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A STUDY OF FAILURE ANALYSIS OF COMPOSITE PROFILE
WITH OPEN CROSS-SECTION UNDER AXIAL COMPRESSION

The paper presents an experimental and numerical study investigating the load carrying capacity of thin-walled compos-
ite structures with an omega-shaped cross-section subjected to axial compression. The tested profile was made of carbon-
-epoxy laminate with symmetrical arrangement of the layers [0/90/0/90]s. The experimental tests were performed on a univer-
sal testing machine - Zwick Z100, under full load conditions until total failure of the structure. The post-critical equilibrium
paths of the construction were determined, defining the relationship between compressive load and deflection and enabling
the FE models to be validated. Based on the obtained post-critical equilibrium paths, the critical load of the construction was
determined using well-known approximation methods. Simultaneously, numerical analysis was carried out by the finite ele-
ment method using Abaqus® software. The critical state was determined via linear eigenvalue analysis, and the critical load
and corresponding first buckling mode were estimated. The next stage of numerical analysis involved solving the nonlinear
stability problem of the structure with initialized geometric imperfection reflecting the first buckling mode of the composite
material. The geometrically non-linear problem was solved by the Newton-Raphson method. The load capacity of the compos-
ite profile in the post-buckling state was determined by the progressive failure criterion which estimates damage initiation in
the composite material using the Hashin criterion. Progressive failure analysis is described with the energy criterion describ-
ing the stiffness degradation of finite elements. The obtained numerical simulation results showed very high correspondence
with the presented experimental results conducted on real structures, which confirms the precise preparation of the devel-
oped numerical models of the composite structures.
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ANALIZA ZNISZCZENIA KOMPOZYTOWEGO PROFILU O PRZEKROJU
OTWARTYM PODDANEGO OSIOWEMU SCISKANIU

Praca dotyczy numeryczno-doS§wiadczalnego badania nosnosci cienkoSciennych struktur kompozytowych o omegowym
ksztalcie przekroju poprzecznego poddanych osiowemu $ciskaniu. Profile wykonano z kompozytu weglowo-epoksydowego
o symetrycznym ukladzie warstw wzgl¢dem plaszczyzny Srodkowej. W ramach przeprowadzonych badan rozpatrzono uklad
o krzyzowej konfiguracji ulozenia warstw laminatu [0/90/0/90]s. Badania eksperymentalne przeprowadzono z wykorzysta-
niem uniwersalnej maszyny wytrzymalo$ciowej Zwick Z100 w pelnym zakresie obcigzen, az do calkowitego zniszczenia kon-
strukeji. Badania numeryczne stanu krytycznego z zastosowaniem liniowej analizy zagadnienia wlasnego mialy na celu
wyznaczenie postaci wyboczenia oraz wartoSci obcigzenia krytycznego. Kolejny etap symulacji numerycznych obejmowal
rozwigzanie zagadnienia nieliniowej stateczno$ci konstrukeji z zainicjowana najnizsza postacia wyboczenia. Zagadnienie
geometrycznie nieliniowe prowadzono z wykorzystaniem przyrostowo-iteracyjnej procedury Newtona-Raphsona, wykorzystu-
jac jako narzedzie do obliczen numerycznych program ABAQUS". Obliczenia numeryczne utraty nos$nosci konstrukeji
przeprowadzono za pomocg implementacji algorytmu progresywnego kryterium zniszczenia (uwzgledniajac degradacje szty-
wnoSci elementéw skonczonych), w oparciu o uprzednio uwzglednione inicjacyjne kryterium zniszczenia Hashina. Otrzymane
wyniki symulacji numerycznych wykazywaly bardzo wysoka zgodno$¢ z prezentowanymi wynikami badan eksperymental-
nych, prowadzonych na rzeczywistych strukturach. Wysoka zbiezno§¢ wynikéw $wiadczy o precyzyjnym przygotowaniu
modelu MES.

