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Abstract

Failure types and failure loads in carbon-epoxy [45 n/90n/45n/0n]ms

laminate coupons with central circular holes subjected to tensile load
are simulated using progressive failure analysis (PFA) methodology.
The progressive failure methodology is implemented using VUMAT
subroutine within the ABAQUSFm/Explicit nonlinear finite element code.
The degradation model adopted in the present PFA methodology uses an
instantaneous complete stress reduction (COSTR) approach to simulate
damage at a material point when failure occurs. In -plane modeling
parameters such as element size and shape are held constant in the finite
element models, irrespective of laminate thickness and hole size, to
predict failure loads and failure progression. Comparison to published
test data indicates that this methodology accurately simulates brittle,
pull-out and delamination failure types. The sensitivity of the failure
progression and the failure load to analytical loading rates and solvers’
precision is demonstrated.

1.0 Introduction

Use of composite laminates in primary aerospace structures is rapidly increasing due to their high
strength, low weight, ability to manufacture complex geometries and other factors. The strength and
failure type of composite laminates are essential information required by engineers to design structures to
meet safety requirements. Of particular interest are structural components with discontinuities (e.g.,
cutouts, holes, etc.). Over the past several years many researchers have embarked on developing
progressive failure analysis (PFA) methodologies to predict failure loads and damage modes in
composites [1-23]. However, the reliability of these methodologies in analyzing typical aerospace
structural components needs to be improved.

The PFA methodology development is a complex task resulting in significant challenges at
several steps of the procedure. One such step, which is also an active research area in PFA methodology
development, is defining degradation models for adjusting material properties or stresses to simulate
damage modes such as fiber, matrix and inter-laminar (delamination) failures. Identifying material
properties or stresses to degrade for the given damage modes, and the rates of degradation themselves, are
all part of ongoing research. The PFA methodologies and the damage models which are commonly used
to predict the in-plane damage modes and the failure loads are very well summarized in Refs. 1, and 13.
Most of the in-plane damage models are successful in predicting fiber and matrix failure in most laminate
sequences where the through-thickness crack propagates in a self-similar fashion (i.e., perpendicular to
the loading direction). Another factor which makes the PFA methodology less reliable is its dependency
on the element size for accurate solution predictions. Dependency of the failure load predictions on the
element size is a well known phenomenon. Researchers in Refs. 13-14 attempted to address this issue by
equating the fracture energy of the material to the energy dissipation due to the damage mode. As
indicated in Ref. 14, fracture properties of the fiber may not be as readily available as other standard
material properties.

To compensate for the lack of maturity of PFA methodology and also to generate test data to
support its development and validation efforts, several experimental investigations were conducted in the
recent past. Among test results published in the literature, Green et al. [24] reported on their tests
conducted on the composite tension coupons with a centrally located hole. Three distinct failure types
were observed in the test. Based on the post-failure examination of the specimens, the failure types were



characterized as brittle, pull-out and delamination, and were shown to be dependent upon the diameter of
the hole, the laminate thickness and the stacking sequence. These unique failure types were triggered by
one of the in-plane stresses reaching the failure limit ahead of the others. Since the test results published
by Green at al. [24] covered all the three known failure types, they were selected as an attractive and
comprehensive ground for the validation effort of the PFA methodology used in the current study.

The objective of the current work was to examine the capabilities of the previously developed in-
plane damage models [12, 19] and the modeling procedures in predicting the failure load and the failure
types of the open-hole tension specimens. Simulation of complex failure types, such as the ones shown in
the experimental work by Green et al. [24], requires both intra-laminar and inter-laminar damage models
applied simultaneously. This is a challenging task that tests the limits of the damage models. The
detection of intra-laminar damage was accomplished using the Hashin-Rotem failure criteria [25-27].
The intra-laminar modeling parameters, such as the in-plane mesh size and its orientation around the
discontinuous regions, were maintained approximately constant for all the coupons analyzed in this study
and are described in the finite element model development section. The explanation of the degradation
technique and the damage model used in the current study are presented in the following sections. The
damage model with failure criteria for PFA was implemented using user-written material modeling
subroutine (VUMAT) in the ABAQUS TM finite element analysis code and its explicit nonlinear solver
was used in the simulation. The inter-laminar damage mode (delamination) was simulated using cohesive
zone model [28-30] in ABAQUS TM. The inter-laminar modeling procedure for the cohesive layers is
explained in the finite element model development section of this report.

In the current study, PFAs of 8-, 16- and 32-ply laminates with a 0.25-inch and 0.5-inch-diameter
hole located at the center were performed. A 32-ply laminate with a 0.5-inch-diameter hole located at the
center, but scaled in such a way as to not group same-direction plies together, was also analyzed. Results
such as failure loads and the failure types of these laminates obtained from the PFA are presented in
tabular and pictorial forms showing the inter-laminar and the intra-laminar damage modes and their
corresponding loads. Numerical results, such as failure stress, are compared with the test data provided
in Ref. 24. The detailed description of the failure types exhibited by these laminates, as explained in
Ref. 24, is compared with the simulated solutions obtained from the PFA.

In this study, the ABAQUS TM/Explicit solver was used to solve a dynamic equation of motion.
As application of very slow experimental loading rates of the coupons is impractical in the explicit
analysis, an accelerated loading rate was applied. Therefore, the loading rate of the coupons in the
analysis became an important factor. As a result, the influence of the loading rate and the application of
ABAQUSTM/Explicit single versus double precision solvers on the failure load, the failure types, and the
sub-critical damages around the notch were examined.

2.0 Progressive Failure Analysis Methodology

PFA methodology consists of damage detection, damage evolution, and crack simulation.
Damage detection is accomplished through the use of failure criteria for fiber and matrix failures. Both
intra-laminar and the inter-laminar failure mechanisms were considered in the current PFA methodology.
The damage evolution step of the PFA methodology consists of degrading the material properties or the
stresses to a predetermined level or zero; and their rate of degradation depends on the hypothesis arrived
at by the developers of the damage models.



