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The paper investigated the load-carrying capacity and the participation of stress components in the failure
analysis of top-hat-shaped composite columns subjected to uniform compression. GLARE members were axially
compressed in laboratory tests employing a static testing unit. Failure tests were monitored in the full load range
using the digital image correlation (DIC) system, which enabled visualization of full-field displacements and
strains. Simultaneously, FEM numerical simulations were carried out to estimate the load-carrying capacity of
the top-hat-shaped sections based on the nominal stress state in both the non-degraded and degraded composite
models. In the latter, the material property degradation method (MPDG) allowed a progressive lowering of the
material stiffness based on the presumed damage variables. Failure initiation in composite plies was monitored in
FE simulations based on Hashin and Puck failure criteria. Stress state analysis was performed to investigate the
participation of stress tensor components in the failure function of selected failure criteria. This enabled the
identification of critical stresses contributing to aluminum plastic deformation and intra-laminar failure mech-
anisms that led to the composite fracture. The results of the numerical simulations were found to be in high

agreement with the experimental evidence.

1. Introduction

Fiber-reinforced composites have been extensively used in recent
years with significant developments in the aerospace, transport, auto-
motive, or construction industries [1,2]. Among all types of composites,
modern and new Fiber Metal Laminates (FML) are manufactured by
binding metallic layers to fiber-reinforced laminates [3,4]. Herein, some
of the composite applications are based on unidirectional glass fiber
reinforced prepregs and aluminum alloy sheets (GLARE) [5]. Such a
combination of plies guarantees high material strength, enhanced
damage, and fatigue tolerances [6]. Different laminate combinations
and various fiber alignments or fiber volume ratio can have a significant
impact on composite performance. This provides many possibilities for
composite manufacturers to design components tailored for specific
industrial applications [7,8]. Such structural component solutions have
inspired the considerable interest of researchers in recent years in
investigating the behavior of composites under specific loading condi-
tions and making recommendations for their advantages and limitations
[9-12].

Thin-walled composite structures with open and closed cross-
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sections are extensively utilized as load-carrying elements, especially
in aerospace. The primary function of such structures is to carry axial
and bending loads. In the case of axial compression, loss of stability is an
unfavorable phenomenon that typically causes a decrease in the strength
properties of the structure [13-15]. Nonetheless, it has been demon-
strated in various numerical and experimental studies that, after buck-
ling, the structure’s ability to carry the compressive load remains stable
[16-19]. Regarding comprehensive buckling analysis, separate buckling
modes have already been identified for similar thin-walled structures
[20-22]. However, there is still considerable uncertainty about their
interaction and impact on load-carrying capacity. Hence, many re-
searchers focus on the post-buckling response of composite material
structures and the prediction of the structure load-carrying capabilities
[13,18,23]. This comprises a failure analysis in order to predict the ul-
timate strength of multi-layered fiber-reinforced composite columns.
The damage phenomenon must be examined throughout the load
range to predict the initiation and propagation of the failure. First, the
occurrence of failure in composite material is typically investigated
using failure criteria, which consider the state of induced stress and the
limits of the material strength to calculate the failure factor [24,25]. As
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long as isotropic materials are concerned, several failure criteria,
including the Huber-Mises-Hencky (HMH) criterion, can be used to
successfully determine the material’s yield point. Determining an
acceptable failure criterion is significantly more challenging for non-
isotropic composite materials, whose failure behavior exhibits direc-
tional dependency. Many failure studies of anisotropic composites are
based on the Hashin criterion, as it was found to provide a satisfactory
assessment of fiber and matrix damage separately [14,17,24,26].
Particularly in the case of multi-layered laminates, separate failure
criteria are used for different composite constituents to capture the
entire failure sequence. Damage evolution is achieved using progressive
failure analysis (PFA), in which damage variables control the reduction
in stiffness after the start of failure [27]. Thus, appropriate damage
initiation and evolution parameters are required to simulate the load-
carrying capacity of the structure [18,28].

Various examples of numerical and experimental failure analysis for
thin-walled composite columns can be found in other studies
[18,29,30]. Based on the literature survey, the most common types of
damage in composite structures are intra-laminar failure (matrix
cracking and compression or rupture of the tension fiber) and inter-
laminar damage (delamination) [31-33]. Fiber degradation has been
recognized as the primary factor contributing to the loss of load-carrying
capacity of glass fiber-reinforced composites with open cross-sections
subjected to uniform compression [32]. On the other hand, delamina-
tion growth has been successfully analyzed in FML channel sections
using the Cohesive Zone Method (CZM) and the bilinear cohesive con-
tact model [17,18,33]. Preliminary stability and progressive damage
analysis of the considered GLARE members were carried out to validate
the numerical implementation of the progressive failure algorithm by
means of experimental evidence [34]. In this respect, most failure ana-
lyses for thin-walled composite columns are devoted to the first-ply
failure approach or the continuum damage mechanics (CDM) method
[35-37]. Nevertheless, despite significant success in defining the failure
phenomenon using the abovementioned methods, there is a lack of
physical interpretation of equations of the failure functions and failure
induced by specific stresses [25,38-40]. The explanation of damage
typically provides only failure factors calculated by quadratic poly-
nomials that are lower than or greater than unity, with no further in-
vestigations of the induced stress state and the participation of stress
tensor components in material failure. Furthermore, according to the
World-Wide Failure Exercise (WWFE), there are no satisfactory theo-
retical and finite element methods to predict with great precision a
failure of multidirectional laminates [41,42]. Failure mechanisms in
FMLs were also found to vary with thickness and particular fiber
orientation, making it challenging to select suitable methods to capture
the entire failure phenomenon [27,43,44]. Hence, in the authors’
opinion, there is still insufficient study related to the analysis of multi-
failure modes and their propagation in composite materials. Generally,
FMLs are characterized by complex failure mechanisms that can occur in
metallic and composite plies separately [27,45], which requires further
research. Therefore, there is a fundamental need to identify not only
failure mechanisms but also their root causes which can be determined
utilizing stress state analysis.

