§ sciendo

DOI 10.2478/ama-2023-0015

acta mechanica et automatica, vol. 17 no.1 (2023
Special Issue "Computational Technologies in Engineering TKI2022"

FAILURE ANALYSIS OF BEAM COMPOSITE ELEMENTS
SUBJECTED TO THREE-POINT BENDING
USING ADVANCED NUMERICAL DAMAGE MODELS

Patryk ROZYLO*®

*Faculty of Mechanical Engineering, Department of Machine Design and Mechatronics, Lublin University of Technology,
ul. Nadbystrzycka 36, 20-618 Lublin, Poland

.rozylo

ollub.pl

received 11 November 2022, revised 4 December 2022, accepted 4 December 2022

Abstract: This paper deals with the experimental and numerical analysis of three-point bending phenomenon on beam composite profiles.
Flat rectangular test specimens made of carbon-epoxy composite, characterised by symmetric [0/90/0/90]s laminate ply lay-up, were used
in this study. Experimental testing was carried out with a COMETECH universal testing machine, using special three-point bending heads.
In addition, macroscopic evaluation was performed experimentally using a KEYENCE Digital Microscope with a mobile head recording
real-time images. Parallel to the experimental studies, numerical simulations were performed using the finite element method in ABAQUS
software. The application of the above-mentioned interdisciplinary research techniques allowed for a thorough analysis of the phenomenon
of failure of the composite material subjected to bending. The obtained research results provided a better understanding of the failure

mechanism of the composite material.
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1. INTRODUCTION

Beam composite structures are commonly used for stiffening
elements in the aerospace, construction and automotive indus-
tries. These types of structures are primarily subjected to com-
pression and bending. In the case of compression of beam struc-
tures, many additional phenomena occur, such as loss of stability
and complex failure mechanism, as described in detail by the
authors of many research papers [1-3]. The prediction of the
maximum load of composite structure is still very desirable. The
composite materials are still expansive group of materials which
are characterised by the occurrence of multiple complex forms of
damage, thus requiring in-depth research. Besides a series of
already known behaviours of beam composite structures that
occur in axial [4], or eccentric compression [5-9)], it is also im-
portant to know the behaviour of the structure, in bending [10-14].
The cognitive value of the behaviour of beam structures made of
composite materials is still very important, and despite the many
studies conducted in this area, the behaviour of the structure
subjected to bending taking into account the complex failure
mechanism is not yet clearly defined.

Beam composite structures, regardless of the loading condi-
tions to which they are subjected, are currently an area of interest
for many researchers [15-18]. In the case of the bending behav-
iour of a structure, it is necessary to be able to correctly analyse
the damage forms occurring as a result of the loading process on
the structure. It is essential, above all, to estimate the loads that
cause the limit states of the bending structure, as well as to regis-
ter the damage forms that appear during the failure tests. Conse-
quently, it is important to understand how to identify the damage

phases that occur during testing. The above demands a compre-
hensive analysis, both on the basis of experimental studies and
numerical simulations, using the finite element method (FEM),
which enables to characterise the complex phenomenon of com-
posite material failure, including the phenomena directly accom-
panying the failure [19-27]. The main theory that allows assess-
ment of the damage initiation phenomenon in the case of compo-
site materials—laminates is the first ply failure (FPF) theory [28].
This theory assumes that composite failure occurs when the first
layer of the composite is damaged. The damage initiation can be
determined by many factors, such as damage to the fibres or
matrix of the composite material. Besides damage initiation, there
are other phenomena that contribute to the failure of the compo-
site material, such as delamination. It is important to evaluate the
phenomena contributing to the degradation of the composite
material structure.