2.1	 In-Plane Damage Detection, Degradation Model and Damage Evolution

The Hashin-Rotem unidirectional failure criteria [26] are used to detect the fiber and matrix
damage in a lamina. The ply stresses in the principal material directions are used in the unidirectional
failure criteria. The failure criteria are expressed in terms of the in-plane stresses ij, the strengths X and
Y, and the shear strength S. The in-plane stresses 11, 22, and 12, are aligned with the principle material
coordinate system in the ply. The strengths parallel and transverse to the fiber direction are denoted as X
and Y, respectively. The in-plane shear strength is denoted as S12. The subscripts c and t denote
compression and tension, respectively. In the current study, the in-situ strengths are used for Yt, and S12,

as per Ref. 31. The fiber failure indices in tension and compression are defined as
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Traditionally, in PFA methodology, damage is simulated by degrading the material properties [1]
either instantaneously or gradually over several solution increments. The latter approach is used in many
of the damage models to avoid numerical convergence issues [13, 14]. However, in the damage model
presented herein, the terms in the constitutive matrix are instantaneously degraded to zero using damage
parameters. The constitutive stress-strain relationship with the damage parameters for a two-dimensional
(2D) orthotropic material can be written as
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where df and dm are the damage parameters associated with the fiber and matrix failure modes,
respectively. Each parameter has values of either 0 (no damage) or 1.0 (complete damage). In the above
damage model, failure of the matrix, either due to the transverse or the shear stresses, causes simultaneous
degradation of both these stresses. However, when the fiber fails, all of the stress components (i.e., axial,
transverse and shear) are degraded instantaneously to zero. This damage model, which falls under the
ply-discounting approach [1], is formulated considering the stress components associated with the fiber
and matrix. Since the matrix in a composite material is associated with the transverse and shear stresses
and the fiber is associated with the axial stress, when the damage is detected in the fiber or in the matrix
all of the terms in the constitutive matrix corresponding to these stresses are completely reduced to zero
instantaneously. From here on, this damage model is referred to as complete stress reduction (COSTR)
model.

The in-plane damage evolution approach adopted in the present PFA methodology is based on the
ply-degradation approach. In this approach, when fiber damage or matrix damage is detected at a
material point, the corresponding damage parameter, df and dm, respectively, changes instantaneously
from 0 (undamaged state) to 1.0 (damaged state). From the constitutive equations of the COSTR damage
model, Equations (3) and (4), it can be noticed that when the damage parameter dm attains a value of 1.0
both the transverse and the shear stresses become zero. Similarly, when the damage parameter df attains a
value of 1.0, all the in-plane stresses become zero. This type of instantaneous stress degradation to zero,
which is accomplished via the damage parameters, is characterized as a single-step or instantaneous
degradation approach [1]. Another characteristic of the COSTR damage model is the complete
elimination of the influence of Poisson’s ratio (v) in evaluating the axial stress when the matrix has failed
due to transverse or the shear stress.

In the current progressive failure methodology, the cracks (accumulation of fiber and matrix
failures) in the laminates are simulated by application of the DELETE parameter available in the
VUMAT routine. This simulation is accomplished by flagging a material point for deletion when the
fiber has failed or when the transverse and/or shear strains reach 25 percent. It has been observed in some
plies of the laminate, depending upon the loading conditions, that the transverse and/or shear strains could
reach a significant level causing excessive distortion of the element without being stressed significantly in
the fiber direction. An example of this phenomenon could be noticed in a laminate consisting of 90° plies
and loaded in the direction perpendicular to the fiber. To avoid excessive distortion of the element due to
large strains in the matrix, the quadratic strain criteria involving transverse and shear strains are
formulated and implemented in the damage evolution procedure of the PFA methodology. Once a
material point has been deleted, it cannot be reactivated. The ABAQUSTM/Explicit solver checks for
elements where all of the material points have been flagged as deleted and removes these elements from
further computations, there by simulating virtual cracks in the finite element models. The failure
detection criteria, COSTR damage model, and the element removal procedure are all implemented using a
user-written subroutine VUMAT [30].

2.2 Inter-Laminar Damage Model

Inter-laminar damage, or delamination, initiation and progression are simulated by placing
cohesive elements at potential delamination sites. The interface between the sub-laminates is modeled as
a zero-thickness cohesive layer and discretized using COH3D8 elements [30]. The cohesive zone model 1

is used to simulate delamination. The onset of delamination is determined based on the inter-laminar
quadratic nominal stress criterion and the delamination growth is based on a critical fracture energy
criterion. Damage is modeled as an irreversible process by including a damage parameter [28-30]. This

1 The cohesive zone model is based on a continuum-damage-mechanics formulation of a traction-displacement
constitutive law for a thin resin layer that exists between adjacent composite lamina
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damage parameter is directly related to the dissipated fracture energy. A detailed explanation of the
cohesive zone model can be found in Refs. 28 30. The guidelines presented in Ref. 32 have been used to
determine cohesive layer parameters such as element size, stiffnesses, and the interfacial strengths of the
interface (cohesive layer) between the plies. The equation presented in Ref. 32 to define the stiffness of
the cohesive layer in the mode-I direction is defined below as

KI 
C

E3 
 	

(5)

where E3 is the Young’s modulus of the laminate in the thickness direction, t is the larger of the sub-
laminate thicknesses above or below the cohesive layer, and  is a parameter that is much larger than 1.
A value of  equal to 50 is recommended in Ref. 32 and was used in the current study to obtain a stiffness
of the cohesive layer which is small enough to avoid numerical problems, such as spurious oscillations of
the tractions in an element, and also large enough to prevent the laminate from being too compliant in the
thickness direction. In calculating the stiffness KII and KIII in the shear directions (mode-II and mode-III
directions), E3 is replaced with the shear moduli G12 and G13 of the laminate, respectively.

Interfacial strengths required to detect the onset of delamination are determined based on the in-
plane element size of the cohesive layer, the fracture toughness of the material, and the number of
elements in the cohesive zone using the following equation for mode-I failure:

_ 9E, GI
UI
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where UI is the inter-laminar strength in the mode-I direction, GI is the corresponding fracture toughness,
Ne is the user defined number of elements in the cohesive zone, and le is the length of the finite element in
the cohesive layer [32]. The other interfacial strengths, UII and UIII, are computed in the mode-II and
mode-III directions by replacing GI in Equation 4 with the GII and GIII respectively.

Failed cohesive elements do not offer any resistance to the three inter-laminar opening modes.
Hence, in the current study, when the failures of the cohesive elements occur, they are not deleted from
the finite element model in order to prevent penetration of sub-laminate sections.

3.0 Problem Definition

The ability of the COSTR damage model and the PFA methodology to simulate failure loads and
failure types is tested by analyzing the quasi-isotropic laminate coupons with a centrally located hole.
This problem was of particular interest as it was experimentally investigated by Green et al. [24] and has
demonstrated the effect of scaling and the through-the-thickness scaling approach on the failure type. A
schematic diagram of the specimen tested is presented in Figure 3.1. These laminates were tested under
quasi-static tension load. The dimension of the specimen, such as the width and length, were tied to the
diameter of the hole. Multipliers of 5 and 20 were used for the width-to-hole diameter and the length-to-
hole diameter ratios, respectively.
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Figure 3.1. Schematic diagram of quasi-isotropic laminate coupon with centrally located hole [24].

Two hole diameters, 0.25 inches and 0.5 inches, were adopted with the laminate stacking
sequence of [45 n/90n/-45n/0n] s (the subscripts n refer to the number of plies for which values of 1, 2, or 4
were chosen and the subscript s refers to symmetry). For the laminate with a stacking sequence of
[45/90/-45/0] 4s, only a 0.5-inch-diameter hole located at the center was analyzed. All of the specimens
were made of IM7/8552 material. The material properties of IM7/8552 are provided in Table 3.1 [13].
The interfacial properties of the laminate, strain energy release rates and in-situ transverse tension, and in-
plane shear strengths in the sub-laminate sections are presented in Table 3.2. The laminate stacking
sequences and their thickness are presented in Table 3.3.

