate being perpendicular to the direction of shear. The relative sensitivity was calculated by normalizing the actual local
sensitivity value with the maximum value obtained over the discretized stress points on the failure surface. It follows clearly from the
figure that a UD orientation ranging between 40 and 70° results in the highest expected local sensitivity for a simple shear experiment
which is still the ca. 20 % of the maximum achievable sensitivity over the entire failure surface. This is graphically represented in
Fig. 15. The symbols and solid line on the right figure represent the trajectory of the failure stress states produced by UD simple shear at
different orientations according to the aforementioned analytical failure stress estimation method. The plot on the left-hand side
highlights the available experimental stress states. Both results are overlaid on the local sensitivity distribution plot of the fitted Tsai-
Wu model projected on the 6 11- 6 22 plane. Since in the best scenario — at ca. 45-50° orientation — the failure stress state is situated on

12



L. Kovacs et al. Engineering Failure Analysis 156 (2024) 107834

150

—fitted_ML_AVG_Gaussian
100 @ test_data

- =-fitted_ML_P=50%_Weibull

-3000 -2000 \ 3000 4000
\
%
& \
H \
I \
o} 1\
1)
[}
'
’
’
~ I’
-250 . -
~o S L "a
-300
-350
4, [MPa]

Fig. 10. Fitted Tsai-Wu failure envelope loci against real test data on ¢ 13- 6 22 plane.
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Fig. 11. Fitted Tsai-Wu failure envelopes against real test data in 6 11- 0 22. T12 space assuming normal (left) and Weibull (right) strength CDF for
MLE fit.

the border of the sensitive region in terms of the F15* parameter, it is expected that a simple shear experiment with a 45-50° oriented
plate would increase the robustness of the Fy,* fit.

A possible simple shear test setup with inclined fiber directions is shown in Fig. 16. The specimen design and the entire setup are
very similar to the V-notched specimen shear testing, however in this case there is a wider central section with a reduced width in order
to generate a nearly homogeneous stress state in the weakest section which is also strongly influenced by the local fiber orientation. It
must be emphasized, however, that the analytical DoE technique used here is only a tool for a crude conceptual predesign of the
necessary mechanical experiment to provide more information about a failure model parameter to fit. In order to achieve a relatively

homogeneous stress distribution in the measurement area, and also to understand the real failure stress state, detailed FEM assessment-
based fixture design activity must be done.

13
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Fig. 13. Sensitivity distribution plots of F;5* parameter projected on ¢ 13- 6 22 plane using normal (left) and Weibull (right) strength CDFs for

model fit.

3.5. Evaluation of results based on existing literature

The methodology presented in this work attempts to assist engineers in making good decisions in two dilemmas: how to perform a
robust first-ply failure model fit on available failure results as well as how to make sure that the available experimental data provides

14
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enough information about all parameters of the targeted failure model. To demonstrate the added value of the presented methods, it
was implemented on a set of experimental results via attempting to find the constants of the corresponding Tsai-Wu failure model.
There is a rich literature available on the topic of finding F15*, thus, the outcome of the present experimental validation can be directly
compared to the conclusions made in previous publications. The two types of results to compare are: 1) evaluated Fi3* against
available suggested values and 2) recommended experiments and stress states for F1,* evaluation against what is available in the
literature.

In terms of both aspects [45] provides a good overview. In the work of Li [45] a deterministic formulation is provided for the Tsai-
Wu constant as follows:

Fi,=—05-V5 (25)
Where:
Y, - Y,
soat (26)
S23

Where Sy3 corresponds to the interlaminar shear strength in the 23 plane.

The deterministic calculation of F12* for the tested Toray CETEX TC1225 material was performed at different interlaminar shear
strength levels which are shown in Fig. 17. However, the formula above can only be used for thermosetting matrix materials where & <
0. In that case, F12* can only take a negative value. Given that present fitted F15* values are close to zero or slightly positive it is
expected that for this thermoplastic matrix FRPC the & value is positive. According to [45] in that scenario clear suggestions or for-
mulas for F12* cannot be given, as well as a fully open failure envelope is also possible. Thus, full deterministic proof for the fitted F12*
for the tested FRPC with thermoplastic matrix could not be achieved.

In terms of identifiability of F12*, [45] provides an extensive review of the suggested stress states and potential mechanical ex-
periments that may be used to estimate that. These stress states are graphically highlighted in the sensitivity plot generated for the
tested Toray CETEX TC1225 material in Fig. 18. It follows clearly that none of the conventional off-axis or equibiaxial experiments on
UD tapes produce a stress state situated in the vicinity of the highly sensitive zone.