The evaluation of the failure phenomenon is slightly different
for experimental studies and numerical simulations using FEM. In
the case of experimental research, usually the testing instruments
such as universal testing machine (UTM) [19], acoustic emission
method equipment [29] and others are used to evaluate the failure
phenomenon of beam composite materials. As part of the experi-
mental study, it is possible to estimate both loads and register
damage forms of beam structures made of laminates [19, 27]. On
the other hand, numerical simulations allow for a thorough estima-
tion of any phenomena which directly contribute to the loss of
load-carrying capacity of composite structures. Within the frame-
work of numerical simulations using FEM, it is possible, among
other things, to accurately determine the damage initiation phe-
nomenon of a composite material using special damage models.
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The widely used method of damage initiation assessment is
based on the Hashin's criterion [30]. Based on the Hashin criteri-
on, it can be evaluated whether the damage occurred due to
failure of the fibres or matrix of the composite material, through
compression or tension. This criterion allows assessment of dam-
age initiation; however, after further consideration of the energy
criterion, it is also possible to assess the damage evolution. Gen-
erally, the damage model allowing for damage initiation based on
the Hashin criterion and damage evolution based on the energy
criterion is called progressive failure analysis (PFA) [31-33]. The
fundamentals of the described issues are based on the continuum
damage mechanics (CDM) [34, 35], where the beginnings of the
damage mechanisms description were presented in the paper
[36], and the first model taking into account especially the damage
initiation phenomenon within the framework of numerical simula-
tions in the ABAQUS program was presented in the paper [37].
Many contemporary researchers have dealt with the analysis of
the failure phenomenon of beam composite materials based on
PFA, beginning with the paper [38] to more recent papers [39, 40].
Moreover, other very advanced damage models are available,
which allow the simulation of delamination — a method based on
the cohesive zone model (CZM). The above model provides an
assessment of composite material damage as a result of simula-
tion of permanent rupture of the connection between the constitu-
ent layers of the composite (both in the damage initiation — usually
based on the criterion of maximum nominal stress (MAXS) and
damage evolution, based on the energy criterion) [41-43]. The
above-mentioned damage model is based on the traction-
separation law (which describes the relationship between traction-
stress in the material interface and adequate displacement peak,
between two parts of a material being separated) [44, 45], where
a graphical representation of this law is shown in the paper [46].
The phenomenon of delamination-induced damage has been
thoroughly demonstrated in many research papers [47-52]. Fur-
thermore, a commonly used damage model is the eXtended finite
element method (XFEM), which allows the simulation of material
cracking (fracture) [53-56]. The above-mentioned model offers
the ability to reproduce the entire crack geometry independently of
the adopted mesh, so that no sophisticated mesh is needed to
model the crack growth. The methods described above allow
evaluation of the complex failure mechanism of the composite
material.

The scope of the study was primarily to conduct experimental
tests and numerical simulations (using FEM) [57] of three-point
bending of a beam composite structure. The experimental tests
were carried out using a UTM and a digital microscope with a
mobile head that allows recording the damage state of the com-
posite material. In the case of numerical simulations, nonlinear
analysis was carried out, taking into account two advanced dam-
age models: a CZM allowing simulation of the delamination phe-
nomenon (CZM) and a model allowing simulation of material crack
initiation and propagation (XFEM). The use of independent nu-
merical damage models allows a comprehensive assessment of
the damage phenomenon [58, 59], which was verified experimen-
tally [19, 20, 60]. It is necessary to employ interdisciplinary and
independent research methods allowing for description of compo-
site failure [61-66]. The primary objective of this study was to
develop complex numerical models that allow for a comprehen-
sive evaluation of the failure phenomenon enabling a better un-
derstanding of the experimental results.
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2. METHODOLOGY OF THE STUDY

The test specimens were made of carbon-epoxy composite
using autoclave technique. Ultimately, six specimens were pre-
pared for experimental testing. The geometry of the specimens
was selected so as to perform three-point bending tests over the
full load range. The above-mentioned method of manufacturing of
beam multilayer composite materials enabled to obtain a material
structure with high structural properties, as well as the proportion
of fibres relative to the whole structure in the range of 55%—60%,
which is described in more detail in the papers [67, 68]. The use
of the mentioned technique allows the production of composite
profiles with high quality of material structure [67]. The columns
under consideration were made by autoclaving technique using a
vacuum package made on a special mould reproducing the shape
and dimensions of the manufactured beams. The prepared her-
metic package ensuring the maintenance of a vacuum of value of
about 0.1 MPa was subjected to the polymerisation process in a
laboratory autoclave, ensuring the required pressure by creating
an additional overpressure in the autoclave of 0.4 MPa. In the
case of the carbon—epoxy composite, a material heating tempera-
ture of 135°C for about 2 h was used to ensure completion of the
pre-preg polymerisation process (Fig. 1.). In order to eliminate
unfavourable phenomena that can occur during the manufacturing
process (excessive increase of thermal stresses in the material
and limitation of proper relaxation of primary and thermal stress-
es), precise control of the heating and cooling rate of 0.033 K/s
was applied.
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Fig. 1. Process of composite manufacturing

The manufactured composite specimens were characterised
by a symmetrical stacking sequence of laminate layers
[0/90/0/90]s which may be otherwise represented as
[0/90/0/90/90/0/90/0]. The specimens consisted of eight layers,
where the length and width of the specimens were 135 mm and
15 mm, respectively, and the thickness of each individual layer
was 0.131 mm. A graphical representation of the test specimen is
presented in Fig. 2.