In this study, the behavior of thin-walled GLARE members subjected
to axial compression was investigated, focusing on post-buckling
response and members’ load-carrying capacity. This allowed the iden-
tification of intra-laminar failure mechanisms, including fibers rupture
and matrix cracking or crushing. Herein, the Hashin criterion has been
applied for a thorough examination of the composite matrix or the fiber
damage initiation phenomenon combined with the stress state analysis
performed to assess the critical stresses that lead to failure mechanisms.
This required the analysis of stress tensor elements and their contribu-
tion to material failure in aluminum and composite plies. Compared
with previous work, the originality of this study also includes progres-
sive failure analysis of top-hat-shaped members employing separate
fiber and matrix damage variables. These were used to determine the
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predominant factor and the particular area of the laminate that leads to
the propagation of the identified failure mechanisms. The results and
discussion presented could provide important information for composite
manufacturers that consider failure performance when designing in-
dustrial applications of GLARE thin-walled members.

2. Problem statement

The subject of this study is a 7-layered hybrid composite made of
alternating layers of the aluminum alloy 2024 T3 (heat-treatable alloy
with copper as the primary alloying element) and the unidirectional
fiber-reinforced glass—epoxy prepreg TVR 380 M12 26% R-glass (60%
fiber volume fraction). The thickness of a single aluminum layer was
equal to 0.3 mm, whereas the thickness of a single glass fiber-reinforced
prepreg layer after curing was equal to 0.25 mm. The mechanical
properties of the aluminum and glass fiber-reinforced prepreg were
determined based on experimental tests carried out according to the
tensile and three-point bending test standards for fiber-reinforced
composites, which were discussed in another study [46,47]. The mate-
rial response of aluminum plies in the numerical simulation was
described by the bilinear isotropic hardening model, which required
defining the yield strength (Ro.2) and the tangent modulus (Eang). The
mechanical properties of both constituents of GLARE are presented in
Table 1. The multi-method approach and micromechanical analysis to
determine the elastic properties of considered composite constituents
have been discussed in the comprehensive study by Kamocka et al. [46].

Poisson ratios were determined for the aluminum v = 0.330 and the
composite plies vi3/13 = 0.269 and ve3 = 0.400, respectively. The nu-
merical study of failure with stress state investigation also required the
implementation of the strengths of glass—epoxy unidirectional fiber-
reinforced plies according to Table 2. Note that properties of the com-
posite layers were determined for the plane stress state. However, their
orthotropic properties were defined for the 3D model according to the
specific rules considered for transversely isotropic fiber-reinforced
polymers [48].

GLARE specimens were manufactured using the autoclave tech-
nique, which allowed the preparation of high-quality multi-layered
laminates with high structural homogeneity [49]. Specific
manufacturing procedures and curing parameters of the applied auto-
clave technique were discussed in Ref. [50]. Additionally, the study on
the aspects of fiber metal laminate manufacturing also showed that the
interface bond between fiber and epoxy has a noticeable impact on
transferring stresses throughout the laminate and degradation of this
component can decrease the stiffness of the composite [47]. Non-
destructive methods of ultrasonic echo testing with the phased array
technique were investigated to confirm the absence of defects in the
form of porosity or debonding of surfaces throughout the entire volume
of laminate [34].

In this study, slender and thin-walled top-hat-shaped sections were
investigated. The overall dimensions of the specimens’ cross-section are
shown in Fig. la. Additionally, the radius (R) of the web-flange and
flange-lip junctions was ca. 1.75 mm. The geometry of the top-hat-
shaped sections was selected based on two main criteria: meeting the
requirements of a thin-walled structure and the chosen dimensions had
to be found in aircraft components [51]. Laminates consisted of three

Table 1
Mechanical properties of GLARE constituents.

Aluminum [GPa] GFRP prepreg [GPa]

E 72 E; 53.90
G 27.07 Ep 14.92
Ro.2 359 * 10 E3 14.92
Etang 720 * 10 Gi2 5.49
Gy 5.33
Gis 5.49
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Table 2

Strengths of glass fiber-reinforced layers.
GFRP prepreg [MPa]
X - longitudinal tensile strength 1534
X, - longitudinal compressive strength 800
Y/Z; — transverse tensile strength 75
Y./Z. - transverse compressive strength 500
Sxy = Sxz = Sy, — shear strength 58

aluminum layers and two embedded plies of composite prepreg (3/2
symmetrical lay-ups). The glass fiber reinforcement in the composite
layers was in four different alignments [0//25/45/90] depending on the
laminate configuration. This allowed manufacturing various angle-ply
laminates: AL/0/90/AL/90/0/AL, AL/90/0/AL/0/90/AL, AL/45/0/
AL/0/45/AL, AL/ 0/45/AL/45/0/AL, and AL/0/0/AL/0/0/AL. The
selected GLARE lay-up scheme (Al/90/0/A1/0/90/Al) is presented in
Fig. 1b. Due to the presence of glass fiber-reinforced prepreg, laminates
are considered thin-walled orthotropic plates with transversely isotropic
symmetry with respect to the plane perpendicular to the alignment of
the fibers.

The previous study by the authors that included a stability and
damage analysis of GLARE samples [34,53] has shown that various
layouts respond similarly to compressive loading. A satisfactory agree-
ment was achieved between the numerical and experimental methods
for all investigated laminate configurations. Therefore, for the purpose
of this paper, results are presented for solely selected Al/45/0/A1/0/45/
Al and AL/0/0/AL/0/0/AL laminate configurations.