Table 3.1. IM7/8552 material properties.

E11	 E22	 G12	 Xt 	X.	 Yt 	Y.	 S12	 ν12

×106 psi	 ×106 psi	 ×106 psi	 ×10 6 psi	 ×106 psi	 ×106 psi	 ×10 6 psi	 ×106 psi

24.85	 1.316 0.765	 0.3373 0.1740	 0.00899	 0.28970 0.01888	 0.32

Table 3.2. Fracture energies, inter-laminar strength and in-situ strength of IM7/8552 material.

Gr 	Grr

in-lbs/in2	in-lbs/in2
Grrr	 Ur

in-lbs/in2	×106 psi

Thick Embedded

Ua 	 URI 	 Plies

×106 psi	 ×106 psi	 Yt 	S

×106 psi	 ×106 psi

Thick Outer
Plies

Yt 	S

×106 psi	 ×106 psi

1.582	 4.50 4.50	 0.00678 0.01144	 0.01144	 0.01431	 0.01660 0.01185	 0.01344

Table 3.3. Laminate stacking sequences and thicknesses.

Number of Plies 8 16	 32 32

Stacking Sequence [45/90/-45/0] s [45 2/902/-452/02 ] s 	[454/904/-45 4/04 ] s [45/90/-45/0]4s

Thickness, inches 0.0378 0.0772	 0.1666 0.1666
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3.1	 Finite Element Model Description

Three-dimensional (3D) finite element models of seven specimen configurations 2 were developed
to simulate coupled inter- and intra-laminar damage progression. The thickness of each model was
divided into seven sub-laminate sections (0° layers in the middle of the laminates are modeled using one
sub-laminate section) with a cohesive layer of zero thickness between each of them. The actual finite
element model is shown in Figure 3.2 (a) and the pictorial representation of the modeling procedure in
building sub-laminate sections and the cohesive layers of the laminates are shown in Figure 3.2 (b). The
sub-laminate sections were discretized in the in-plane directions using a 0.09-inch × 0.09-inch 8-node
continuum shell reduced integration element (SC8R) available in the ABAQUS TM element library [30].
The SC8R element is a 3D element with translational degrees-of-freedom (DOF) using only linear
interpolation functions. It employs layer-wise composite theory and, unlike the conventional shell
elements, it provides an ability to discretize 3D bodies It allows for mechanical and thermal loadings for
static and dynamic solution procedures. The element size used in discretizating the sub-laminates is
based on the conclusion of our previous work in which a finite element mesh sensitivity study was
conducted to determine the approximate element size that would predict failure load of the notched
laminate specimen close to the experimentally determined failure load for varying material systems and
laminate thicknesses. The cohesive layers were modeled using a zero thickness ABAQUS TM 8-node
cohesive element known as COH3D8 [30]. An in-plane discretization of 0.02 × 0.02 inches was used in
the cohesive layers. The sub-laminate sections and the cohesive layers were connected using
ABAQUSTM “tie” boundary conditions to maintain the continuity between the sub-laminate sections
before the damage occurs. The assemblage of the seven sub-laminate sections and six cohesive layers
through the thickness defines the complete laminate.

(a) Finite element model. 	
(b) Representation of sub-laminate and cohesive layer

modeling.

Figure 3.2. Actual finite element model and the pictorial representation of the sub-laminate and cohesive
layers modeling.

The cohesive layers in the 3D model require interfacial properties to simulate delaminations.
Hence, the properties including inter-laminar stiffnesses and strengths are evaluated per Equations (3)
and (4). In Equation (3) the thickness t was determined based on the number of plies in the sub-laminate

2 Model configurations include all four lamination stacking sequences provided in Table 3.3 for the 0.5-inch-
diameter hole, and only the first three lamination stacking sequences for the 0.25-inch-diameter hole.



sections. The interfacial strengths were calculated by adopting two finite elements in the cohesive zone
[32] with the length of the element being 0.02 inches. This modeling practice, to simulate delamination,
has provided good results in our previous study [19]; hence, the same practice has been adopted in this
study.

The boundary conditions at one end of the specimen were fully clamped (i.e., all three DOFs
were constrained) and the boundary conditions at the opposite end of the specimen consisted of two DOFs
being constrained (two displacements) with the in-plane longitudinal displacement in the 0º fiber
direction being uniformly displaced in the course of the PFA. Each time, the final displacement of
0.070 inches was prescribed over the simulation period of 0.0075 seconds resulting in the displacement
loading rate of 9.33 in/s. For a selected group of laminates, two additional final displacement values of
0.040 and 0.055 inches were selected resulting in the reduced displacement loading rates of 5.33 and
7.33 in/s, respectively. The application of alternative displacement loading rates was aimed at assessing
the sensitivity of the solution to the displacement loading rates and the applicability of
ABAQUSTM/Explicit single and double precision solvers. Each time, the displacement loading was
applied in a constant-slope ramp fashion.

A mass density of 0.000154 lbs-s 2/in4 for the composite material was used in the analysis, while
the adhesive layer was modeled as being weightless. During the entire simulation, the kinetic energy of
the model was monitored to ensure that it did not exceed 10 percent of the total strain energy of the model
in accordance with the ABAQUS TM User’s Manual guidelines for simulating quasi-static loading in the
explicit finite element solver [30]. This guideline (maintaining the kinetic energy to a minimum while
simulating a pseudo-static analysis) ensures that significant dynamic effects were not introduced while
using a small total loading time required for computational efficiency in an explicit analysis.

3.2	 Results and Discussions

In the following sections, results obtained from inter- and intra-laminar PFAs of 8-, 16- and
32-ply-thick laminates with a 0.25-inch- and a 0.5-inch-diameter hole located at the center are presented.
The stacking sequences of these laminates are presented in Table 3.3. The results, which include failure
stress and the final failure modes exhibited by these laminates, are subsequently presented in tabular and
contour plot formats. As outlined in Section 2. 1, damages in fiber and matrix in the COSTR model adopt
only values of 0 (undamaged) or 1.0 (damaged), and the colors blue and red are used, respectively, to
indicate their damage tag status. However, the status of ABAQUS TM cohesive elements changes in a
continuous fashion; therefore these plots may also show regions other than blue (not delaminated) and red
(completely delaminated), for example green. Elements tagged with colors other than blue or red
correspond to the cohesive elements satisfying the inter-laminar failure criteria, but not reaching the
complete delamination stage (i.e., still propagating on the degradation part of the traction and separation
curve of the cohesive law) [30].

The fractured surface and the failure modes (fiber, matrix and delamination) will be presented for
all the laminates. The explanation of failure types [24] exhibited by these laminates from the post failure
analysis of the failed specimen will be compared with the failure plots obtained from PFA. The
sensitivity of the failure mode and the failure load to loading rate in the 8-ply-thick and 32-ply-thick
laminates with a 0.25-inch-diameter hole located centrally will be presented in damage plots and load
versus displacement curves.

