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ABSTRACT

Currently, the models implemented in Abaqus for composites materials are 2D in nature, which
only accounts for in-plane stresses on the lamina level. Due to this, Progressive Failure Analysis
(PFA) of thick laminate composite materials in Abaqus performs poorly in predicting failure in
the matrix under compression.

To solve this issue, a 3D Continuum Damage Mechanics (CDM) modeling tool is developed in
conjunction with the Smoothed Hydrodynamic Particle (SPH) technique to improve accuracy in
predicting progressive matrix compression failure. A qualitative evaluation and comparison of the
new model and existing model are conducted on a modified compact compression specimen for a
unidirectional laminate. Strain energy release rates for mode-1 and mode-2 were determined from
experiments and used in the new modeling tool to perform finite element analysis. The new
modeling tool was then implemented as a user-defined material (VUMAT) to link with
Abaqus/Explicit.

The proposed new model and the Abaqus inbuilt model are validated with experimental force
versus displacement data. Furthermore, we performed a similar comparison of the new model and
the inbuilt model for layups other than unidirectional laminates.

Keywords: Crack Propagation, Finite Element Method, Smoothed Hydrodynamics Particle
Corresponding author: Satish Solanki

1. INTRODUCTION

The widespread use of composite materials within many industries has increased the desire for
accurate Finite Element Analysis (FEA) failure prediction for composite damage. Little literature
is available on matrix compression damage, and it is assumed that matrix compression behavior
would be the same or similar to tension. Many elastic properties and damage parameters are
considered equal in tension and compression. This assumption leads to unrealistic or very far from
the actual behavior of the matrix under compression.

Furthermore, Progressive Failure Analysis (PFA) of composite materials in commercially
available finite element code Abaqus, utilizes inbuilt Hashin damage initiation and Matzenmiller’s

Copyright 2021 held by Oregon State University. Used by the Society of the Advancement of Material and Process Engineering
with permission.

SAMPE neXus Proceedings. Virtual Event, June 29 — July 1, 2021.
Society for the Advancement of Material and Process Engineering — North America.



damage evolution [Ref. 13] are based on 2D lamina’s properties. Due to this simplistic nature, the
PFA of thick laminate composite materials performs poorly in predicting failure in the matrix
under compression, leading to less reliable and less safe designs.

This paper addressed these issues by leveraging the 3D continuum damage mechanics-based
model. Moreover, in PFA, elements that are severely deformed leads to numerical instability
during crack propagation. Smoothed Particles Hydrodynamics (SPH) is used in conjunction with
the 3D continuum damage mechanics model to address this issue. The SPH technique converts
large deformed elements to pseudo-particles, allowing simulation to continue even after the large
deformation.

The paper is organized as follows: Firstly, a comprehensive review of matrix compression damage,
the Abaqus inbuilt model, and the 3D continuum damage mechanics model are presented.
Secondly, the flow chart of the proposed modeling tool is explained. Thirdly, the proposed model
is validated with experimental results. Finally, results are discussed along with additional
qualitative comparative analysis of the inbuilt model and the proposed novel model rather than
unidirectional laminates. The key contribution of this work is a novel PFA modeling tool for thick
laminates. This tool can address large deformation issues that arise in PFA. The user-defined
material subroutine can serve as a framework for developing more accurate and advanced PFA
capabilities.

2. BACKGROUND

2.1 Literature:

One of the primary assumptions is that matrix compression fracture toughness is the same as matrix
tension, but this has not been explored. To test these claims, Daniel conducted extensive
experimental research [Ref. 6]. His study suggested that unidirectional compact compression
specimens can isolate matrix compression damage in thick laminate. Then, Carpenter extended
Danial’s work and tested the applicability of linear elastic fracture mechanics (LEFM) in matrix
compression damage using modified Stepped Compact Compression (SCC) specimens (see figure
1). His work shows that LEFM is applicable in matrix compression damage initiation [Ref. 7,8].