3. Experimental procedures

In laboratory experiments, thin-walled composite specimens were
axially compressed using an Instron static testing machine (maximum
capacity 200kN) with Zwick/Roel control software. The experimental
stand is shown in Fig. 2a. The electromechanical and screw-type
strength testing unit enabled displacement control loading with a 1
mm/min crosshead velocity. Laboratory tests were carried out at a room
temperature of 23° C. During compressive tests, the GLARE columns
were placed in flat bottom grooves milled in plate rigs to limit the lateral
displacement of the loaded edges (Fig. 2b). Customized plate rigs
mounted on the test stand’s upper and lower crossheads guaranteed
uniform axial compression of slender and thin-walled GLARE columns.
Such a solution of boundary conditions applied during experiments
ensured a satisfactory agreement with the simply supported boundary
conditions considered in both the numerical and analytical methods
[10]. Full-field displacements and strain visualization were measured
during experimental trials by the ARAMIS 3D non-contact optical system
based on digital image correlation (DIC). The ARAMIS system included a
sensor with two digital cameras of 1280 x 1024 px resolution and a
maximum total frame rate of 485 images/sec. It allowed three walls to
be covered in the tested specimen, that is, the web, the flange, and the lip
of the sections shaped like the top hat. The behavior of thin-walled
GLARE members was investigated in full load range, focusing on post-

a) I_20 |

) b)
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buckling response. Results of experimental load-shortening curves are
presented in the previous study [34].

4. Numerical computations

The model of a 7-layer GLARE sample was prepared in the Finite
Element Method (FEM) using the structural element type SHELL181
available in the commercial software package ANSYS®. According to
the ANSYS documentation [54], a selected four-node element type with
six degrees of freedom at each node is typically used in multi-layered
applications of thin-walled composites or sandwich structures. The
implementation of shell element type with section parameters enabled
independently defining individual layers of the laminate (material
properties, layer’s thickness, direction of the principal axes of the
orthotropic material). Herein, layers of glass—epoxy fiber-reinforced
prepreg were modeled by linear-elastic material properties and
strengths obtained in experimental tests. The elastic-plastic material
response of the aluminum plies in the numerical simulation was
described by the bilinear isotropic hardening model. The material pa-
rameters of the composite constituents and the strengths of the trans-
versely isotropic glass fiber-reinforced plies are shown in Table 1 and
Table 2, respectively. This numerical model was prepared to perform
failure analysis of individual laminate constituents. This allowed
investigating the modes of initiation of aluminum plastic deformation
and intra-laminar damage in composite plies. The contact between
alternating laminate layers was not modeled.

In the FE model, it was assumed that the column is subjected to
uniform axial compression to ensure boundary conditions consistent
with experimental tests [10]. Therefore, simply supported displace-
ments were limited at both ends of the column and the load was
implemented in the form of a concentrated compressive force. Addi-
tionally, coupling constraints (constant value of the displacement along

a) - b)

Fig. 2. Experimental stand of Instron static testing machine (a) and flat bottom
grove in plate rig (b).

0°

Aluminium

Fig. 1. Dimensions of top-hat-shaped section (a) and sample laminate lay-up (b) [52].
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the load axis) were introduced along loaded edges to fulfill the condition
of rectilinear column edges and displace uniformly along the column
length (uniform shortening of the column). Mesh refinement was
implemented to model flat bottom grooves through displacement con-
straints in the direction perpendicular to the surface of a column’s walls
at a distance of 2 mm from the columns’ ends. This corresponded to
experimental procedures, wherein flat bottom grooves were milled in
plate rigs to limit the lateral displacement of loaded edges (as presented
in Fig. 2b). Mesh refinement was also achieved using a cylindrical co-
ordinate system applied locally at circular corners between the web-
flange and flange-lip arc connections of the top-hat-shaped section.
The mesh size and mesh convergence analysis were further discussed in
another study [34].

The linear buckling analysis (LBA) was performed to establish the
critical buckling load and the appropriate buckling mode shapes. Sub-
sequently, a geometrically non-linear analysis was carried out to find a
solution in the post-buckling range. Herein, the load factor was
normalized in the non-linear analysis concerning the first buckling load
obtained in the LBA. Considered slender and thin-walled open-cross
sections are also sensitive to wall imperfections affecting members’ post-
buckling response. Hence, the first local buckling mode shape obtained
in the linear analysis was also projected onto the nodal mesh of the finite
element model to ensure walls imperfections. Initial imperfections were
referred to 0.01 of the members’ wall thickness. Solution for nonlinear
buckling problem was determined by incremental Newton-Raphson
procedure, wherein arc-length method was applied to avoid conver-
gence issues. The geometrically non-linear analysis was used to study
columns post-buckling response and predict the load-carrying capacity.

4.1. Load-carrying capacity (LCC) prediction

A numerical model of top-hat-shaped GLARE specimens was initially
used in the geometrically non-linear analysis to determine the column’s
load-carrying capacity (LCC). First, the equilibrium equations in the
non-linear analysis were solved using the Newton-Raphson algorithm, in
which the stiffness matrix was updated with each iteration of incre-
mental load. Herein, equilibrium paths were determined based on the
nominal stress state of a non-degraded structure. Second, the material
property degradation method (MPDG) was used to introduce the linear
damage evolution law. Based on the damage variables (df, d,) the
stiffness was gradually reduced in the finite element where the failure
process was initiated. Failure initiation was monitored by failure factors
greater than one (FF > 1), determined by the Hashin failure criterion.
Hence, once the Hashin criterion identified the initiation of failure,
damage variables were used to degrade the tensor of mechanical prop-
erties. The material property degradation approach was used following
guidelines given in Refs. [37,55,56]. Nevertheless, MPDG was used
solely to simulate stiffness degradation in composite layers. Hence, the
post-buckling response of aluminum layers was investigated separately
in a non-degraded structure using the Huber-Mises-Hencky criterion. In
this respect, the numerical computation of LCC was performed for two
separate numerical models:.

- Geometrically non-linear analysis with the nominal stress state of a
non-degraded structure (FEM_non_degraded). The load-carrying ca-
pacity was analyzed in aluminum plies based on the equivalent
stresses determined by the Huber-Mises-Hencky criterion. Equiva-
lent stresses were further compared to the material yield strength
limit.