The experimental data used for the comparison of PFA results is obtained from the work of Green
et al. [24]. Depending on the stacking of the same direction plies in a laminate, different failure types



(a) Brittle. (b) Pull-out. (c) Delamination.

were observed in their experimental study. Final failure types were broadly classified into brittle, pull-out
and delamination and are presented in Figure 3.3.

Figure 3.3. Final failure types (Ref. 24).

The PFAs of the open-hole tension coupons using the COSTR damage model and the failure
methodology presented in the earlier sections were performed on seven laminate configurations. The
numerical results (including ultimate failure stress, plots of damage progression, and the load-
displacement relationship curves for the 8-, 16-, and 32-ply laminates) along with the experimental results
reported in Ref. 24 are presented. Also, the fractured surfaces plots of selected laminates are shown.

3.2.1 0.5-inch-Diameter Hole Specimens

The predictions of failure stress and the final failure type exhibited by the 32-ply sub-laminate-
level and ply-level scaled laminates with a 0.5-inch-diameter hole are presented in Table 3.4 and
Figures 3.4 through 3.18. The predicted failure stress of the 32-ply ply-level scaled laminates is in good
agreement with the available experimental failure stress provided in Table 3.4. The brittle type of failure
exhibited by the [45/90/-45/0]4s (sub-laminate-level scaled) laminate, delamination type of failure in the
[454/904/45 4/04] s (ply-level scaled) laminate, and pull-out type of failure in the [45 2/902/452/02 ] s (ply-
level scaled) laminate have all been simulated by the COSTR damage model. The sequence of the
occurrence of damage modes in the 32-ply sub-laminate-level and ply-level scaled laminates of the failure
process match the experimental observations provided in Ref. 24.

Table 3.4. Test [24] and PFA failure stress results (psi) and damage types of ply-level scaled specimens.

Number of Plies 	 8	 16	 32

0.5-inch-diameter
	 Test	 N/A	 N/A	 52,490

hole
	 PFA
	

63,510
	

57,130	 53,940

Pull-Out	 Delamination



The load versus end displacement curve of the 32-ply sub-laminate-level scaled specimen is
presented in Figure 3.4, where the nearly instantaneous drop to zero past the maximum load value is a
reflection of fiber failure in all the plies. Fiber, matrix, and delamination damage modes are presented in
Figure 3.5 which demonstrates the characteristics of a brittle failure. The undamaged regions of the
specimen are represented in blue and the damaged regions are represented in red. The damage modes in
only one of the plies are shown in Figure 3.5 as they are the same in the rest of the neighboring plies with
the same alignment. It is clear from Figure 3.5 that the fiber failure occurs in all the plies, and matrix
damage and delamination are confined to the crack path only, which is in good agreement with the
description provided in Ref. 24 for a brittle type of failure.

Several figures similar to Figure 3.5 are presented in the subsequent portion of the report for
different specimen configurations. Readers are cautioned that elements can be tagged as fiber failure as a
result of one of the two conditions outlined in section 2.1, i.e., (1) actual fiber failure or (2) an excessive
transverse and/or shear strain level. For example, in Figure 3.5, fiber damage in the 90° plies does not
occur and the elements are tagged as damaged due to excessive transverse strain levels caused by the
matrix damage.

The fractured surface of the 32-ply sub-laminate-level scaled specimen obtained from the PFA
and testing are presented in Figure 3.6, showing a clean fracture surface, which is also the characteristic
of a brittle type of failure.

Figure 3.4. Load versus end displacement of a [45/90/-45/0]4s laminate with a 0.5-inch-diameter hole.
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Figure 3.5. Damaged element tags in a [45/90/-45/0] 4s laminate with a 0.5-inch-diameter hole.

Test Specimen (Ref. 24)	 Progressive Failure Analysis

Figure 3.6. Crack path in a [45/90/45/0] 4s laminate.

A ply-level scaled [45 4/904/454/04] s laminate exhibited a delamination type of failure.
According to Green et al. [24], this type of failure exhibits extensive delamination at the —45°/0° interface
covering a large portion of the specimen area. This massive delamination triggers a substantial level of
load drop due to dissipation of energy. During the delamination process, splitting occurs in the 0° plies
and extends over almost the total length of the specimen. This process causes the 0° ply to ultimately fail
in the fiber failure mode. This type of failure in the ply-level scaled 32-ply thick specimen was accurately
captured by the COSTR damage model. The load versus end displacement plot is shown in Figure 3.7
where the green curve represents the actual data and the red curve is smoothened. Smoothening of the
load versus displacement curves in the subsequent portion of the report is applied. As demonstrated in
Figure 3.7, the smoothening process averages the load to reduce small oscillations present in the solution
due to the loading rate. Usually the test loading rate is extremely low which makes it impractical to
perform the explicit analysis using the same loading rate.
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The progression of the damage modes is presented in Figures 3.8 through 3.11. The damage state
at the maximum load of 22,811.7 lbs is shown in Figure 3.8, which corresponds to point A in Figure 3.7.
Point A is just before the occurrence of massive delamination, however no fiber failure was detected in
any of the plies at this point of loading. Only very limited matrix damage and delaminations around the
hole are present. The damage state at a load level of 22,223 lbs, corresponding to point B in Figure 3.7, is
shown in Figure 3.9 where the splitting (matrix damage) in the 0° ply and the propagation of delamination
at the —45°/0° interface is presented as both of these damages further develop. The damage state at a load
level of 18,721 lbs is shown in Figure 3.10 where the propagation of delamination at the —45°/0°
interface, splitting in 0° plies, and substantial matrix damages in off-axis plies are shown even as the load
reduces to a level corresponding to point C in Figure 3.7. The damage state at a load level of 13,039 lbs
is shown in Figure 3.11 where the complete delamination at the —45°/0° interface and also, to a significant
level, at other interfaces with splitting in 0° plies reaching the very end of grips are predicted. The
damage state shown in Figure 3.11 corresponds to point D in Figure 3.7 at which point the analysis was
terminated. This phenomenon of splitting in the 0° plies, which causes discontinuity in the axial
deformation, is captured and presented in Figure 3.12. The other significant characteristic of
delamination type of failure is the absence of fiber failure in the 0° plies during the loading cycle. The
fiber failure simulation in the plies is shown in Figure 3.13 (a) and demonstrates that fibers in the 0° plies
have not failed even as the load drops significantly to a level corresponding to point D in Figure 3.7.
Fiber damage tags around the hole in the 0° plies, as well as the ±45° plies, are due to the failure of
elements in matrix mode caused by the excessive transverse and/or shear strains. Tagging these elements
as fiber failure facilitates their removal from the analysis to avoid numerical convergence issues
associated with severely distorted elements. The process of removing elements also helps in simulating
crack paths and can be noticed in the severely disintegrated laminate shown in Figure 3.13 (b).