Stowa kluczowe: progresywna analiza zniszczenia, CFRP, degradacja materialu, osiowe $ciskanie

INTRODUCTION

Thin-walled composite materials are among the
most popular engineering materials. They are character-
ized by high mechanical properties - high stiffness and
low specific weight, which enables their use in the
aerospace, construction and automotive industries [1].
Regarding their specific properties, polymeric compos-

ite material, which is commonly called laminates, is
widely used as structural members in thin-walled struc-
tures. Under compressive load, three basic states de-
scribe the behaviour of thin-walled structures: pre-
critical, critical and post-critical [2-5]. In the pre-critical
state, the axial load only leads to compression of the
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structure walls without bending. The critical state of the
laminate is characterized by the occurrence of addi-
tional flexural effects. In the post-critical state, deflec-
tion by a simultaneous increase in load is increased.
These problems are investigated in many scientific pa-
pers [3-10]. Thin-walled composite profiles may lose
their load capacity (laminate failure). The most com-
mon failure modes include matrix cracking, and fibre
rupture or delamination [11-14]. The dominant failure
mode leading to loss of the load-carrying capacity of
the composite material is fibre damage [15]. The litera-
ture on the subject predominantly offers numerical
analysis methods, however, they do not describe the
failure mechanism in composite materials in a compre-
hensive and accurate way [13, 16-19]. Regarding con-
tinuous damage mechanics (CDM), the mechanisms of
damage to the composite material are represented by
material stiffness degradation - progressive damage
criterion [20-22]. In PFA (progressive failure analysis)
damage initiation was based on the Hashin criterion
and the damage evolution on the progressive criterion
[22] found in the description of energy [23, 24]. Exam-
ples of PFA application in the design of composite
structures are mainly mentioned in [16, 17, 24]. In gen-
eral terms, material damage can be interpreted as the
occurrence of microcracks or loss of the effective cross-
sectional area due to microcracking [25]. PFA requires
data input from a specific material model - damage
initiation and damage evolution criteria [26, 27]. When
the damage initiation criterion is fulfilled, the stiffness
of the damaged composite material is decreased [28].
The total failure of a thin-walled profile occurs when
the progressive criterion variables reach a value of 1.
When the variables range < 0+1), this only leads to
a decrease in the initial stiffness of the material [29-32].
In numerical calculations, the progressive failure analy-
sis is usually performed by non-linear analysis - the
Newton-Raphson method [33].

Based on the literature review, especially referring
to publication [6], the main contribution of the author to
the development of the research topic is to conduct
damage initiation studies and progressive failure analy-
sis of the thin-walled composite structure.

RESEARCH SUBJECT AND METHODOLOGY

The test specimen is a thin-walled composite profile
with an open cross-section. The geometrical parameters
are presented in Figure 1. An actual construction was

TABLE 1. Material properties [33]
TABELA 1. Wlasciwosci materialowe [33]

made of a unidirectional carbon/epoxy laminate with
a symmetrical arrangement [0/90/0/90]s of 8 layers.
A physical model of the tested composite profile and its
geometric dimensions are shown in Figure 1.

a)

Fig. 1. Composite profile with open cross-section: a) physical model,
b) geometric model

Rys. 1. Profil kompozytowy o przekroju otwartym: a) model fizyczny,
b) model geometryczny

The mechanical properties of the composite material
were determined in experimental tests conducted in
compliance with the relevant ISO standard (Table 1).

E, E; Viz G2 X: X. Y: Y. S12 (7 G Gt G
[MPa] | [MPa] [-] [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [N/'mm] | [N/'mm] | [N/mm] | [N/mm]
130710 6360 0.32 4180 1867.2 1531 25.97 214 100.15 133 10 0.5 1.6
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EXPERIMENTAL STUDY

Experimental tests of thin-walled composite profiles
under compression were performed using a universal
testing machine - Zwick Z100. Axial compression tests
were carried out at room temperature, with the upper
cross-bar velocity maintained at a constant value equal
2 mm/min. The ends of the cross-section of the com-
posite profiles were simply-supported on a base panel
to prevent any inaccuracies of the profile edge. In addi-
tion, the ends of the profiles were aligned with teflon
inserts fitted on the inner side of profile (Fig. 2a).