The material properties of test specimens (six samples) were
determined based on static tensile PN-EN ISO 527-5, compres-
sion PN-EN ISO 14126 as well as shear test PN-EN ISO 14129.
The determined material properties were determined using the
UTM - Tab. 1[4, 19-21, 49, 64, 67, 69].

The experimental investigations were conducted primarily us-
ing a UTM COMETECH model QC-508 (type M2F). The machine
was equipped with an NTS load cell with a maximum capacity of
2.5 kN. The machine had a special module for performing three-
point bending tests. All the test parameters such as force and
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displacement were registered using the Amis-Plus 1.5.6 software.
The experimental tests were carried out at room temperature with
a constant crosshead speed of 2 mm/min [70]. Moreover, a mod-
ern digital microscope from KEYENCE (model VHX 970F) was
used in the experimental studies. The microscope had a special
module containing a mobile (portable) measuring head, which was
extremely useful in the framework of the conducted experimental
tests of three-point bending. The mobile (portable) microscope
head allowed for image capture with a maximum zoom of 200x,
while in the present study a zoom of 30x was used, covering the
most important area of damage to the laminate during the con-
ducted tests. In addition, a special mechanical articulated arm
having an attachment to a mobile (portable) digital microscope
head was also used in the experimental study. The use of this arm
made it possible to properly mount the microscope head in such a
way as to be able to record the image associated with the area of
damage to the composite structure. The test stand accessories
are shown in Fig. 3.

Fig. 2. Graphical representation of test specimens

Tab. 1. Mechanical properties of the composite material [19, 67, 68]

Mechanical Properties Strength Properties

Young' Modulus E1 130710 Tensile Strength (0°) 1867

[MPa] Fri [MPa]
Young' Modulus E 6360 Compressive Strength 1531
[MPa] (0°) Fe1 [MPa]
Poisson’s Ratio vi2 0.32 Tensile Strength (90°) 26
[] Fr2 [MPa]

Kirchhoff modulus 4180
G12 [MPa]

Compressive Strength 214
(90°) Fc2 [MPa]

Shear Strength F12 100
[MPa]

a) b) ©)

Fig. 3. Test stand: (a) UTM with three-point bending head, (b) digital
microscope with mobile head and (c) articulated arm for micro-
scope head
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Experimental tests were carried out using the testing devices
presented above, which made it possible to realise the process of
three-point bending with simultaneous recording of test parame-
ters, such as the force-displacement relationship, as well as
recording of laminate failure forms. The tests were conducted in
such a way that, in addition to recording the loading force and the
displacement of the crosshead, the damage forms of the compo-
site specimens were also registered, using a mobile microscope
head mounted on an articulated arm, at a distance that allowed
the correct recording of the images in digital form. The test stand
during the experimental trials conducted is shown in Fig. 4.

[ testing machine
head (load cell) |

mechanical
articulated arm for|
microscope head

test specimen|—

| mobile head of
digital microscope

three-point |
| bending module“

Fig. 4. Test stand during three-point bending test

During the experimental tests, loads corresponding to the loss
of load-carrying capacity of the structure were registered, where
complex phases of laminate failure such as fibre failure and de-
lamination were observed, which was the direct cause of the
decrease in load carried by the structure. The failure of the struc-
ture was observed both in the Amis-Plus 1.5.6 software, which
was used to generate force—displacement characteristics, as well
as within complex failure forms captured using a digital micro-
scope head.

Numerical simulations using the FEM were conducted in
ABAQUS. This advanced computational software made it possible
to perform a comprehensive nonlinear analysis, including compo-
site material failure (using static analysis). In the framework of
numerical simulations, the author’s numerical model was prepared
in order to precisely represent the actual process of three-point
bending realised on beam composite structures. The prepared
finite element analysis (FEA) model had a material model with
parameters compatible with the material properties shown in Tab.
1 (using Engineering Constants approach). The numerical model
was developed to ensure full reproduction of the boundary condi-
tions that actually occurred in the experimental studies. The nu-
merical calculations were realised based on the Newton-Raphson
incremental-iterative method, which is presented in detail in the
paper [71]. The finite element (FE) models generated in ABAQUS
program are usually nonlinear (and can involve from a few to
thousands of variables). Regarding the above, the equilibrium
equations obtained by discretising the virtual work equation can
be represented using the equation:

FN@uM) =0 (1)
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where FN denotes the force component conjugate to the Nt
variable in the problem and uM constitutes the value of the Mt
variable.