A

Figure 3.7. Load versus end displacement of a [45 4/904/454/04 ] s laminate with a
0.5-inch-diameter hole.

12



Fiber Failure Delamination Failure

Fiber Failure Delamination Failure

Figure 3.8. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.5-inch-diameter hole at
P = 22,811 lbs (point A in Figure 3.7).

Figure 3.9. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.5-inch-diameter hole at
P = 22,223 lbs (point B in Figure 3.7).
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Delamination FailureFiber Failure

Figure 3.10. Damaged element tags in a [45 4/904/454/04 ] s laminate with a 0.5-inch-diameter hole at
P = 18,721 lbs (point C in Figure 3.7).

Figure 3.11. Damaged element tags in a [45 4/904/454/04 ] s laminate with a 0.5-inch-diameter hole at
P = 13,039 lbs (point D in Figure 3.7).
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(a) Damaged element tags. (b) Delamination failure.

Figure 3.12. Axial deformation in the 0° plies due to splitting.

Figure 3.13. [45 4/904/454/04 ] s laminate with a 0.5-inch-diameter hole at P = 13,039 lbs.

The PFA of a 16-ply [45 2/902/45 2/02] s laminate predicted a pull-out type of failure. The pull-out
failure, as defined in Ref. 24, can be described as failure in which the fibers in the 0° plies fail and their
failure is accompanied by delamination at the —45°/0° interface and at the other interfaces of the off-axis
plies. The load versus end displacement curve with a sudden drop, as presented in Figure 3.14, indicates
the 0° plies fiber failure. The PFA was terminated after fiber failure occurred in the 0° plies. The crack
path in the 0° plies which represents fiber failure is shown in Figure 3.15. The damage modes associated
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with this type of failure are presented in Figure 3.16. There is little to no fiber failure in the off-axis plies
except in the 0° and 90° plies. The matrix damage occurs in all the plies and the extent of this damage is
limited to approximately two times the distance between the hole and the specimen edge. A complete
delamination across the full width of the specimen with longitudinal extension of approximately double
the specimen width was noticed in the 45°/0° interfaces around the hole. However, the delamination at
the other interfaces was discontinuous in some regions.

=P = 11,018.0 Ibs
'}LiJ

d
o
a

8o6O

L

m
'iOgo

-o

0

o Lol

Figure 3.14. Load versus end displacement of a [45 2/902/452/02] s laminate with a 0.5-inch-diameter hole
(curve smoothened).

Figure 3.15. Crack path in the 0° plies of a [45 2/902/45 2/02] s laminate with a 0.5-inch-diameter hole past
the maximum load of P = 11,018 lbs.
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Figure 3.16. Damaged element tags in a [45 2/902/452/02] s laminate with a 0.5-inch-diameter hole past
the maximum load of P = 11,018 lbs.

The same pull-out type of failure was predicted in the 8-ply [45/90/45/0] s laminate with a
0.5-inch-diameter hole. The damage plots presented in Figure 3.17 reveal the type of damage modes
characteristic to the pull-out type failure. The curve presented in Figure 3.18 also shows an instantaneous
loss in load-carrying capability in the specimen due to fiber failure in the load-carrying 0° plies.

Figure 3.17. Damaged element tags in a [45/90/ 45/0] s laminate with a 0.5-inch-diameter hole.
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Figure 3.18. Load versus end displacement of a [45/90/ 45/0] s laminate with a 0.5-inch-diameter hole
(curve smoothened).

3.2.2 0.25-inch-Diameter Hole Specimens

The results obtained from the PFA for the specimens with a 0.25-inch-diameter central hole are
presented in Table 3.5 and Figures 3.19 through 3.26. The failure stresses of the 8-, 16-, and 32-ply
laminates presented in Table 3.5 are in good agreement with the test results where the latter are available
in Ref. 24. The average percentage difference in ultimate failure stress between the experimental data and
the PFA results for the 16- and 32-ply laminates are 6.4 percent and 5.1 percent, respectively.

Table 3.5. Test [24] and PFA failure stress results (psi) and damage types in ply-level-scaled specimens.

Number of Plies 	 8	 16	 32

0.25-inch-diameter 	
Test	 N/A	 72,210	 56,550

hole	 PFA	 64,300	 67,570	 59,595

Brittle	 Pull-Out	 Delamination
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The failure type predictions for the 16- and 32-ply laminates are similar to the 0.5-inch-diameter
hole specimens and are in good agreement with the experimental observations made by the authors in
Ref. 24. A delamination type of failure was simulated for the 32-ply laminate and the same was observed
in the test. In this case, the load drop due to delaminations as observed in the load versus end
displacement curve presented in Figure 3.19, was small when compared with the load drop in the
0.5-inch-diameter hole coupon with the same laminate configuration. The ultimate failure load value of
12,366 lbs is shown in Figure 3.19 and is slightly greater than the load at which the delamination
occurred. The propagation of damage modes in terms of fiber, matrix, and delamination failures in this
laminate are presented in Figures 3.20 through 3.24. The damage state at the loads of 12,148 lbs,
11,905 lbs and 12,366 lbs are shown in Figures 3.20 through 3.22 corresponding to points A, B and C in
Figure 3.19, respectively. The subcritical damages around the hole before the occurrence of major
splitting can be noticed. Figure 3.21 illustrates how the evolution of splitting (matrix damage) in the 0°
plies, as well as the matrix damage in off-axis plies, causes delamination to grow in the —45°/0°
interfaces. However, no fiber damage in any of the plies is seen at this load level. As the splitting in the
0° plies extends and approach the grip ends, massive delaminations covering almost the entire length of
the coupon in the —45°/0° interface and significant delaminations at other interfaces can be observed (see
Figure 3.22). The splitting in the 0° plies can be noticed in Figure 3.23 and was captured just past the
peak loading shown in Figure 3.19. Complete disintegration of the specimen with fiber failure in the 0°
plies and extensive matrix failure in all the plies can be noticed in Figure 3.24, where the next step in
damage progression is shown.
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Figure 3.19. Load versus end displacement of a [45 4/904/454/04 ] s laminate with a 0.25-inch-diameter
hole (curve smoothened).
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Figure 3.20. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.25-inch-diameter hole at
P = 12,148 lbs.
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Figure 3.21. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.25-inch-diameter hole at
P = 11,905 lbs.
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Figure 3.22. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.25-inch-diameter hole at
P = 12,366 lbs.

Figure 3.23. Axial deformation and stress field in the 0° plies of a [45 4/904/454/04 ] s laminate with a
0.25-inch-diameter hole due to splitting.
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Figure 3.24. Damaged element tags in a [45 4/904/454/04] s laminate with a 0.25-inch-diameter hole after
catastrophic failure.