Specimen

Centering
object

Base
panel

Head
mounted
rigidly

Fig. 2. Experimental stand
Rys. 2. Stanowisko badawcze

The composite profiles were subjected to uniaxial
compression until failure of the material. The composite
structure behaviour was assessed based on the post-
critical equilibrium paths describing the load-strain
relationship. Testing of the load-carrying capacity was
conducted by two independent methods. The first one
was strain measurements (using two strain gauges) for
the entire tested range of load. The strain gauges were

Composites Theory and Practice 18: 4 (2018) All rights reserved

placed on both sides of the profile web at the same
height, in the place of the largest deflections (which
was determined on preliminary numerical analysis -
linear buckling analysis). The second method was
acoustic emission (AE). The following were mainly
measured: the number of events and counts, as well as
the energy and amplitude of acoustic emissions, in real
time. The acoustic emission measurements were made
with an AMSY-5 instrument equipped with a piezo-
electric sensor, which was placed directly on the profile
flange (to measure elastic waves).

Figure 2b shows the test specimen with the installed
sensor for acoustic emission measurement and the strain
gauges.

NUMERICAL ANALYSIS

The numerical analysis was performed by the finite
element method using ABAQUS" software. The analy-
sis involved solving a nonlinear problem of stability for
a structure with an initiated geometric imperfection
reflecting the lowest buckling mode (from buckling
analysis) with an initial amplitude equal to 5% of the
profile wall thickness. The nonlinear problem was
solved by means of the iteration-incremental Newton-
Raphson method [34]. Evaluation of the composite
failure was performed using the progressive damage
criterion [35]. The Hashin criterion considers four inde-
pendent modes of damage: fibre and matrix tension, and
fiber and matrix compression. When the damage initia-
tion criterion is met, degradation of the composite struc-
ture begins with a decrease in the stiffness of the mate-
rial properties. Damage evolution is described here with
an energy criterion [28, 29] - Figure 3.

equivalent
4 stress damage
variable
damage
‘ evolution 1.0

damage
RE= s
Ueq
' C
» equivalent

0 58 6], displacement

Fig. 3. Damage initiation and evolution law
Rys. 3. Charakterystyka inicjacji i ewolucji zniszczenia

The discretization of the composite profile was car-
ried out using shell S8R finite elements. S8R are §-node
quadratic finite elements with reduced integration and 6
degrees of freedom at each of the 8 nodes per one finite
element. Additionally, the numerical model contained
rigid finite elements with a linear shape function -
R3D4, which were used for the discretization of ele-
ments describing rigid plates. The created discrete
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model consisted of 11620 finite elements and 20187
nodes. Moreover, a single ply of the laminate was de-
scribed with an orthotropic material. The boundary
conditions of the numerical model reflected the real
support of the ends of the actual construction. The con-
tact interactions (in tangential and normal directions)
were defined between the profile ends and the rigid
plate (non-deformable) supports in tangential and nor-
mal directions - friction coefficient equal 0.1. In the
analysis, the loading of the structure was modelled as
displacement of the upper plate toward the Z axis. The
discrete model and boundary conditions are presented
in Figure 4.

‘RP 1 Uz
Uxc—Uy—0
URx=URy=URz=0)

Fig. 4. Boundary conditions of numerical model
Rys. 4. Warunki brzegowe modelu numerycznego

RESULTS - FAILURE ANALYSIS

The investigation of the critical state of the actual
structures demonstrated the loss of stability in the tested
composite profiles under compression - the occurrence
of two half-waves in the longitudinal direction. The
numerical and experimental results of the buckling state
were equal - Figure 5.

The experimental study enabled identification of
the damage initiation mechanisms. According to the
Hashin criterion, the damage of composite material
begins when the damage initiation parameters
(HSNFCCRT - fibre compression, HSNFTCRT - fibre
tension, HSNMCCRT - matrix compression, and
HSNMTCRT - matrix tension) reach the value of 1. In
the analysed case, the identified damage initiation mode
was matrix damage due to tension, at the compressive
load of Prn; rzas= 14032 N - Figure 6.