Further, Plechaty extended Danial and Carpenter’s work and developed a damage Initiation and
Propagation Load/Reload procedure to isolate matrix compression propagation damage. This
procedure allowed damage initiation/propagation to occur on the same testing procedure and
periodic unloading/reloading of the specimen. The crack initiation and propagation are shown in
figure 1. The Initiation and Propagation Load/Reload Method significantly reduced assumptions
and concerns [Ref. 9]. The strain energy release rate is determined using Plechaty’s proposed
procedure to validate the proposed novel model.



Figure 1: Instantaneous crack jump (red circled) after first loading, then unload and reload to
observe crack propagates (blue circled).

2.2 Abaqus inbuilt model

The Abaqus inbuilt model utilizes Hashin damage initiation criteria for damage initiation that
considers four failure modes for a unidirectional lamina: fiber tension, fiber compression; In-plane
matrix tension, and In-plan matrix compression [Ref. 13, 4]. The Hashin damage initiation criteria
utilize 2D lamina properties (Table 1). After damage initiation in an element, three damage
variables (fiber damage, matrix damage, and matrix shear damage) are computed based on the
work of Matzenmiller, Hashin-Rotem, and Camanho-Davila [Ref. 14]. The damage variable’s
values ranged from zero (no damage) to one (wholly damaged) and are used to degrade the
element's stiffness matrix. Once these damage variables reach their max value, the element can be
deleted or remain in computation [Ref. 13].

2.3 CDM and crack band theory-based 3D model

Wang and Pineda [Ref. 3] developed a 3D progressive damage analysis (PDA) tool for laminates
using extended 3D Hashin-Rotem failure criteria. The model considered six failure modes: fiber
tension, fiber compression, in-plane matrix tension, in-plane matrix compression; transverse
matrix tension; and transverse matrix compression. After damage initiation, using techniques from
the Abaqus anisotropic damage model, damage variables evolve using the same principles. There
are six damage variables for the 3D CDM-based model: 3 normal stiffness damage variables and
corresponding three shear stiffness damage variables. In addition to Abaqus’s anisotropic damage
model, two parameters @ and f were introduced as correction factors to account for nonlinearity
on the degradation of the shear stiffnesses. Similar to the inbuilt model, the mesh dependency was
alleviated using the characteristic length scales [Ref. 1].

Wang’s 3D PDA tool was validated till the damage evolution and not extended to the failure
evolution phase. The model was validated using open hole tension (OHT) and open hole
compression (OHC) specimens test data with relatively thin laminates (10 plies). We proposed a
novel progressive failure model in this paper that further extends Wang’s 3D model to perform
PFA on thick laminate (35 plies).



3. NOVEL PROGRESSIVE FAILURE MODEL

The proposed novel progressive failure model extends Wang’s model. The novel model’s flow
chart is shown in figure 2. The model has two parts: Abaqus main program block and user-defined
material subroutine VUMAT. The material properties and required parameters are entered through
the main program block, and VUMAT implements the proposed extended 3D continuum damage
model in conjunction with SPH. The simulation starts from zero time (t=0) to a specific max time
in tiny steps controlled by Abaqus's main program. The VUMAT uses the state-dependent variable
(SDV’s) to store essential quantities for each element at every time step. These SDV’s store strain,
critical stresses, critical strain, and damage variables. The Abaqus main program block repetitively
calls VUMAT provides strain increment for the current step, values of the SDVs, Internal energy,
and stresses from the previous step.

Abaqus Main
Program

Input Material
Properties and
Parameters

Update Strain

Yes

Damage
Evolution

VUMAT

Failure
Evolution

Figure 2: Flow chart of the proposed new model

In the beginning, the VUMAT updates strain by adding strain increments to the strain from the
previous time step. Then, elements are checked for damage from the last time step. At a very early
stage of loading, elements are not damaged. Therefore, elements behave elastically and compute
the stiffness matrix using only input material properties. Then, calculate stresses as a product of
the strain matrix and the stiffness matrix. Then, elements are checked for Hashin’s damage
initiation criteria. If criteria are not satisfied, then VUMAT will continue for time increment. Else
the element is assigned as damaged. The damaged element will directly enter the damage evolution
phases to compute six damage variables: three normal stiffness damage variables and
corresponding three shear stiffness damage variables and degraded stiffness based on Wang’s tool.
The degraded stiffness matrix is used to calculate stress in the damaged elements.