The damage modes and the failure types obtained from the PFA of a 16-ply laminate are very
similar to those obtained for the specimen with a 0.5-inch-diameter hole. The laminate failed in a pull-out
failure type where the 0° plies failed in fiber failure mode. This failure type is indicated by an
instantaneous load reduction to zero in the load versus end displacement curve presented in Figure 3.25.
Due to this fiber failure, delamination occurs in the —45°/0° interface and also is propagated to the other
interfaces. The corresponding damage modes are presented in Figure 3.26. Some fiber failure is noticed
in the ±45° and 90° plies, but the failure occurs predominantly in the matrix failure mode. The
delamination in the —45°/0° interface extends across the full width of the specimen, but other interfaces
also show patchy and discontinued delamination regions. Similar damage modes and damage types were
also observed by Green et al. [24] in their experiment.
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Figure 3.25. Load versus end displacement of a [45 2/902/452/02 ] s laminate with a 0.25-inch-diameter
hole (curve smoothened).

Figure 3.26. Damaged element tags in a [45 2/902/452/02] s laminate with a 0.25-inch-diameter hole after
catastrophic failure.

PFA of an 8-ply laminate indicates a brittle type of failure. The load versus end displacement
curve presented in Figure 3.27 indicates an instantaneous reduction in the load-carrying capability of the
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structure, which is an indication of fiber failure in the 0° plies. This type of behavior in the load versus
end displacement curve is very similar to the pull-out type failure, but the fiber failure in this laminate
differs. Fiber failure is present in all the plies except the 90° plies (because the loading and the fiber
direction are perpendicular to each other) as shown in Figure 3.28. The matrix failure is also observed in
all the plies. A continuous delamination across the full width of the specimen is present in the —45°/0°
interface, but patchy and discontinuous delaminations are present in all other interfaces. The important
feature distinguishing the failure type from the pull-out and brittle failures is the failure of fibers in all the
plies. This behavior is very well captured as presented in Figure 3.28.
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Figure 3.27. Load versus end displacement of a [45/90/ 45/0] s laminate with 0.25-inch-diameter hole
(curves smoothened).
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Figure 3.28. Damaged element tags in a [45/90/ 45/0] s laminate with 0.25-inch-diameter hole after
catastrophic failure.
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3.2.3 Sensitivity of Damage Mode and Failure Type to Single and Double Precision Explicit Runs;
Capturing Sub-Critical Damages

As indicated before, the PFA presented herein has been performed using ABAQUSTM/Explicit
solver. The explicit transient dynamic nonlinear analysis is very efficient in solving problems involving
material degradation and simulation of dynamic crack paths. In general, the explicit transient dynamic
procedure requires small time increments which depend on the highest natural frequency of the model and
are independent of the type and duration of loading. An explicit method can take approximately 10,000
to 1,000,000 increments to complete an analysis run depending on the duration of loading [30]. Solving a
problem with a quasi-static loading condition in the actual time scale using explicit solver could require
an extremely high number of time steps. To accelerate the solution, the analysis loading rate can be
increased, but the kinetic energy in the structure under analysis must be kept at an insignificant level.
Due to accumulation of round-off errors occuring while analyzing problems that require more than
300,000 iterations, ABAQUS TM recommends using double precision explicit solver regardless of the
loading rate. Hence, a sensitivity study was performed to understand the influence of round-off errors on
damage modes and failure types in the 8- and 32-ply laminates with a 0.25-inch-diameter hole.

In this study, end displacements of 0.040, 0.055, and 0.070 inches were applied to the 32-ply
laminate over the same analysis period of 0.0075 seconds, resulting in the loading rates of 5.33, 7.33, and
9.33 in/s, respectively. All the above-mentioned cases were analyzed using single precision runs.
Additionally, a double precision run was performed for the case with end displacement of 0.04 inches
(i.e., the case for which the loading rate was the slowest and, consequently, required the highest number
of time integration increments).

For the 8-ply laminate, end displacements of 0.04 and 0.07 inches were applied in 0.0075
seconds, resulting in the loading rates of 5.33 and 9.33 in/s. Both analyses were performed with the
single precision solver.

The precision, load rate, number of iterations and damage type obtained from these analyses have
been tabulated in Table 3.6. For the 32-ply laminate, the single precision run and the double precision run
predicted different failure types when the 0.04-inch end displacement was applied. Note that these two
cases required significantly more than 300,000 iterations to complete the analyses due to the slowest
loading rate of 5.33 in/s being applied. However, the failure types predicted with the two remaining faster
loading rates of 7.33 and 9.33 in/s were the same and consistent with the previously described double
precision run. At the same time, the two single precision runs with 0.055- and 0.070-inch end
displacements required only around 300,000 iterations or less. A pattern consistent with the data from
Table 3.6 can also be noticed based on the load versus end displacement curves presented in Figure 3.29.
It is observed that the 0.04-inch end displacement case analyzed with the single precision solver shows
instantaneous failure consistent with the pull-out damage. However, the remaining three curves show
lower levels of load drop consistent with the delamination damage. The fact that the ultimate failure load
in this case is similar for all four analyses attests to the fact that there coexists two competing failure
types, and that a small perturbation in the solution procedure can trigger the onset of one of the two
distinct damage types. Consequently, further investigation revealed that the shear and axial stresses in the
0° plies of the 32-ply laminate were approaching the failure limit almost at the same time. Such
coexistence of damage modes was also documented in experimental work by Green et al. [24].
Nevertheless, based on the ABAQUS TM documentation guidelines pertaining to the applicability of the
single precision solvers, the solution obtained with the 0.04-inch end displacement and the single
precision solver must be deemed unreliable.
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Table 3.6. Failure type and number of iterations to perform PFA for a 0.25-inch-diameter hole laminate.

Laminate	 Loading Rate (in/s) ABAQUSTM/Explicit
Solver Precision

Number of Iterations Damage Type

5.33 Single 344,289 Pull-Out

32-ply	 7.33 Single 304,324 Delamination

9.33 Single 211,839 Delamination

5.33 Double 346,859 Delamination

5.33 Single 367,500 Pull-Out

8-ply	 9.33 Single 212,062 Pull-Out

15000
	

5.33 in./s Double Prec.
5.33 in./s
7.33 in./s
9.33 in./s

-5000 L
0
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Figure 3.29. Load versus end displacement of a [45 4/904/454/04 ] s laminate with a 0.25-inch-diameter
hole (curves smoothened).

The prediction of sub-critical damages in the form of splitting (matrix damage parallel to fibers)
within the plies, and the delaminations between the plies using the COSTR damage model and the
modeling procedure explained in earlier sections are presented in Figure 3.30 and Figure 3.31 for a
32-ply-thick ply-level scaled laminate with a 0.5-inch-diameter hole at the center. The integrated sub-
critical damages of all the plies are shown in these figures; and hence, the color of the damage in the top
ply appears brightest and gradually fades as the damage reaches the bottom most ply. Analyzing Figure
3.30 and Figure 3.31 one can see that the sub-critical damage between the plies (delamination) has been
predicted well for 80 percent and 95 percent of the load level. However, the predictions of sub-critical
damages within the plies (splitting) have been predicted qualitatively. The modeling parameters such as
the mesh size and the mesh shapes used in the current analyses are not conclusive in predicting these
micro cracks (splitting) quantitatively. These sub-critical damages seem to be qualitatively similar for all
laminate sizes analyzed here, even though the failure types and the failure stress are different. Similar
observations were also made by authors in Ref. 24.
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(a) Splitting.	 (b) Delamination predictions (c) X-ray image of damage.