Numerical calculations generally use Newton’s method (as a
numerical method for solving the nonlinear equilibrium equations).
The motivation for this choice is the convergence rate obtained by
using the above-mentioned method compared with the modified
Newton or quasi-Newton methods. Assume that, after an iteration
i, an approximation uiM to the solution has been reached. Moreo-
ver, let ci+1M be the difference between this solution and the
exact solution to the discrete equilibrium presented within the
framework of Eq. (1). Regarding the above:

FNu" + cfiy) =0 (2)

By expanding the left-hand side of this equation (Taylor se-
ries) to an approximate solution, one obtains:
a2rN
U)o + o (U cfiycly = 0 (3)
When uM is a close approximation to the solution, the magni-
tude of any ciM will be small, so all of the above conditions ex-

cept the first two can be neglected, giving a linear form of equa-
tions:

FN(u M)+

KNPl = —FY, KPP =2 ulh), FY =FVul) (@)
A further approximation of the solution is:
wihy =u' + el (5)

and the iteration continues. The above relations describe the
procedure of the method used to solve the nonlinear problem.

One of two damage models that was used to simulate the fail-
ure phenomenon was the CZM [19, 72]. The CZM allowed for the
evaluation of the regions affected by delamination in the bending
composite profiles. The above-mentioned damage model was
based on a delamination technique using a cohesive surfaces
approach. Numerical simulations were performed using the de-
lamination technique based on the traction-separation law. The
mechanical behaviour (in the elastic range) of the cohesive layer
is characterised by nominal traction stress vector Eq. (6) [46, 73]:

tn Kin  Kns  Knt] (6n
t=1qts¢ = |Kns Kss Kst[]6sp=KS6. (6)
tt Knt KSt Ktt 6t

where t, t, £ and t are tractions in the cohesive layer; K, Kn, Kss
and K represent the cohesive layer stiffness and 6, n, ds and &
are separation displacement of the cohesive layer (in global,
normal, shear and transverse shear directions).

The damage initiation within the CZM for the numerical model
adopted for the study was based on the MAXS criterion — MAXS.
Damage initiation occurs when the relationship describing the
damage initiation achieves a value of 1 [46, 73]:

max{(Z—?,z—g,:—é} =1. (7)
where 0, {0 and £ are peak values of the contact stress (when
the separation is either purely normal, shear or transverse shear
direction to the interface of material) and ( ) denotes Macaulay
bracket (purely compressive stresses/strains do not cause dam-
age initiation).

When the damage initiation is fulfilled, further loading of the
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composite structure causes damage evolution phenomenon. The
damage evolution law describes the rate at which the cohesive
stiffness is degraded once the corresponding damage initiation
criterion is reached. In the case of damage evolution, the damage
parameter D has been defined. A scalar damage parameter
(monotonically evolves from 0 to 1), defines the overall damage
directly at the contact point in the composite material. The contact
stress components, in terms of the traction-separation law, are
defined by appropriate conditions and expressed by the following
relationships [46, 73]:

t, = {(I_D)ﬁv QZO (8)

th otherwise
= (1 - D)t 9)
te= (1-D)t, (10)

where t , & and t represent the stress components which
were determined on the basis of the elastic traction-separation
behaviour for the current separations (without material damage).

In order to describe the damage evolution under a combina-
tion of normal as well as shear separations (across the interface),
it is useful to introduce an effective separation [72, 73]:

8m = {Bn)* + 62 + 67 (11)

In the present study, the energy criterion was used to describe
the damage evolution (using fracture energy parameters). Dam-
age evolution phenomenon was defined using the Benzeggagh-
Kenane (B-K) energy criterion [41]. Regarding the adopted dam-
age evolution criterion, it is necessary to define the parameters:
Gn®, GsC as well as n. Regarding the above-mentioned criterion,
GsC = GE€. The above-mentioned criterion is represented by the
following relationships [46, 73]:

n
G¢ = 6§+ (G -6H{Z), (122)

Gs= Gs+G,, Gy = G,+G;+G, (12b)

where Gn, Gs and Gt denote parameters (fracture energies) which
constitute the work done by the tractions and their conjugate
relative displacement (in the normal, first and second shear direc-
tions); GC denotes (mixed-mode) critical fracture energy; Gi¢, GsC
and G are the parameters of critical fracture energies causing
failure (in the normal, first and second shear directions); Gs repre-
sents the amount of total work done by the shear traction and the
corresponding relative displacement components; Gr is the total
work done by the normal and shear traction based on energies;
and n represents the cohesive property parameter.