After reaching damage initiation due to continuous
axial loading of the structure, damage evolution oc-
curred. On the basis of the conducted numerical studies,
the failure load value Py gy, = 23218 N was deter-
mined, which caused loss of the load-carrying capacity
of the profile. The stiffness of the material significantly
decreases with increasing the load of the structure. Fail-

ure of the composite material occurred when the follow-
ing PFA variables reached a value of 1: DAMAGEFC -
compressive fibre damage, DAMAGEFT - tensile
fibre damage, DAMAGEMC - compressive matrix
damage, DAMAGEMT - tensile matrix damage, and
DAMAGESHR - shear damage. Figures 7 and 8 show
a comparison of the experimental and numerical results
with respect to the loss of load-carrying capacity of the
structure. The example results (fulfilment of shear dam-
age) show qualitative agreement between the physical
and numerical models.

Y .T.x
z Mode 1: EigenValue = 6880.0

Fig. 5. Stability loss of composite profile under compression: a) EXP,
b) FEM

Rys. 5. Utrata  statecznosci  $ciskanej
a) eksperyment, b) MES

konstrukcji  kompozytowej:

HSNMTCRT
Envelope (max abs)
(Avg: 75%)

0

Fig. 6. Damage initiation in composite profile - HSNMTCRT tensile
matrix damage

Rys. 6. Inicjacja zniszczenia profilu kompozytowego - HSNMTCRT
Zniszczenie rozciaganej 0snowy

Composites Theory and Practice 18: 4 (2018) All rights reserved
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b) DAMAGESHR

Fig. 7. Loss of load capacity in composite profile: a) EXP, b) FEM
(shear damage)

Rys. 7. Utrata nosnosci konstrukcji kompozytowej: a) eksperyment,
b) MES ($cinanie)

Fig. 8. Loss of load capacity in composite profile - whole model:
a) EXP, b) FEM (shear damage)

Rys. 8. Utrata nosnosci konstrukcji - caly model: a) eksperyment,
b) MES ($cinanie)

On the basis of the conducted studies of the failure
of the compressed composite profiles, post-critical equi-
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librium paths were determined. The obtained character-
istics from the strain measurements, acoustic emission
and FEM allow the load value causing the loss of ca-
pacity to be estimated (Fig. 9). The critical load of the
numerical model was determined based on the relation-
ship between the load and profile shortening. The
experimental and FEM results of the limit load were
compared (Table 2).

a)
25000
22500
|\ 20000
| 17500
\| 15000
\ 12500
N,
o 10000
_7500
B = strain gauge |
250 strain gauge 2
o
-3000 -2000 -1000 0 1000 2000 3000
Strainx10%
b) 25000
20000
z 15000
=
m
S 10000
5000
0
0 0.2 0.4 0.6 0.8 1
Shortening [mm]

C) Load [N] Energy [eU]
25000 2.5E+08
20000 2.0E+08
15000 1.5E+08
10000 g 1.0E+08
5000 5.0E+07

0 L u 1.0E+00

20 40 60 80 100 120 140 160 180
Time [s]
Fig. 9. Failure characteristics: a) strain measurement, b) FEM analysis,
¢) acoustic emission measurement

Rys. 9. Charakterystyki zniszczenia: a) pomiar odksztatcefi, b) analiza
MES, c¢) emisja akustyczna

TABLE 2. Limit loads
TABELA 2. WartoS$ci graniczne

EXP - strain . o
measurement [N] FEM [N] Difference [%]
22078 491
EXP - acoustic 23218 Difference [%]

emission [N]
22088 4.87

On each of the obtained characteristics curves, the
upper bend of the experimental and numerical curves is
equivalent to achieving the value at which the structure
loses its load-carrying capacity (failure load). The
obtained results of the limit state of the tested thin-
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walled structure showed high correspondence, which
confirms the correctness of the numerical model prepa-
ration. Regarding the results of the acoustic emission
measurement, a more detailed description of the struc-
ture behaviour can be observed in Figure 9c¢. In the dia-
gram one can notice two clear peaks of energy. The first
energy signal peak reflects the moment of composite
material damage initiation occurring when the load is
Prini exp = 15266 N. This value corresponds to the
numerical value of Pr;, sz = 14032 N at which tensile
matrix damage occurs (Fig. 6). The discrepancy
between the experimental and numerical results of the
damage initiation load amounted to 8%. A similar com-
parison can be made for the second energy peak, where
the corresponding load is Py ., = 22088 N. Comparing
this value with the numerical analysis value P s =
=23218 N, a high agreement of the limit load, amount-
ing to 4.9% was observed.