Progressive failure analysis with the reduction in composite stiffness
after the initiation of failure. The load-carrying capacity was
analyzed in composite plies based on maximum load from post-
buckling equilibrium paths.

Additionally, failure criteria were used throughout non-linear anal-
ysis with incremental load to monitor the change of failure factors in
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each load step. This considered the calculation of failure factors for the
Hashin fiber (HFIB) and Huber-Mises-Hencky (HMH) criterion. For the
latter, the failure factor (HMH FF) was determined as the ratio of
equivalent stresses (0gqy) and yield strength limit (Rg.2 = 359 MPa) as
given in Eq. (1). It presumed that the load-carrying capacity prediction
was based on the Huber-Mises-Hencky criterion at the point where the
equivalent stresses exceed the aluminum yield limit.

HMHFF = 722" @)
0.2
The increase of failure factors for incremental load substeps in
aluminum and composite plies was investigated to observe which
laminate constituents govern the laminate response in compressive
failure tests.

4.2. Participation of stress components in the failure and progressive
damage

Subsequently, stress state analysis was performed for top-hat-shaped
composite columns subjected to uniform axial compression. This
enabled investigating the participation of stress tensor components in
the failure function of selected Huber-Mises-Hencky and Hashin failure
criteria analyzed in separate laminate plies. For this reason, the nodal
data were sorted to select the highest value of the equivalent stress
(orqv) or failure factor determined by the abovementioned criteria in
aluminum and composite plies, respectively. For the chosen node loca-
tion, the stress tensor elements that corresponded to the coordinate
system X, y, z were recorded in a data file.

For layers of isotropic aluminum material, the equivalent stress
(orqv) was determined according to Eq. (2).

[

Croy = G {((rx - ay)z + (o, — (;2)2 + (0. —0,)" + 6(c3, + 03, + ofz)] )
(2

In composite layers, the Hashin criterion was used to calculate fail-
ure factors separately for matrix (HMAT) and fiber (HFIB) damage. For
the analysis of the stress state, analytical formulas were also applied for
the HMAT and HFIB failure factors (as given in Egs. (3) and (4)) ac-
cording to Ref. [57]. Stress analysis based on the Hashin failure criterion
was performed to obtain in-plane stress components. The allowable
stress limits for the transversely isotropic material were introduced ac-
cording to the strength characteristics collected in Table 2.
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The stress state analysis allowed for the identification of critical
stresses that led to aluminum plastic deformation and the initiation of
intralaminar failure mechanisms in composite plies. A further study
included progressive failure analysis using the degradation method of
material properties. Separate fiber and matrix damage variables were
used to introduce the damage evolution law. This allowed us to predict
separate damage modes for fiber tensile, fiber compressive, and matrix
tensile, matrix compressive, interlayer shear damage variables. The
numerical results were compared with the experimentally damaged
specimen. Constitutive laws of progressive damage modeling including
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softening law have been discussed in another study dedicated to pro-
gressive failure of thin-walled Z-shaped FML members subjected to axial
compression [58] or GFRP pipes subjected to transverse loading [59].
Numerical progressive failure analysis can also be performed utilizing
continuum damage mechanics (CDM), for which a layer where the
failure occurred is replaced by a virtual continuum ply with reduced
mechanical properties. The linear damage evolution law combined with
a linear material softening law is used to decrease the stiffness of the
failed ply [60]. CDM approach can be combined with failure criteria and
fracture mechanics for predicting damage initiation and propagation by
coupling the internal state variables [61]. It enables the control of the
energy dissipation required for the evolution of the separate damaged
states. In this sense, failure modes such as fiber rupture, longitudinal and
transverse matrix cracking are associated with respective fracture en-
ergies and material properties are progressively degraded until complete
failure of composite constituents [62]. Therein, damage variables are
defined in order to quantify damage concentration associated with
failure modes and predict the gradual stiffness reduction during the
damage process [63]. However, the energy-based stiffness degradation
method according to CDM theory, requires the definition of damage
variables based on the energies dissipated per unit area and the viscous
damping parameters [54], which were not considered in this study.
CDM modeling will be performed in a further research that will include
the numerical implementation of softening constitutive equations [64].
This would also require defining damage variables based on energy
release rates, which could be determined experimentally [59,61]. In this
respect, the continuum damage model will enable a full characteristic of
the composite failure mechanisms. However, the authors emphasize that
energy dissipation is also related to the size of finite elements, resulting
in mesh-dependent results.

5. Results and discussion
5.1. Analysis of load-carrying capacity

The load-carrying capacity (LCC) of top-hat-shaped GLARE columns
was determined numerically based on geometrically non-linear analysis
and experimentally based on ARAMIS 3D non-contact system with
digital image correlation (DIC) method. Initially, the value of LCC was
forecasted based on the Huber-Mises-Hencky criterion applied to the
FEM model with non-degraded material structure (denoted as FEM -
non_degraded_ HMH). Subsequently, LCC was determined using post-
buckling equilibrium paths for the FEM model with a degraded com-
posite structure (denoted as FEM_degraded). Herein, the reduction in
material stiffness was controlled using different values of damage vari-
ables that were determined separately for the fiber (dy) and matrix (d)
in the range from 0.5 to 1. Damage variables with values lower than 0.5
were not considered in FEM since they were found in another study to be
less in agreement with experimental tests [32]. As a result, numerical
analysis was carried out for the following (FEM_degraded) models:.