For the linear approach under damage evolution, in the
framework of numerical simulations, the damage parameter is
presented as [46, 73]:

_ M -s0)

= 1
STRAX(6],~6%) 13)

where Omf, 0m® and Ommax represent the parameters of effective
separation at complete failure (Omf = 2GC/T0%, and Tle denotes
the effective traction at damage initiation), at damage initiation, as
well as at the maximum measured value during loading history.

In order to better represent the CZM, Fig. 5 shows the consti-
tutive traction-separation law — CZM [46].
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Fig. 5. Constitutive traction-separation law — CZM

The second damage model that was used in the study was
the XFEM model. The MAXS criterion was used to determine the
beginning of crack initiation phenomenon. Modelling discontinui-
ties (crack) with the conventional FEM demands that the mesh
conforms to the geometric discontinuities. Consequently, the
XFEM was introduced (alleviates the need to create a conforming
mesh). The present method was initially introduced in the frame-
work of paper [74], which was a further extension of the method
based on the concept of partition of unity [75] that allows local
enrichment functions to be easily incorporated using FE approxi-
mation. The presence of (eventually) discontinuities is ensured
using the enriched functions in conjunction (with additional de-
grees of freedom). The above-mentioned model is very attractive
to simulate initiation as well as propagation of a discrete crack
process. The XFEM method alleviates some deficiencies closely
associated with meshing crack surfaces [74]. The damage simula-
tion method described above enables simulating the propagation
of discontinuities independently of the original FE mesh. The
propagation of discontinuities (cracking) is represented by a dis-
placement approximation function which was expressed as fol-
lows [73, 76, 77]:

u= YLy N[ + HGa; + Xg=1 F, (X)bf] (14)

where Ni(x) constitutes the usual nodal (displacement) shape
functions; u; represents the usual nodal displacement vector which
was closely associated with the continuous part of the FE solution;
ai is additional degree of freedom of the element node penetrated
by the crack tip; H(x) denotes the discontinuous jump function —
across the crack surfaces; b is vector of enriched nodes degree
of freedom; and Fu(x) denotes the elastic asymptotic crack-tip
functions (approximate expression of displacement field function
at the crack tip).

The discontinuous jump function H(x) is given the form [76,
77

o= {1y

where x defines a Gaussian integration point; x* denotes the point
on the crack closest to x; n is the normal vector outside the crack
at x; and H(x) indicates the element penetrated by the crack
surface (which is 1 on the positive, and -1 on the negative side of
the crack).

In addition, the crack tip local coordinate system [73, 76] is
presented in Fig. 6 for better understanding of the issues de-
scribed.

if(x—x")'n=0

otherwise (15)

Fig. 6. Crack tip local coordinate system

The asymptotic crack tip functions in elastic material (approx-
imate expression of displacement field function at the crack tip)
Fa(x), is presented as [76, 77]:

Fa(x) = [‘/F'Si”g'\/?'cosg,x/?-sine-sing,\/;.
sinf -cosg] (16)

where (r, 6) denote a local polar coordinate system defined and
the crack tip (with its origin at the crack tip) 6=0 is tangent to the
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crack at the tip.

In the case of simulation of crack growth (using the XFEM
technique), it is necessary to define both damage initiation (frac-
ture initiation) as well as damage evolution criterion of the materi-
als. Crack initiation (damage initiation) refers to the beginning of
degradation of the cohesive response directly at an enriched
element. Moreover, the degradation process begins when the
stresses (or the strains) satisfy the specified damage initiation
criteria. In the case of this study, the MAXS criterion was used
(corresponding to the damage initiation criterion for the CZM, as
described earlier). The above-mentioned criterion can be repre-
sented as [73, 77]:

(tn) ts tt
fzmQX{E,E,E}. (17)
where f, ts, & are the normal and two shear component to the
likely cracked surface; 9, &0, #9 — are the peak values of the
nominal stress; ( ) denotes Macaulay bracket (used to signify that
a purely compressive stress state does not cause (initiate) dam-
age; and damage is assumed to initiate when the MAXS ratio
reaches a value of 1).