(a) Splitting.	 (b) Delamination predictions. 	 (c) X-ray image of damage.

Figure 3.30. PFA for a [45 4/904/45 4/04 ] s laminate with a 0.5-inch-diameter hole loaded to 80 percent of
failure load (Ref. 24).

Figure 3.31. PFA for a [45 4/904/45 4/04 ] s laminate with a 0.5-inch-diameter hole loaded to 95 percent of
failure load (Ref. 24).

Additional damage plots obtained with both single and double precision solvers, and
corresponding to several different loading levels, and are presented in Figures 3.32 through 3.42, where
sub-plots (designated by (a)) present the corresponding point on the load-displacement curve, and the
subsequent sub-plots present the fiber, matrix and/or delamination damage tags. These figures provide
not only a more detailed insight into sensitivity of damage mode and type to single and double precision
explicit runs, but also show how sub-critical damages are developed when the COSTR damage model is
applied.

It is seen that for the most part the load application (i.e., between the end displacement of 0.0024
inches (Figure 3.32) and the end displacement of 0.0306 inches (Figure 3.38)), the sub-critical damages
obtained from both solvers are nearly identical. The first delamination is already identified at a very
small end displacement of 0.0024 inches in the —45°/0° interfaces as presented in Figure 3.32 (b) and (c).
A delamination in the 90°/-45° interfaces is first noted at the 0.0115-inch end displacement, as presented
in Figure 3.33 (d) and (e). Subsequently, the first matrix damages are observed at the end displacement of
0.0138 inches in the 0° and ±45° layers, and are presented in Figure 3.34 (b) and (c), and Figure 3.34 (d)
and (e), respectively. The matrix damages begin to extend into the 90° layers at the end displacement of
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(b) Single precision solver. (c) Double precision solver.

0.0165 inches, as presented in Figure 3.35 (f) and (g). Matrix damages and delaminations continue to
propagate further in a very uniform fashion for the increasing end displacement levels of 0.0 184, 0.0214
and 0.0306 inches, as presented in Figures 3.36 through 3.38, respectively. No fiber damage is noted up
to the end displacement of 0.0306 inches.

End Displacement (inches)

(a) End displacement of 0.0024 inches.

Figure 3.32. End displacement of 0.0024 inches and initial delamination in the —45°/0° interface obtained
using single precision and double precision solver.
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(d) Single precision solver. (e) Double precision solver.
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(a) End displacement of 0.0115 inches.

(b) Single precision solver. 	 (c) Double precision solver.

Figure 3.33. End displacement of 0.0115 inches; delamination in the —45°/0° interface obtained using
(b) single precision and (c) double precision solver; delamination in the 90°/-45° interface obtained using

(d) single precision and (e) double precision solver.
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(a) End displacement of 0.0138 inches.

(b) Single precision solver. (c) Double precision solver.

(d) Single precision solver. (e) Double precision solver.
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Figure 3.34. End displacement of 0.0138 inches; matrix damage in the 0° layer obtained using
(b) single precision and (c) double precision solver; matrix damage in the —45° layer obtained using

(d) single precision and (e) double precision solver.
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(a) End displacement of 0.0165 inches.

(b) Single precision solver. (c) Double precision solver.

(d) Single precision solver. (e) Double precision solver.
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Figure 3.35. End displacement of 0.0165 inches; matrix damage in the 0° layer obtained using
(b) single precision and (c) double precision solver; matrix damage in the —45° layer obtained using

(d) single precision and (e) double precision solver.
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(f) Single precision solver.

(h) Single precision solver.

(j) Single precision solver.

(l) Single precision solver.

(g) Double precision solver.

(i) Double precision solver.

(k) Double precision solver.

(m) Double precision solver.

Figure 3.35 (concluded). End displacement of 0.0165 inches; matrix damage in the 90° layer
obtained using (f) single precision and (g) double precision solver; delamination in the 0°/-45° interface
obtained using (h) single precision and (i) double precision solver; delamination in the —45°/90° interface
obtained using (j) single precision and (k) double precision solver; delamination in the 90°/45° interface

obtained using (l) single precision and (m) double precision solver.
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(a) End displacement of 0.0184 inches.

(b) Single precision solver. (c) Double precision solver.

(d) Single precision solver. (e) Double precision solver.
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Figure 3.36. End displacement of 0.0184 inches; matrix damage in the 0° layer obtained using
(b) single precision and (c) double precision solver; delamination in the 0°/ 45° interface obtained using

(d) single precision and (e) double precision solver.
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(a) End displacement of 0.0214 inches.

(b) Single precision solver. (c) Double precision solver.

(d) Single precision solver. (e) Double precision solver.

(f) Single precision solver. (g) Double precision solver.
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Figure 3.37. End displacement of 0.0214 inches; matrix damage in the 90° layer obtained using
(b) single precision and (c) double precision solver; delamination in the 90°/ 45° interface obtained using
(d) single precision and (e) double precision solver; delamination in the 45°/0° interface obtained using

(f) single precision and (g) double precision solver.
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(a) End displacement of 0.0306 inches.

(b) Single precision solver. (c) Double precision solver.

(d) Single precision solver. (e) Double precision solver.
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Figure 3.38. End displacement of 0.0306 in.; matrix damage in the —45° layer obtained using
(b) single precision and (c) double precision solver; matrix damage in the 90° layer obtained using

(d) single precision and (e) double precision solver.
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(f) Single precision solver.

(h) Single precision solver.

(j) Single precision solver.

(l) Single precision solver.

(g) Double precision solver.

(i) Double precision solver.

(k) Double precision solver.

(m) Double precision solver.

Figure 3.38 (concluded). End displacement of 0.0306 inches; matrix damage in the 45° layer obtained
using (f) single precision and (g) double precision solver; delamination in the 0°/-45° interface obtained
using (h) single precision and (i) double precision solver; delamination in the —45°/90° interface obtained
using (j) single precision and (k) double precision solver; delamination in the 90°/45° interface obtained

using (l) single precision and (m) double precision solver.
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However, as the two solutions approach the maximum loading and at the same time exceed
approximately 300,000 iterations, they begin to diverge. The first noticeable difference between the
single and double precision solutions is illustrated for the end displacement of 0.0339 inches seen in
Figure 3.39. It is seen in Figure 3.39 (d) and (f) that the single precision solution yields initial fiber
damage in the 0° plies while the double precision solution does not show any fiber damage yet, as seen in
Figure 3.39 (e). At this load level, matrix damage (Figure 3.39 (b) and (c)) and delamination (Figure 3.39
(g) and (h)) are present in both solutions, but the pattern and extent of these damages differs. Despite
these observations, the overall load versus end displacement curve obtained with both solvers, presented
in Figure 3.39 (a), is still nearly identical up to this load level signifying that the load-carrying capability
of the sub-critically damaged structure is very similar according the two solvers.