CONCLUSIONS

This paper presented the results of the behaviour of
a thin-walled composite structure subjected to axial
compression. The numerical study of progressive fail-
ure analysis was verified experimentally (strain meas-
urement and acoustic emission) on a universal testing
machine. As observed from the analysis of a short thin-
walled composite profile, the failure is mainly con-
nected and dominated by local buckling.

Progressive failure analysis of the composite mate-
rial enabled description of the damage modes of the
composite material. The use of damage initiation based
on the Hashin criterion allow further identification of
damage evolution. The use of the progressive failure
analysis criterion to describe the damage evolution con-
firmed the complex nature of the composite material
failure. The obtained results confirm that the loss of
load capacity of the compressed profile is caused by
a complex state of damage. The conducted studies
showed high compliance of the results of limit loads
and the area of damage between the numerical calcula-
tions and experimental tests.

Acknowledgement

The research was conducted under project No.
UMO-2015/19/B/ST8/02800 financed by the National
Science Centre, Poland.

REFERENCES

[1] German J., Podstawy mechaniki kompozytow wioknistych.
Politechnika Krakowska, Krakow 2001.

[2] Paszkiewicz M., Kubiak T., Selected problems concerning
determination of the buckling load of channel section beams
and columns, Thin-Walled Structures 2015, 93, 112-121.

[3] Rozylo P., Teter A., Debski H., Wysmulski P., Falkowicz
K., Experimental and numerical study of the buckling of
composite profiles with open cross section under axial com-

pression, Applied Composite Materials 2017, 24, 1251-
-1264.

[4] Kollar L.P., Local buckling of fiber reinforced plastic com-
posite structural members with open and closed cross sec-
tions, Journal of Structural Engineering 2003, 129.

[5] Kollar L.P., Buckling of rectangular composite plates with
restrained edges subjected to axial loads, Journal of Rein-
forced Plastics and Composites 2014, 33, 2174-2182.

[6] Debski H., Teter A., Kubiak T., Numerical and experimen-
tal studies of compressed composite columns with complex
open cross-sections, Composite Structures 2014, 118, 28-36.

[7] Rozylo P., Wysmulski P., Falkowicz K., FEM and experi-
mental analysis of thin-walled composite elements under
compression, International Journal of Applied Mechanics
and Engineering 2017, 22(2), 393-402.

[8] Rozylo P., Debski H., Kral J., Buckling and limit states of
composite profiles with top-hat channel section subjected to
axial compression, AIP Conference Proceedings 2018,
1922, 080001.

[9] Rozylo P., Experimental-numerical test of open section
composite columns stability subjected to axial compression,
Archives of Materials Science and Engineering 2017, 84(2),
58-64.

[10] Calzada K.A., Kapoor S.G., DeVor R.E., Samuel J.,
Srivastava A.K., Modeling and interpretation of fiber orien-
tation-based failure mechanisms in machining of carbon fi-
ber-reinforced polymer composites, Journal of Manufactur-
ing Processes 2012, 14, 141-149.

[11] De¢bski H., Jonak J., Failure analysis of thin-walled compos-
ite channel section profiles, Composite Structures 2015,
132, 567-574.

[12] Kubiak T., Samborski S., Teter A., Experimental investiga-
tion of failure process in compressed channel-section GFRP
laminate columns assisted with the acoustic emission
method, Composite Structures 2015, 133, 921-929.

[13] Wang L., Zheng C., Luo H., Wei S., Wei Z., Continuum
damage modeling and progressive failure analysis of carbon
fiber/epoxy composite pressure vessel, Composite Struc-
tures 2015, 134, 475-482.

[14] Gliszezynski A., Kubiak T., Progressive failure analysis of
thin-walled composite profiles subjected to uniaxial com-
pression, Composite Structures 2017, 169, 52-61.