Similarly to the previous description concerning the CZM,
when the damage initiation is satisfied, further loading of the
composite structure causes damage evolution phenomenon
(based on the energy criterion). When damage initiation criterion
is achieved, a linear energy-based softening controlled by the B-
K-Law is applied [41, 77], as was in the case with the previously
described CZM damage model. Numerical simulations (using
FEM) were carried out based on the prepared numerical model
which considered previously described damage simulation tech-
niques (CZM and XFEM). In the numerical simulations, the afore-
mentioned two damage models were applied simultaneously
within the numerical model in order to allow for both delamination
(CZM) and material fracture (XFEM) damage phenomena of the
composite material. In this study, the material model of Lamina
type (elastic parameters with fail stress) was used. The composite
material had orthotropic properties (where basic material data are
shown in Tab. 1). Regarding the use of two advanced damage
models, the parameters of the CZM as well as XFEM [78] were
applied, as presented in Tab. 2.

Tab. 2. CZM and XFEM parameters

Damage Damage initia- | Fracture ener- | Fracture ener-
initiation tion stress in gy in normal gy in first and
stress in normal direc- direction Grn® second shear
normal tion ts, tt [N/mm] direction Gs©,
direction tn [N/mm2] G [N/mm]
[N/mm?]
18 14 0.32 0.68

During the preparation of the numerical model, each of the
eight composite layers (the thickness of each layer was 0.131
mm) was modelled separately. The composite structures are
usually modelled using the method of modelling the laminate as a
multilayer composite, modelled using the Conventional or Contin-
uum Shell method [19, 67]. The above approach in modelling of
the composite structure allowed the simulation of complex failure
phenomena, including delamination and material cracking. The
composite structure was prepared using 3D Stress technique —
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based on regular hexagonal mesh, using solid FEs C3D8R (where
each of the FE is characterised by having 8-nodes, 3 degrees of
freedom in each node of the FE, linear shape function and re-
duced integration). In addition, three identical non-deformable
objects used to support the deformable composite structure were
modelled in the numerical simulations. The non-deformable cylin-
drical objects were modelled using R3D4 FEs (each of the FE is
characterised by having four nodes and three translational de-
grees of freedom in each node of the FE). The discrete model
consisted of a total of 19,272 FEs (16,200 linear hexahedral ele-
ments of type C3D8R and 3,072 linear quadrilateral elements of
type R3D4) and 37,984 computational nodes. The cohesive sur-
faces (considering cohesive behaviour with stiffness parameters),
normal and tangential behaviour (without friction), as well as
damage with damage initiation and evolution parameters) were
implemented between all laminate layers (a total of seven cohe-
sive surfaces). In addition, each layer was assigned the possibility
of a cracking phenomenon, depending on the material strength
according to the XFEM model which allows the simulation of the
fracture phenomenon. Moreover, the contact interactions (in
normal and tangential direction) between the non-deformable
objects and the composite structure, with the friction 0.1 were also
defined. The boundary conditions were applied at specially gener-
ated reference points, which were coupled to non-deformable
cylindrical objects. The top non-deformable object was assigned
boundary conditions under which it was allowed to move only in
the direction of the composite specimen relative to the Z-axis. The
bottom non-deformable objects had all degrees of freedom
locked. This approach made it possible to simulate the three-point
bending phenomenon of the composite specimen. The boundary
conditions and discrete model are presented in Fig. 7.

(Ux=Uy=URx=URy=URz=0)

\
\
\
\
\
\
\
\
\
\
\ A
\ /
/

[Ux¥Uy=Uz=URx=URy=URz=o]

te

Fig. 7. Discrete model of composite profile with boundary conditions

3. RESULTS

In this section, both the results of the three-point bending as
well as damage initiation and evolution of the failure mechanism
will be presented in detail. The results of failure will be presented
on the basis of experimental investigations using UTM and digital
microscope as well as non-linear numerical simulations using two
independent damage models (CZM and XFEM). In the case of
experimental tests, curves describing the course of the load ver-
sus displacement, registered directly with the load cell - Fig. 8.