The differences in damages for fiber, matrix and delamination magnify further at the end
displacement of 0.0344 inches presented in Figure 3.40. Fiber damage obtained with the single precision
solver compromises the entire 0° ply at the mid-span location as presented in Figure 3.40 (d), while the
fiber remains undamaged in the double precision solution shown in Figure 3.40 (e). The extent of matrix
damage (Figure 3.40 (b) and (c)) and delamination (Figure 3.40 (f) and (g)) is not only more significant
than at the 0.0339-inch end displacement, but also the differences in patterns are more significant.
Therefore, it comes as no surprise that the load corresponding to the two solutions at the 0.0344-inch
displacement differs vastly, as presented in Figure 3.40 (a). Due to the 0° plies’ fiber failure, the single
precision solution results show a rapid decrease in the load-carrying capability, while the double precision
solution, after a slight initial drop associated with the matrix damages and delamination, further increases
the load-carrying capability.

At the end displacement of 0.0363 inches, the single precision solution indicates nearly a total
loss of load-carrying capability while the double precision solver yields a solution still only slightly below
the peak load, as presented in Figure 3.41 (a). The double precision solver shows considerable matrix
damage, especially in the 0° ply as presented in Figure 3.41 (b), and delamination, especially in the
—45°/0° interfaces as presented in Figure 3.41 (d). The double precision solution still yields undamaged
fiber as presented in Figure 3.41 (c).

Finally, the double precision solution at the end displacement of 0.0390 inches, i.e., past its peak
load, is presented in Figure 3.42. While matrix damage is substantial (see Figure 3.42 (b)), and even
some fiber is tagged as damaged due to an excessive strain level (Figure 3.42 (c) and (d)), the final
damage mode is attributed to extensive delamination (Figure 3.42 (e)).
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(b) Single precision solver. (c) Double precision solver.
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(a) End displacement of 0.0339 inches.

Figure 3.39. End displacement of 0.0339 inches; matrix damage obtained using (b) single precision and
(c) double precision solver for all layers.
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(f) Single precision solver.

(d) Single precision solver. (e) Double precision solver.

Figure 3.39 (continued). End displacement of 0.0339 inches; fiber damage obtained using
(d) single precision and (e) double precision solver for all layers; (f) zoomed-in fiber damage in the

0° layer obtained using single precision solver.
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(g) Single precision solver. (h) Double precision solver.

Figure 3.39 (concluded). End displacement of 0.0339 inches; delamination obtained using
(g) single precision and (h) double precision solver for all interfaces.
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(b) Single precision solver. (c) Double precision solver.
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(a) Specimen end displacement of 0.0344 inches.
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Figure 3.40. Specimen end displacement of 0.0344 inches; matrix damage obtained using (b) single
precision and (c) double precision solver for all layers.
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(d) Single precision solver. (e) Double precision solver.

Figure 3.40 (continued). End displacement of 0.0344 inches; fiber damage obtained using
(d) single precision and (e) double precision solver for all layers.
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(f) Single precision solver. (g) Double precision solver.

Figure 3.40 (concluded). End displacement of 0.0344 inches; delamination obtained using
(f) single precision and (g) double precision solver for all interfaces.
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(a) Specimen end displacement of 0.0363 inches.

(b) Single precision solver. 	 (c) Double precision solver.

Figure 3.41. End displacement of 0.0363 inches; (b) matrix damage and (c) fiber damage obtained
using double precision solver.
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(d) Double precision solver.

Figure 3.41 (concluded). End displacement of 0.0363 inches; (d) delamination obtained using double
precision solver.
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Figure 3.42. End displacement of 0.0390 inches; (b) matrix damage and (c) fiber damage
obtained using double precision solver.
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(d) Zoomed-in fiber damage in the 0° layer

(e) Delamination obtained using double precision solver

Figure 3.42 (concluded). End displacement of 0.0390 inches; (d) zoomed-in fiber damage in the 0° layer
and (e) delamination obtained using double precision solver.
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The same pull-out damage was predicted for the 8-ply laminate from the two different loading
rate analyses, even though the faster loading rate case required fewer than 300,000 iterations and the
slower loading rate case required more than 300,000 iterations. The load versus end displacement curves
for these two cases are presented in Figure 3.43 and indicate the same type of instantaneous failure
occurring at almost the same load level. This comparison shows that the failure type in this specific case
is well defined and, consequently, is not sensitive to the round-off error accumulating faster in the single
precision solution. To verify such a hypothesis, further investigation revealed that in the 8-ply laminate
shear stresses in 0° ply were lagging behind the axial stresses, and the later stress reached its failure limit
first causing the failure of the laminate.

0 0	 0.005 0.01 0.015 0.02 0.025 0.03 0.035 ' 0.04

End Displacement (inches)

Figure 3.43. Load versus end displacement of a [45/90/ 45/0] s laminate with a 0.25-inch-diameter hole.

4.0 Conclusions

The PFA methodology with COSTR damage model has been presented. Failure types and failure
loads in a carbon-epoxy [45n/90n/45n/0n]ms laminate coupons with central circular holes in tensile load
were predicted and compared with published test results. The COSTR damage model was able to
accurately predict the failure stress, damage modes, and failure type in the ply-level and sub-laminate-
level stacked laminates considered.

Brittle, pull-out, and delamination damage types exhibited by 8-, 16-, and 32-ply-thick ply-level
scaled specimens with a 0.25-inch-diameter hole were captured very well with the COSTR damage
model. The damage modes such as fiber failure, matrix failure and delamination failure for all the three
types of damage have been found to agree with the observations provided in Ref. 24. The splitting in the
0° plies of the 32-ply laminate was very well captured along with the load level at which this
phenomenon occurs. Similar conclusions regarding the accuracy of the COSTR model were reached
based on the 0.5-inch-diameter hole examples. Specifically, for the 32-ply thick laminate, the
characteristics of a brittle type of damage (such as a clean fractured surface, fiber failure in all the plies,
and the confinement of matrix damage and delamination to the crack path only) were all captured and
matched very well the explanation provided in Ref. 24.
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In this study, the in-plane modeling parameters, such as mesh size and shape around the
discontinuous regions, were maintained approximately constant regardless of the size and thickness of the
specimen and no adverse consequences of such an approach were noted.

Finally, the sensitivity of a predicted failure type and damage modes to single and double
precision explicit solvers has been investigated. Application of the double precision solver was
determined necessary for performing progressive damage analysis which requires more than 300,000
iterations. A detrimental effect of single precision solution round-off errors on a predicted damage type
has been clearly demonstrated. When the estimated number of required iterations is not known prior to
the analysis, application of the double precision solver is recommended.
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