- FEM_degraded_1:d; = 0.5, d,, = 0.5

- FEM _degraded_2:d; = 0.5, dn = 0.75
- FEM_degraded_3:d; = 0.75, dn = 0.75
- FEM _degraded_4:df = 1,d, =1

The results of LCC that include experimental (EXP) and numerical
methods (FEM) are gathered in Table 3. The relative difference as the
LCC value (given as a percentage) was calculated to assess the consis-
tency between various methods. Comparison of numerical and experi-
mental load—-displacement curves and mapping failure criteria onto the
deformation contour of considered top-hat-shaped sections is presented
in the authors’ prior study [53]. This also included numerical compu-
tation of equivalent stresses (EQVS) for aluminum layers that were
projected onto the profile geometry. In laboratory tests, the surface
deformations were measured by ARAMIS 3D optical system, which
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Table 3
Load-carrying capacity comparison based on FEM models and experiments.
Sample Method Load- EXP vs. FEM
Carrying [%]
Capacity - (Relative
LCC [kN] difference)
Al/45/ Experimental test — ARAMIS (EXP) 78.55 N/A
0/Al/ Numerical ~ FEM_degraded_1 82.17 4.40
0/45/  Numerical = FEM_degraded_2 80.61 2.55
Al Numerical FEM_degraded_3 79.62 1.34
Numerical FEM_degraded_4 79.44 1.12
Numerical =~ FEM_non_degraded HMH  78.91 0.45
Al/0/0/ Experimental test -ARAMIS (EXP) 83.88 N/A
Al/0/ Numerical FEM_degraded_1 88.65 5.38
0/Al Numerical =~ FEM_degraded_2 88.52 5.24
Numerical FEM_degraded_3 88.50 5.22
Numerical FEM_degraded_4 88.34 5.05
Numerical FEM_non_degraded HMH 85.71 2.14

allowed to monitor the specimen’s failure behavior in full load range
until fracture. Presented results were found to be in good agreement
with an experimentally damaged specimen. Furthermore, FEM and
experimental post-buckling equilibrium paths (load-shortening curves)
were investigated in the previous study by the authors [34]. Since the
results provided satisfactory agreement, solely load-carrying capacity
prediction is shown in the current study of top-hat-shaped GLARE col-
umns subjected to uniform compression. Additionally, damage modes’
contours of progressive failure analysis are shown in Fig. 5.

The percentage difference between experiments and FEM models
with degraded material structure (FEM_degraded) ranges from 1.12% to
4.40% for the Al/45/0/A1/0/45/Al sample and from 5.05% to 5.38% for
the Al/0/0/A1/0/0/Al sample, respectively. For both laminate config-
urations, the highest consistency of the EXP vs. FEM comparison was
achieved for the FEM_degraded_4 model (df/, = 1). Damage variables
equal to unity indicate a reduction in composite stiffness throughout
after damage initiation in specified finite elements. Comparative anal-
ysis of various numerical models has shown that using high values of
material damage variables in MPDG allows for the greatest correlation
between experimental and numerical methods. Similar results were
presented in the progressive failure analysis of slender 8-layered GFRP
composite structures subjected to compression [32], wherein the stiff-
ness degradation parameters (ds/, > 0.9) provided satisfactory agree-
ment between numerical and experimental methods. These can suggest
a recommendation for selecting damage variables in the failure analysis
of thin-walled components under axial compression. Nevertheless,
different loading scenarios should also be investigated in a similar way
and validated by experimental tests to minimize the potential discrep-
ancy in the results achieved.

Furthermore, according to the findings of a progressive damage
analysis performed for comparable Z-shaped sections of fiber metal
laminates [58], df/, variables should take into account varying sus-
ceptibility to damage of two composite constituents. Hence, in the
FEM_degraded_2 model, different values of damage variables were used
for fiber (dr = 0.5) and matrix (d, = 0.75), respectively. However,
based on the results gathered in Table 3, it has been concluded that the
damage variables in the range of < 0.5,1 > considered in progressive
failure models (FEM_degraded) have only a limited impact on the load-
carrying capacity of columns. This further indicates that the post-critical
response of considered GLARE members is governed by aluminum ma-
terial, and damage evolution law applied to composite layers did not
substantially affect the load-carrying capabilities of the entire laminate.

The results of the load-carrying capacity also showed that the lowest
relative difference between the experiment and the FEM methods was
obtained for the FEM_non_degraded HMH model (Table 3). In such a
model, the equivalent stresses (6gqy) were calculated within aluminum
sheets and further compared to the material yield strength limit (Rg2 =
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359 MPA). The percentage difference between the numerical and
experimental methods was equal to 0.45% and 2.14% for the Al/45/0/
Al/0/45/Al and Al/0/0/A1/0/0/Al laminates, respectively. The high
consistency of LCC prediction achieved for the FEM_non_degraded_ HMH
method suggests that aluminum plies control the post-critical behavior
of 7-layered thin-walled GLARE columns under consideration. In this
respect, the Huber-Mises-Hencky criterion applied in aluminum layers
can be used with a reasonable degree of success to predict the loss of
load-carrying capacity of GLARE members.

Susceptibility to failure of laminate constituents was also analyzed
by introducing failure criteria throughout the entire non-linear analysis
with incremental load increase. For that purpose, the Huber-Mises-
Hencky (HMH) criterion was applied to determine the equivalent
stresses in aluminum plies. Subsequently, Huber-Mises-Hencky failure
factors (denoted as HMH FF) were calculated on the basis of equivalent
stresses and the yield strength limit as proposed in Eq. (1). The Hashin
fiber failure criterion was used to calculate failure factors (for compar-
ison, denoted as HFIB FF) in composite plies. In this analysis, failure
factors were determined based on the nominal stress state in the non-
degraded model of GLARE constituents. Results of FF calculated for in-
cremental load rise for selected laminate configuration (Al/0/0/Al/0/0/
Al) are shown in Fig. 3.