As elements stiffness degrades, the shape of elements deformed rapidly and caused numerical
instability. Then, volumetric strain criteria are checked. If matched, severely deformed elements
are converted into pseudo-particle using the SPH technique to avoid early simulation termination.
The SPH is a numerical method that is part of a meshless family (or mesh-free) method that
discretizes continuum partial differential equations at a discrete set of points without defining a
spatial mesh [Ref. 13]. The SPH method is useful when deformation is too severe. The SPH’s
applications involving extreme deformation in Fluid dynamics, wave engineering, ballistics,
spraying, gas flow, obliteration, etc. Some of the references on SPH application with composite
materials are in references 10,11 and 12. The SPH technique allows the simulation to continue and
captures the formation of cracks and cracks evolution. The simulation stops when the time reaches
its maximum value.

4. VALIDATION
4.1 Experiment Result

Using Load/Reload testing procedure [Ref. 9], a compression test was performed on SCC
specimen of a unidirectional laminate of layup [90]ss. The experimentally obtained force-
displacement curve for a single sample is shown in figure 3(a). Multiple specimens were tested
and compiled into mean behavior force and displacement. The compression test requires machine
stiffness to be filtered from results. After filtering machine stiffness, the mean force versus
displacement (black line) behavior with a 95% confidence interval (dark shaded region) is shown
in figure 3(b).
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Figure 3: (a) Typical raw Load-Displacement Curve using the Load/Reload Testing Procedure. (b)
The machine stiffness is removed, and mean force-displacement is compiled from 10 test
specimens results. (Numbers are redacted due to proprietary material usage).



4.2 Finite element analysis:

Three simulations were performed in Abaqus/Explicit to validate the novel model and compare it
with the inbuilt model's performance. First simulation with the inbuilt model using the material
manufacturer's strain energy release rate (Ggiven). Second simulation with the inbuilt model
utilizing strain energy release rate determined from Load/Reload testing method (Gexp). Third with
the proposed novel model using Gexp. The required material parameters, damage strengths, and
energies are defined in Table 1 for inbuilt models and Table 2 for the proposed novel model. The
model geometry, assembly, and meshing are shown in figure 4 and figure 5.

Figure 4: (a) Stepped Compact Compression specimen geometry (dimensions in centimeter). (b)
Abaqus geometry with fixed bottom pin and compression load at top loading pin. (¢c) Middle thin
region of interest.

¥
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Figure 5: Finite element meshed geometry.

Along with the material properties, the novel model uses two additional pairs of parameters, a and
B (nonlinearity correction factors), and maximum volumetric strain for crack evolution. All FEA
simulation with the new model uses a 0.5 value of a and . The mesh size, loading condition,
boundary conditions, field output, and history output are kept the same for all simulations.



4.3 Model validation:

The results from simulations are plotted with compiled test results, as shown in figure 6. The plot
shows that both the models (i.e., the inbuilt model and the novel model) well captured the initial
elastic behavior. Out of all three simulations, the novel model predicts results closest to test results,
indicating the novel model's validation. There is a significant difference between test results and
the inbuilt model’s results with Gexp, which suggests that the Gmc value is not the only reason for
the inbuilt model's significantly poor performance.

Model Validation
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Figure 6: Force versus displacement plot to validate the proposed novel model (green) with
experimental force versus displacement curve (black and shaded region. The Inbuilt model with
Ggiven (orange) and Gexp (blue). (Numbers are redacted due to proprietary material usage)

S. RESULTS AND DISCUSSION

The strain energy release rate is determined from experimental data is significantly more than
Ggiven. The mode I strain energy release rate (Gme) and mode II fracture toughness (Gu) are 3.42
times and 11.88 times larger than the value given by the manufacturer (Ggiven) [Ref. 15]. Thus, it
proves that matrix compression fracture toughness cannot be considered the same for matrix
tension and matrix compression [Ref. 9].