According to the local sensitivity formula for the F15* parameter as per Equation (14), for maximizing it a stress state is desired
where the product of 6 1; and ¢ 22 component magnitudes is the highest. Given that the analyzed UD tape is highly anisotropic, this
stress state necessitates ¢ 11 to be much higher than ¢ 53, and, since the compressive strength in the transverse direction is higher than
in fiber direction, ¢ 22 must be a large negative value. This is only possible in a tensile-compressive stress state dominated by a ¢ 1; >
0 stress component. This fact precludes that equibiaxial states are suitable for highly anisotropic FRPC plies. Off-axis experiments of
UD plates are also out of scope since in these scenarios the sign of 6 11 and ¢ 35 is identical. Thus, it can be concluded that none of the
stress states connected with simple mechanical experiments suggested in the literature are suitable to robustly evaluate F;2* based on
the local sensitivity approach introduced in this work.

25

20

15

10

Relative sensitivity [%)]

0 20 40 60 80 100 120 140 160 180
UD fibre orientation [°]

Fig. 14. Analytically estimated relative sensitivity to F12* parameter as a function of fiber orientation, simple shear experiment of UD sheet.
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Fig. 15. Sensitivity distribution plots of F;,* parameter along with the available experimental failure stresses (left) and with the possible failure
stress states from the simple shear experiment of UD sheet at different fiber orientations (right).
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Fig. 16. Suggested simple shear test setup for V-notched composite UD plate with inclined fiber direction to deliver failure stress state for robust fit
of F1,* constant.

Fig. 18 is clear evidence of the difficulty of experimental evaluation of F15*. The simple shear experiment suggested in this work
with 40-55° UD orientation generates the most information about F15* amongst all relevant experiments, however, that is also rela-
tively far from the potentially best 6 11- 6 22 combination.

4. Conclusion
In this paper, a generic method was proposed for a holistic estimation of any preselected first-ply failure model parameters of a

FRPC ply, combined with an analytical parameter identifiability study as well as further necessary mechanical experiment estimation.
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Fig. 17. Fqo* as a function of S,3/S;, ratio calculated with Equation (25) for § < 0 cases using fitted strength data from Section 3.2.

With the aid of this method, it becomes possible to perform a statistical fit on the strength data which significantly increases the
applicability of experimentally deduced failure constants. This is because the Maximum Likelihood Estimation of the strength data
returns Cumulative Distribution Functions.This allows quantifying the uncertainty about these parameters and also allows associating
survival probability with the failure envelope parameters. This is a fundamental input into robustness analyses that pave the way for
full virtualization of FRPC part design. The introduced methodology also provides means to figure out parameter identifiability from
the available experiments. This is vital to avoid fake-fitted data due to lack of information. Information content of each experiment
with regards to any failure model parameter is checked via local-sensitivity calculation. Finally, current work suggests a procedure to
roughly estimate the most informative UD ply orientation for a preselected standard mechanical experiment setup.

The entire process was demonstrated and validated via processing numerous mechanical test results performed on Toray CETEX

6,6, biaxial tension line suggested by Tsai and Wu Failure stress state line of UD off-axis tensile experiments (0->90°)
suggested by Pipe and Cole

1 . : "
Tension-tension biaxial
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different UD orientations . - Evans and Zhang
elaborated in this work \/ :
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+15° laminate compression
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Lam l
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suggested in this work
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Wu -150 \
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Fibre direction tension
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Fig. 18. Comparison of ideal 6 11- 6 22 stress states for F1o* evaluation overlaid on the sensitivity plot generated based on Toray CETEX TC1225 UD
experiments.
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TC1225 TP UD plies. The sensitivity analysis done on the stochastically fitted Tsai-Wu failure envelope parameters revealed that the
F12* parameter was not identifiable with the available experimental data. To remedy this, the analytical DoE analysis was run for a
simple shear experiment to find the most informative specimen fiber orientation that turned out to fall into the 40-60° domain. The
outcome of this validation process was also compared against relevant literature results generated for typical thermosetting systems.
The outcome is that the conventional parameters and experiments suggested for thermosetting systems are not guaranteed to be
suitable for thermoplastic matrix FRPCs.

Prerequisites for the introduced methodology are the existence of a representative number of mechanical experiments as well as a
suitable fitted material constitutive model for the plies. Lastly, FE analyses of each experiment need to be run and set up accordingly.
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