The results of failure criteria introduced throughout the nonlinear
analysis with incremental load showed that the loss of load-carrying
capacity is first predicted by the Huber-Mises-Hencky criterion applied
to aluminum plies. This corresponds to the load 85.71kN, for which the
failure factor (HMH FF) reached a value of 1. One can also notice a sharp
growth of Hashin fiber failure factor (HFIB FF) at the point where
equivalent stresses in the aluminum layers reached the yield limit (HMH
FF > 1). This also confirms that the entire response of 7-layered GLARE
columns is governed by aluminum layers, and the Huber-Mises-Hencky
criterion can be successfully used to determine the loss of load-carrying
capacity. Furthermore, the slope of the plot curve changes significantly
at the load corresponding to the critical force (approx. 62kN) of the top-
hat-shaped GLARE sections. According to another study carried out for
similar fiber metal laminates subjected to axial compressive loading, the
bilinear isotropic model applied to aluminum plies was found to affect
significantly local buckling phenomena [10].

5.2. Stress state analysis

Another analysis was performed to investigate the participation of
stress tensor components in the failure functions of the Huber-Mises-
Hencky (Eq. (1) and Eq. (2)) and Hashin criteria (Eq. (3) and Eq. (4))
in aluminum and composite layers, respectively. The main purpose of
defining contribution of each stress component was the identification of

Al/0/0/Al/0/0/Al sample
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Fig. 3. Failure factors determined by Huber-Mises-Hencky and Hashin criteria
for incremental load rise.
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critical stresses contributing to aluminum plastic deformation and intra-
laminar failure mechanisms that led to the composite damage. Initially,
stress tensor elements were collected for the nodal location that reached
the highest equivalent stress (6gqy) calculated in aluminum layers, i.e.,
outer layers (L1 and L7) and the inner layer (L4). The results are
collected in Table 4. Note that the middle position of the layer was
selected. It has been recognized that in considered laminate analysis,
stress and strains do not change rapidly across defined lamina thickness
[65]. Furthermore, based on a comparative study on relations between
various layers of top-middle-bottom, compliance of failure factors was
obtained with minor mutual differences resulting from the plate bending
model and the layer symmetry of the configuration of the layers [66].
The normal stress component o, was presumed to be equal to zero in
accordance with the classical laminate plate theory. After that, the
participation of stress tensor elements in Huber-Mises-Hencky failure
factors was determined and presented in Table 5.

Splitting the failure function into four parts suggests that the stress
component o, had a dominant contribution towards Huber-Mises-
Hencky equivalent stresses and consequently had a significant impact
on the failure factor (HMH FF). In each layer considered, the Huber-
Mises-Hencky failure factor is greater than unity (HMH FF > 1), indi-
cating that the equivalent stresses exceed the aluminum yield limit. In
this respect, compressive stress (o) contributes to the greatest extent to
the aluminum failure, which takes the form of plastic deformation.

Further analysis was carried out to establish the stress tensor ele-
ments in the composite layers in the area where the Hashin criterion
reached the highest value, which implies the potential occurrence of
material damage. Separate failure factors were determined for the
Hashin fiber failure criteria (HFIB) and matrix (HMAT) under load equal
to column load-carrying capacity. The stress state is presented for
randomly selected layers L3 and L5 (see Table 6). Additionally, stress
distribution for each composite layer (L2, L3, L5, L7) is shown in Fig. 4.
Stress distribution was determined in nodal data where the Hashin
matrix failure criterion (HMAT) indicates failure initiation (HMAT FF >
1). Hashin failure criterion is used to identify the initiation of intra-
laminar damage in composite layers. Different damage initiation
mechanisms are evaluated to account for fiber tension, fiber compres-
sion, matrix tension, matrix compression and in-plane shear failure
modes, respectively [57,59]. Based on the Rafiee and Torabi work that
investigated stress analysis based on multiple failure criteria [57],
Hashin criterion estimated the composite failure with higher levels of
accuracy when compared to experimental data.

A similar stress distribution is observed in each composite layer,
which results from the symmetry of the lay-ups configuration in 7-
layered GLARE specimens. Note that nominal stress values are pre-
sented in Fig. 4 (values were not scaled and not changed to absolute
values), which shows that due to the interlaminar force, shear stress oy,
has a positive value in layers L2 and L3 and a negative value in layers L5
and L6. It confirms that symmetry is preserved with respect to laminate
middle layer L4. This also indicates that boundary conditions in FEM are
in agreement with experimental tests, wherein customized plate rigs
mounted on the test stand’s upper and lower crossheads enabled uni-
form axial compression. Furthermore, the participation of stress tensor
elements within Hashin failure factors was determined and the results
are presented in Table 7 and Table 8. Analytical formulas for Hashin
fiber (ff) and matrix (f;,) failure criteria were shown in Eq. (3) and Eq.
(4), respectively. In this approach, the failure functions were also
divided into parts to assess the critical stresses that cause damage to the
composite.

Substituting composite strengths and particular stress tensor com-
ponents into the Hashin failure criteria functions allowed assessing the
share of the particular part in material failure. Herein, Hashin criteria in
FE computations consider various failure mechanisms by developing
four different intra-laminar damage initiation modes: fiber tension
(rupture/breakage), fiber compression (kinkling), matrix tension
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Table 4
Stress tensor components in aluminum layers.
Layer Criteria ogqv [MPa] FF o [MPa] 6, [MPa] Gy [MPa] 6, [MPa] oy, [MPa]
[-]
L1 HMH 363.68 1.01 —336.39 —16.20 —88.91 -1.41 -13.91
L4 HMH 383.60 1.07 —350.55 —45.74 —64.56 -92.53 2.16
L7 HMH 364.96 1.02 —359.02 —36.53 72.57 1.17 —9.68
Table 5
Participation of stress tensor components in the Huber-Mises-Hencky failure factor.
Layer 1 2 1 2 1 2 1 OEQV = HMH FF=
E(cx —oy) E(csy —0,) 5(61 —0y) 5 6 (cfy +o7,+ cfz>) SORT(SUM) P
Ro.2
L 51258.58 131.25 56577.43 24298.98 363.68 1.01
L4 46454.57 1046.21 61443.70 38200.93 383.60 1.07
L7 51999.90 667.18 64447.32 16084.36 364.96 1.02
Table 6
Stress tensor components in composite layers.
Layer Criteria FF o, [MPa] oy [MPa] o,y [MPa] 6y, [MPa] o,,[MPa]
[-1
L3 HFIB 1.01 8.02 —69.04 58.16 -11.39 —5.36
L5 HFIB 1.17 9.80 —86.83 62.17 —2.42 -7.70
L3 HMAT 1.12 —146.06 —24.66 8.39 24.76 -1.04
L5 HMAT 1.01 —142.56 -23.08 —10.09 20.79 —2.23

Stress distribution in composite layers
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Fig. 4. Stress distribution for each composite layer in nodal data determined by Hashin matrix failure criterion (HMAT FF > 1).