The novel model outperformed the inbuilt model in predicting force during failure propagation
and captured crack jump, followed by a gradual decrease in strength with displacement. In contrast,
the inbuilt model failed to show crack jump and predict high strength in damaged material. It
indicates that the inbuilt model predicts high strength in damage from the material's real strength.
A similar comparison of the new model and the inbuilt model is performed for other layups
described in Table-3. As shown in figure 7, it is observed that the Gm¢ has a significant impact if



laminate has unidirectional layup-1, which proves successful isolation of matrix compression
damage propagation from all other failure modes.
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Figure 7: Illustrate a comparison of force versus displacement predictions from simulations with
other layups 2,3,4 (left to right) under compression. (Numbers are redacted due to proprietary
material usage)

The simulation visualization results for all tested layups are shown in figures 8 and 9 at the end of
the paper. There is a significant difference in outcomes observed between the inbuilt model and
the new model. The complete analysis and accurate conclusion require future experiments on other
layups and loading conditions.

6. CONCLUSIONS

A novel PFA modeling tool based on the 3D CDM model has been developed and implemented
in Abaqus using the VUMAT subroutine. The tool addresses the simplistic 2D nature limitation of
the Abaqus inbuilt model and uses lamina’s 3D properties from standard tests. The proposed model
can handle numerical instability caused by large deformed elements in simulation by incorporating
the SPH technique. Lastly, the user-defined material subroutine can serve as a framework for
developing a more accurate model using advanced PFA capabilities.

The delamination is not incorporated in this model. It can be a source of some errors. Therefore,
delamination on the strength prediction needs to be investigated in future studies. Further, the
nonlinearity correction factor (i.e., @ and ) values and critical volumetric strain values to convert
elements into the particle during the failure evolution phase may be calibrated with experimental
data.
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8. LIST OF FIGURES

(a) Layup -1 (b) Layup-2

Figure 8: Matrix compression damage for Layup-1 and 2. Upper: The Inbuilt model with Ggiven,
middle: The Inbuilt model with Gexp and Bottom: New model with Gexp

.y |

(a) Layup-3 (b} Layup -4

Figure 9: Matrix compression damage for Layup-3 and 4. Upper: The Inbuilt model with Ggiven,
middle: The Inbuilt model with Gexp and Bottom: New model with Gexp

9. LIST OF TABLES
Table 1: Material Properties table used in Abaqus Inbuilt model:

Notation Material Property

Ei10, E220 | Modulus of elasticity

G120, G130 | Modulus of rigidity

Vi2, VI3 Poisson Ratio




Xt , Xc Fiber Strength in tension and compression
YT, Yc Matrix Strength in tension and compression
Si, St Shear strength of lamina
Grr , Gre Strain Energy release rate for fiber tension and compression failure
Gwmt, Gme | Strain Energy release rate for matrix tension and compression failure
Table 2: Material Properties and parameters used in the new model
Notation Material Property (unit)
E110, E220, E330 | Modulus of elasticity
G120, G130, G230 | Modulus of rigidity
Vi2, Vi3, V23 Poisson Ratio
Xt , Xc Fiber Strength in tension and compression
Y1, Yc Matrix Strength in tension and compression
Si, St Shear strength of lamina
Grr, Grc Strain Energy release rate for fiber tension and compression failure
Gwmr , Gme Strain Energy release rate for matrix tension and compression failure
Gu Mode - II Strain Energy release rate
a, B Nonlinearity correction factor
Table 3: Laminate Layup Table:
Layup Name 35 plies SCC specimen laminate layup
[10 plies on top + 15 plies in middle + 10 plies at bottom]
Layup-1 [90]10 - [90]15 - [90]10
Layup-2 [60/-60]ss - [30/-30/60/-60/903/90]2s - [-60 /60 Jss
Layup-3 [30 /-30 ]ss - [30/-30/0/-30/30/902/90 ]2 - [-30 /30 s
Layup-4 [45 /-45 1ss - [45/-45/0/-45/45/902/90 Jos - [-45/45]ss
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