[15] Liu P.F., Zheng J.Y., Progressive failure analysis of carbon
fiber/epoxy composite laminates using continuum damage
mechanics, Mater. Sci. Eng. A 2008, 485, 711-717.

[16] Tonatto M.L.P., Forte M.M.C., Tita V., Amico S.C., Pro-
gressive damage modeling of spiral and ring composite
structures for oftloading hoses, Mater. Des. 2016, 108,
374-382.

[17] Debski H., Rozylo P., Gliszczynski A., Effect of low-
velocity impact damage location on the stability and post-
critical state of composite columns under compression,
Composite Structures 2018, 184, 883-893.

[18] Samborski S., Prediction of delamination front’s advance-
ment direction in the CFRP laminates with mechanical cou-
plings subjected to different fracture toughness tests, Com-
posite Structures 2018, 202, 643-650.

[19] Lemaitre J., Plumtree A., Application of damage concepts to
predict creep fatigue failures, J. Eng. Mater. Technol. 1979,
101(3), 284-292.

[20] Ribeiro M.L., Vandepitte D., Tita V., Damage model and
progressive failure analyses for filament wound composite
laminates, Appl. Compos. Mater. 2013, 20, 975-992.

[21] Li W., Cai H., Li Ch., Wang K., Fang L., Progressive failure
of laminated composites with a hole under compressive
loading based on micro-mechanics, Adv. Compos. Mater.
2014, 23(5-6), 477-490.

Composites Theory and Practice 18: 4 (2018) All rights reserved



216 P. Rozyto

[22] Tannucci L., Ankersen J., An energy based damage model
for thin laminated composites, Compos. Sci. Technol. 2006,
66, 934-951.

[23] Bisagni Ch., Di Pietro G., Fraschini L., Terletti D., Progres-
sive crushing of fiber reinforced composite structural com-
ponents of a Formula One racing car, Compos. Struct. 2005,
68, 491-503.

[24] Kachanov L.M., On the time to failure under creep condi-
tions, Izv. AN, Otd. Tekhn. 1958, 8, 26-31.

[25] Hashin Z., Rotem A., A fatigue failure criterion for fibre
reinforced materials, J. Compos. Mater. 1973, 7, 448-464.

[26] Hashin Z., Failure criteria for unidirectional fibre compos-
ites, J. Appl. Mech. 1980, 47, 329-334.

[27] Matzenmiller A., Lubliner J., Taylor LR., A constitutive
model for anisotropic damage in fiber composites, Mech.
Mater. 1995, 20, 125-152.

[28] Camanho P.P., Maimi P., Davila C.G., Prediction of size
effects in notched laminates using continuum damage me-
chanics, Compos. Sci. Technol. 2007, 67(13), 2715-2727.

Composites Theory and Practice 18: 4 (2018) All rights reserved

[29] Camanho P.P., Matthews F.L., A progressive damage model
for mechanically fastened joints in composite laminates,
J. Comp. Mater. 1999, 33, 2248-2280.

[30] Barbero E.J., Cosso F.A., Determination of material pa-
rameters for discrete damage mechanics analysis of carbon
epoxy laminates, Compos. Part B 2014, 56, 638-646.

[31] Barbero E.J., Cosso F.A., Roman R., Weadon T.L., Deter-
mination of material parameters for abaqus progressive
damage analysis of E-glass epoxy laminates, Compos. Part
B 2013, 46, 211-220.

[32] Zienkiewicz O.C., Taylor R.L., Finite Element Method (5th
Edition) Volume 2 - Solid Mechanics, Elsevier 2000.

[33] Debski H., Badania numeryczne i doswiadczalne statec-
znosci i nosnosci kompozytowych stupéw cienkosciennych
poddanych $ciskaniu, Zeszyty Naukowe nr 1161, Wydaw-
nictwo Politechniki L.odzkiej, 1.6dz 2013.

[34] Abaqus HTML Documentation.

[35] Lapczyk 1., Hurtado J.A., Progressive damage modeling in
fiber-reinforced materials, Composites Part A 2007, 38,
2333-2341.