(cracking), and matrix compression (crushing) [24,54].

Hence, the implementation of the Hashin criterion in the numerical
study allows predicting the first failure occurrence, and further stress
state analysis enables the identification of the damage initiation mode.
Analysis of the stress tensor components (Table 7) showed that the part
of the Hashin fiber failure function that includes the interaction of shear
stresses has the most significant impact on the failure factor (f;). Hence,
the characteristics of the Hashin damage initiation modes indicate that

fiber rupture (o, > 0) is caused predominantly by shear stresses (o, and
0xz) and their interaction with composite’ shear strength (Sy,). This is in
agreement with a comparative study of the Hashin damage criterion
applied to composite failure [24], which found that fiber rupture occurs
at the point of maximum shear stresscy,. Low values of Hashin fiber
failure function component that includes normal stress o, (Table 7) also
confirm high strength of glass—epoxy unidirectional fiber-reinforced
plies in an axial direction parallel to fibers. On the other hand, matrix
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Fig. 5. Damage modes of a) fiber tensile, b) fiber compressive, ¢) matrix tensile, d) matrix compressive, e) interlayer shear damage variables compared with the

experimentally damaged specimen (f).

Table 7
Participation of stress tensor components in the Hashin fiber failure criterion.

Layer ox\ 2 Oxy? + Oxs> HFIB (f;) = SUM
&)

L3 0.00 1.01 1.01

L5 0.00 1.17 1.17

crushing (o, < 0) within GLARE members is caused predominantly by
compressive stress o, and shear stress o,, components. Furthermore, the
transverse compressive strength (Y.) and shear strength (S,,) defined for

transversely isotropic composite plies have the most significant impact
on the Hashin matrix failure factor (f;;). Such results for symmetrical
laminate configuration and longitudinal fiber alignment indicate that
the shear stress state contributes primarily to the matrix failure, which is
also in agreement with other studies [35]. Nevertheless, it has been
recognized that, for compressive loading, the damage of the matrix did
not have a significant impact on the ultimate strength of multi-layered
fiber-reinforced composite columns [32]. Therein, progressive failure
analysis indicated that loss of load-carrying capacity is mainly affected
by fiber degradation, which leads to a significant decrease in the stiff-
ness of the entire material.
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Table 8
Participation of stress tensor components in the Hashin matrix failure criterion.

Composite Structures 289 (2022) 115468

Layer 1 Ye \2 1 (o, +0,) (csy + csz)z Gf, — 0,0, ny +02, HMAT (f,) = SUM
Y. | \2s,, Oy ¥ 25,, s2, sZ,

L3 0.87 0.0 0.18 0.02 112

L5 0.81 0.04 0.13 0.03 1.01

5.3. Progressive damage modes

Stress state analysis and the identification of critical stresses that led
to composite failure were performed to forecast the first occurrence of
failure in selected composite layers. Nevertheless, the damage of com-
posite material tends to develop gradually throughout the laminate after
the onset of the failure. Therefore, an attempt has also been made to
assess the damage variables of considered top-hat-shaped GLARE
members and predict progressive damage modes of matrix and fiber
failure separately. This includes fiber tensile damage variable (FT), fiber
compressive damage variable (FC), matrix tensile damage variable
(MT), matrix compressive damage variable (MC), and interlayer shear
damage variable (S). The results of damage maps for the selected pro-
gressive model PFA_3 (ds/, = 0.75) are shown in Fig. 5. Herein, FF =
0.75 indicates complete damage for FT, FC, MT, MC variables. For the
shear damage variable (S), the maximum failure factor (FF = 0.996) was
calculated based on the stiffness reduction coefficients [55]. FE com-
putations were carried out for the load substep that corresponded to the
load-carrying capacity of the member.

For each damage variable, failure was initiated at the midlength of
the web-flange joint and propagated towards the web and the flange of
the member. Material damage of top-hat-shaped sections also occurred
along the midlength of lip-free edges, which are extensively exposed to
the bending phenomenon in the post-buckling state. The results of the
progressive damage modes showed that the highest concentration of
matrix tensile damage variable (MT = 0.75) was induced at the mid-
length of the column (Fig. 5¢). This could result from the relatively low
transverse tensile strength of the composite plies (Y; = 75 MPA)
compared to its compressive strength (Y. = 500 MPA). Based on the
abovementioned stress state analysis, the first failure occurrence of the
matrix took the form of crushing. Thereafter, progressive damage
analysis was crucial to forecast the further propagation of matrix failure,
which is mainly affected by cracking. This is also in agreement with
other studies that have recognized that the most common form of intra-
laminar failure in composite structures is matrix cracking and fiber
rupture [31,32]. The onset of matrix cracking is expected at the point of
the maximum tensile stress [24]. Similar results were achieved in the
PFA study of C-shaped profiles subjected to uniform compression [32].
The failure of the top-hat-shaped members was also highly affected by
the interlayer shear damage variable (Fig. 5e). According to the litera-
ture [18], fulfilling the damage evolution law that concerns damage of
the composite material due to matrix tension and shear (Fig. 5¢ and
Fig. 5e), there is a high possibility of the delamination phenomenon.
Based on research by Lin et al. on FML damage, fiber rupture contributes
to the delamination between FRP and aluminum plies, whereas matrix
cracking affects debonding within embedded FRP layers [27]. In this
regard, failure in GLARE members occurring on the boundary surface of
the layer can also provide inter-laminar delamination. Nevertheless,
inter-laminar delamination is not considered in this study. The analysis
of delamination requires an analysis of contact interface stresses and the
growth of delamination using the cohesive contact model [59], which
was not the subject of the current research. The cohesive zone is
established by a constitutive law determining a correlation between the
traction vector and the resultant interfacial separation. In a surface-
based cohesive zone, the adhesion between adjacent layers is defined
as an interaction through a zero-thickness interface. On the other hand,
the cohesive contact element method is also used to model the adhesion
between layers as the material with specific mechanical properties and