In the course of the conducted three-point bending tests, dur-
ing the movement (displacement in the direction of the composite
specimen) of the test head, the force acting on the composite
structure was registered. Consequently, experimental curves
(load-displacement) were determined for all six actual specimens.
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Fig. 10. Recording of composite material failure form

Fig. 9 shows the stages of loading the structure until it col-
lapses. The structure worked elastically until a rapid loss of load-
carrying capacity (displacement slightly exceeding 8.5 mm), fol-
lowed by a complex phase of failure. Experimental investigations
allowed both the determination of load—displacement curves for
each test specimen and the evaluation of the form of structural
failure of the composite material using a mobile head of the digital
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microscope. The above-mentioned mobile microscope head made
it possible to record complex forms of failure, for all test speci-
mens, using a 30x zoom (Fig. 10.).

The recorded forms of failure were then stored in the memory
of the computer controlling the digital microscope. This approach
allowed comparison of the obtained forms of failure of the compo-
site material structure for all test specimens, with further possibility
of comparison with the result of numerical simulation. In the case
of the numerical simulations, the actual boundary conditions were
fully reproduced, and the additional consideration of the previously
described independent failure models enabled a comprehensive
evaluation of the failure phenomenon during the three-point bend-
ing test. Within the framework of numerical simulations, the curve
describing the course of the load versus displacement was deter-
mined, which allowed comparison with the experimental results.
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Fig. 11. Comparison of experimental load—displacement curves
with FEM simulation result

On the basis of the conducted tests, very good agreement
was observed in the qualitative aspect of the results, both be-
tween the individual experimental tests and the numerical simula-
tion result. The highest value of load corresponding to loss of
load-carrying capacity was observed for the specimen designated
S4, for which the failure force was about 279.79 N. The lowest
failure force was 240.75 N and related to specimen S2. The max-
imum discrepancy between the failure load results in the context
of the experimental study was about 14%. The experimental
specimen, designated as S4, shows a significantly higher ultimate
load value than the other five specimens, which significantly af-
fects the maximum discrepancy of the results of the loads corre-
sponding to the loss of load-carrying capacity. If only the values of
all the experimental specimens except S4 were compared, the
maximum discrepancy would decrease significantly. Regarding
the numerical simulation, it was observed that the maximum value
of the failure force was 264.05 N. The discrepancy between the
average value of failure force of the experimental study and the
FEM simulation result was 3%. The above indicates a very pre-
cise preparation of the numerical model in terms of quantitative
evaluation of research results. Tab. 3 shows the values of the
failure loads.

The measurable effect of experimental studies and numerical
simulations was the qualitative evaluation of the obtained forms of
failure. For the experimental tests, complex failure forms were
registered for each test specimen, which was finally compared
with the FEA results. The forms of failure observed during the
experimental tests conducted are shown in Fig. 12.
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Tab. 3. Limit load values

Experimental study

N]

Average value of
experimental study
(N]

Numerical study [N]

S1-258.39

S2 -240.75

S3-248.93

S4-279.79

S5 -262.17

S6 —247.92

256.33

264.05

Fig. 12. Experimentally determined failure forms for individual
specimens: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5
and (f) S6
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In each of the analysed cases, a complex failure mechanism
of the composite material was observed. It was observed that
delamination, fibre cracking (due to fibre bending) and matrix
crushing occurred. Although all of the experimental specimens
had the same composite lay-up, the failure forms (or rather, the
propagation of these forms) were slightly different. However, this
had no significant effect on the discrepancy of the limit loads
presented previously. The dominant failure form occurred in the
central part of the test specimen, in the area at which the load
from the testing machine head was generated. The use of a mo-
bile head of digital microscope allowed for precise recording of the
failure forms. Simultaneously conducted numerical simulations
made it possible to compare the test results in the context of
qualitative assessment. Fig. 13 shows a complex form of structur-
al failure of a composite material using overall scalar stiffness
degradation (SDEG) parameter.

SDEG
(Avg: 75%)
1.00

000000000000
OORNWAUNINIOIN W
OONUNIWNOONUVIWN

Fig. 13. Loss of load-carrying capacity of composite structure —
numerical simulation result

A complex state of failure of the material structure was ob-
served, both through the occurrence of material cracking (using
the XFEM model) and delamination (using the CZM technique).
Achieving a value of 1 within SDEG parameter indicates a total
loss of stiffness (stiffness degradation) in a specific area. Moreo-
ver, the numerical simulation showed the damage evolution phe-
nomenon, where initially cracking of the composite material was
observed, followed by delamination phenomenon - Fig. 14.