thickness [59]. The delamination growth of GLARE channel sections
using the Cohesive Zone Method (CZM) and the bilinear cohesive con-
tact model has been thoroughly assessed in another study [33]. It
investigated numerically the initiation and propagation of the layer
debonding within the 7-layered GLARE samples, which was validated by
an experimental test. In Kamocka’s study, the inter-laminar delamina-
tion was tracked by interlaminar stresses and gap distance. Numerical
calculations revealed the initiation of delamination failure in the
members’ free edges and its propagation along these edges. This is in
agreement with the current study of intra-laminar failure mechanisms,
wherein damage of top-hat-shaped sections also occurred along the
midlength of lip-free edges, which are extensively subjected to the
bending phenomenon in the post-buckling state. Another researcher also
investigated the delamination buckling of GLARE members subjected to
a compressive force, which included solid-shell element type to model
individual layers [67]. It required modeling interface elements that were
capable of capturing the delamination phenomenon. Hence, an attempt
has already been made to predict successfully the inter-laminar delam-
ination phenomenon in considered fiber-metal laminates. In this respect,
the current study focuses predominantly on identifying critical stresses
contributing to intra-laminar failure mechanisms (including fibers
rupture and matrix cracking or crushing) that led to the composite
damage.

The FE solution for the progressive damage model is consistent with
the stress state analysis mentioned above, wherein the matrix and fiber
damage initiation modes were predominantly caused by shear stresses.
This is in comparison to the agreement with the comparison of multiple
failure criteria performed for FML Z-shaped specimens subjected to
uniform compression [66]. Therein, according to the Hashin criterion,
shear stresses contribute greatly to the composite failure. This also
confirms that unidirectionally reinforced composites can be tailored to
carry high axial loads in the direction parallel to fibers.

Furthermore, due to the symmetry of the top-hat-shaped geometry,
similar damage modes were noticed on both sides of the GLARE spec-
imen. The results of the FEM analysis were consistent for each laminate
configuration and were found to be in good agreement with the exper-
imentally damaged samples (Fig. 5f). This compliance between numer-
ical and experimental evidence also proved that the design of the
boundary conditions in the FE model was in good agreement with the
experimental plate rigs that ensured axial compression during labora-
tory failure tests. Note that damages in experimentally compressed
specimens were analyzed post-experiment. Therefore, it was challenging
to observe the type of failure initiation and propagation during the
loading process. For that reason, further research might require the
application of a high-speed camera or the analysis of the damaged ma-
terial structure using digital microscopes. This would allow for the
precise registration of the failure phase and the complete characteristics
of the failure propagation in the laminate.

6. Conclusions

This paper studies the load-carrying capacity and the participation of
stress components in the failure of multi-layered GLARE members sub-
jected to axial compressive loading. The behavior of thin-walled top-hat-
shaped members was investigated with a primary focus on the post-
buckling response.

Research presented in this paper lead to several key findings:.
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- The load-carrying capacity of top-hat-shaped GLARE sections
determined numerically by the geometrically non-linear analysis was
consistent with experimental measurements. The relative difference
between FEM and the experiment varied from 0.45% to 5.38%.
Comparative analysis of various progressive failure models indicated
that the use of high values of degradation parameters (df/m, = 1)
provided the best correlation with experimental results.

Calculation of failure factors throughout the non-linear analysis with
incremental load also indicated that the first failure occurrence is
identified by the Huber-Mises-Hencky criterion applied to aluminum
layers. This implies that the post-critical behavior of the 7-layered
thin-walled GLARE columns is strongly controlled by aluminum
plies.

Based on stress state analysis in aluminum plies using Huber-Mises-
Hencky criterion, compressive stress contributes mainly to
aluminum plastic deformation.

Stress state analysis in composite plies using Hashin failure criterion
allowed recognizing that fiber rupture is mainly affected by shear
stresses combined with shear strength in the plane parallel to the
alignment of the fibers. Furthermore, the crushing effect of the ma-
trix is predominantly caused by compressive stress and shear stress
components.

Based on the progressive failure analysis with various damage vari-
ables, subsequent propagation of matrix failure is primarily caused
by cracking.

Progressive failure assessment of top-hat members by FEM allowed
estimating damage modes that were found to be in good agreement
with experimental evidence.

Based on the literature survey, the abovementioned findings were
confronted with other studies and discussed in the previous section. The
presented approach in the context of damage analysis provided an
efficient solution that can be applied with a good degree of success to
assess the loading abilities and intra-laminar failure mechanism of thin-
walled GLARE structures. Damage to the composite structure can also
occur on the layer’s boundary surface, causing inter-laminar delami-
nation. Nevertheless, further detailed analysis of delamination requires
an analysis of contact interface stresses and the growth of delamination
using the bilinear cohesive contact model [68]. Delamination mecha-
nisms of thin-walled GLARE members of channel sections subjected to
axial compressive loading are investigated in the comprehensive study
by Kamocka et al. [33]. Results shown in this study could also lead to a
recommendation to select the damage variables that are applied in the
failure analysis of thin-walled members subjected to compression.
However, the authors suggest that different loading scenarios should be
investigated in a comparable manner and supported by experiments to
reduce discrepancies in the results.
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