Fig. 14. Evolution of composite material failure phenomenon -
simulation result

Within the framework of the conducted tests, very high
agreement in terms of quality was observed between the result of
the experimental tests and the numerical simulation — which is
confirmed in Fig. 15.
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Fig. 15. Comparison of failure modes: (a) experimental tests
(specimen S2) and (b) numerical simulation
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Fig. 16. Failure of composite structure: (a) CSDMG
(between the two outer layers) and (b) XFEM

In the case of numerical simulations, using the two previously
mentioned advanced techniques to simulate the failure phenome-
non of the composite material, a complex failure mechanism
adequate for the experimental studies was obtained. The results
of numerical calculations provided the necessary information on
the complex course of failure of the composite material. In the
initial stage of damage in FEM simulations the cracking of compo-
site material layers was observed (Fig. 14), after which, during
further loading of the structure in the framework of the three-point
bending test, the phenomenon of layer cracking deepened along
with the occurrence of the delamination phenomenon (Fig. 15b).
The layer cracking phenomenon mainly affected those layers in
which the fibres of the composite material were aligned along the
length of the test specimen (layers 1, 3, 6 and 8). Moreover, the
results of the failure phenomenon based on the CSDMG parame-
ter — which determines the damage evolution of the cohesive zone
- and XFEM - which represents the failure due to material crack-
ing — are presented in the numerical simulation — Fig. 16. Obvi-
ously, the delamination-induced damage occurred between all the
constituent layers of the composite material; however, Fig. 16a
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shows an example of the result between the bottom two outer
layers of the composite material.

Any permanent forms of damage that appeared, such as de-
lamination, or the complete rupture of the layers, took place at the
time of loss of load-carrying capacity — or immediately afterwards,
as evidenced by the curves from the tests in Fig. 11. The numeri-
cal simulation techniques used in the study of the phenomenon of
the complex mechanism of failure of the composite material,
confirmed experimentally obtained forms of failure, especially in
the context of qualitative assessment (quantitative agreement is
shown in Fig. 11 and Tab. 3). The numerical simulation provided a
virtual representation of the failure phenomenon of the composite
material, including the phenomena directly contributing to the
failure. Fig. 17 presents in detail the obtained form of failure dur-
ing numerical simulations using FEM.

SDEG
(Avg: 75%)
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Fig. 17. Failure in terms of numerical simulation

4. CONCLUSION

The limit states of a three-point bending composite structure
were determined from the tests. Based on the investigations, the
following general conclusions were formulated:

— It is possible to evaluate the failure analysis, especially with
regard to the delamination and crack propagation phenomena
(directly preceding the loss of load-carrying capacity) of beam
composite structures, using experimental investigations (UTM
and digital microscope) as well as numerical simulations using
FEM (especially using CZM and XFEM);

— The evaluation of limit loads (critical, damage initiation, delam-
ination and loss of load-carrying capacity loads) allows as-
sessment of the complex failure mechanism;

— Simultaneous use of several independent numerical damage
models allows for faithful representation of the actual damage
phenomenon;

— The use of a mobile digital microscope head allows recording
of the complex mechanism of failure, which in turn allows
comparison of failure forms with FEA.

In the context of the quantitative evaluation, it was estimated
that the discrepancy of the results corresponding to the failure
load between all experimental tests does not exceed 14%. This
discrepancy would be even lower (<10%) if not for one of the
specimens designated as S4. Moreover, the discrepancy of the
average result of the failure load from the experimental tests in
relation to the result from the FEM simulation was about 3%,
which proves the high quality of the prepared numerical model. In
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the study, a complex failure mechanism of the composite material
was observed, within which both material cracking and delamina-
tion occurred — as demonstrated by the experimental studies and
FEM simulations. The main failure area occurring in the central
part of the composite profile (opposite to the applied load), result-
ing from the specific nature of the tests conducted, is an ideal
example of the progressive failure of the composite material struc-
ture, in which advanced forms of damage could be observed.

Future research plans include the use of the acoustic emis-
sion method to estimate the initiation and evolution of damage to
the composite material during experimental tests. This will allow,
first of all, to compare the results in the context of phenomena
directly affecting the loss of load-carrying capacity and to compare
them with the damage initiation and evolution criteria realised
within FEM.

The research presented in the paper provides the basis for the
research conducted under the project No. 2021/41/B/ST8/00148
(in terms of presenting interdisciplinary research methods on
composite materials), financed by the National Science Centre,
Poland - on composite profiles with closed sections. The research
techniques presented in this paper will be used to carry out re-
search within the framework of the aforementioned scientific
project.
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