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Knroyesnle criosa:

NOMNMMEPHbIV KOMMO3UTHBIN MaTepuan,
YNCMEeHHOe MOAENMPOBaHe,
KOMOUHMPOBaHHOE HarpyxeHue,
HENVHEWHbIV OTKIUK, MEXCIoNHasn
NPOYHOCTb, COEANHEHNE

«aCTOYKMH XBOCTY.

MpeanoxeH n anpobrpoBaH HOBbIN MOAXOA K OLIEHKe HanpsbkeHHO-AeOPMUPOBAHHOIO CO-
CTOSIHWSI U onpeferneHunto obnacTtelrt paspyLieHUsi TONICTOCTEHHbIX KMMHOBUAHBIX KOMMO3UTHbIX
anemeHTOoB. Noaxoa He npegnonaraeT pacCMOTPEHNE B SIBHOM BUAE Taknux 0COGEHHOCTEN Me30-
CTPYKTYpbI, Kak 06pbIBbI CNOEB U CMOMsHbIE KapMaHbl. CTPYKTypHasi MOAENb NOSIMMEPHOrO KOM-
MO3WTHOrO MaTepuarna, OCHOBaHHasi Ha MynbTU(A3HOM KOHEYHO-3NIEMEHTHOM noaxone, bbina
paclumpeHa ansi onucaHnsi 06bEMHOro HanpPsXXeHHO-AedOPMUPOBaHHOIO cocTosiHMS. Mogenb co-
CTOsiNa U3 OPTOTPONHBIX JIMHENHOYNPYIMX U N3OTPOMHbIX YPYroniacTUYHbIX NOA3NEMEHTOB, MO-
OEenupyoLmnx CBONCTBA BOMIOKOH U MaTpuLibl COOTBETCTBEHHO. Npy onncaHum HenMHEHoro oT-
KMuKa B MOZENU BbINio NPUHATO NPEANONOXEeHE O HE3AaBUCUMOCTM KPUBOW CABUra OT BUAA Hanpsi-
YKEHHO-Ae(OPMMPOBAHHOIO COCTOSIHMUA. KanubpoBka MEXCMOMHOTO HEeNMHEeNHOro OTKIMKa
CTPYKTYpHOI MoZenu Gbina BbIMOSIHEHA C UCMONIb30BaHMEM pe3yNbTaToB UCMbITaHUA 06pas3LoB C
V-06pa3HbiM Hagpe3om Npy KOMBMHMPOBAHHOM HarpyxeHun. 3aTem BepnduLMpoBaHHas Moaerb
ucnonb3oBanach Ans onpeferieHnsl Harpy3kM paccnoeHunsi obpasuoB TMNa «JTACTOYKUH XBOCTY.
Harpy3ky paccrnoeHus 06pa3LoB TUna «acTo4KMH XBOCT» OL€HUBArM Mo KpUTepusiM paspyLleHns
[sHnena n XawmHa: BbINOMIHEHbl pacyeTHble UCCNEA0BaHUS NS OLEHKN BANSHUS MEXCIONHON
NPOYHOCTM U yrna KNMHa Ha Harpysky paspylleHusi obpasuoB. Ha ocHoBe nonyyeHHbIX pesynbTa-
TOB Obina npegoxeHa MeTOAMKa ONpeaeneHnst paLmoHarnbHbIX NapamMeTpoB 3aMKOBOIO Coeau-
HEHUS TMNa «JTaCTOYKUH XBOCT». YCTAHOBMEHO, YTO NPEeANOXEHHbIN NOAX04 MOXeT ObITb adhdhek-
TVBEH ANS OLEHKN NPOYHOCTU 1 aHanu3a HeNMMHENHOro NoOBeAEHUS KITMHOBUAHbIX TONCTOCTEHHbIX

KOMMO3UTHBIX KOHCTPYKLMIA MPU MEXKCMOMHbIX CABUIOBbIX Aedhopmaumsax 4o 6 %.

Introduction

The carbon fibre-reinforced plastics (CFRP) are consid-
ered to be an alternative to metals in elements of new gener-
ation aircraft, where weight is one of the critical parameters.
Due to significant progress in manufacturing technologies,
significant number of load-bearing elements are currently
made of composites. In particular, wide-chord fan blades of
foreign engines GEnx from General Electric, Rolls-Royce
Advance and UltraFan families are made of CFRP [1]. This
significantly reduces the weight of the blades and reduces the
inertial and dynamic loads transmitted to other engine ele-
ments. Currently, composite materials are also widely used
in the design of the fan of Russian aircraft engines PD-14 and
PD-35 [2].

Dovetail joint is most often used to connect wide-chord
fan blades with an engine rotor [3]. The composite dovetail
joint is a thick-walled multilayer structure that is subjected to
a complex multiaxial loading during operation. The compo-
site dovetail joint may include various manufacturing de-
fects, such as ply drops, warped layers, and resin pockets [4].
Due to these structural inhomogeneities and low interlaminar
strength, tapered composite elements are prone to delamina-
tion [5]. At the same time, experimental data have shown that
the through-thickness compression effect can significantly
increase the interlaminar shear strength [6]. The combination
of loads (transverse compression and interlaminar shear)
leads to a complex nonlinear response, which is largely de-
termined not by the brittle elastic fibre, but by the polymer

matrix [6]. Thus, the assessment of the strength of a dovetail
joint is a complex scientific and technical problem. A large
number of computational and experimental studies are re-
quired to solve it [7].

There are two general approaches to predict the delami-
nation load and the delamination growth. They are the
strength of materials approach and the strain-energy-release-
rate approach. According to the strength of materials ap-
proach, local stresses or strains are compared to the allowable
material strength. Various failure criteria are used, for exam-
ple, the maximum stress criterion, the NU-Daniel criteria
[8; 9], Christensen [10], Puck [11], Mohr-Coulomb [12],
Hashin [13], etc. [14]. The criterion approach of maximum
stresses has become widespread in engineering practice for
solving this kind of problems [12—15] due to its simplicity.
In [15;20-21], rational reinforcement schemes were selected
for mesoscale modelling of thick-walled composite elements.
The authors did not explicitly take into account defects such
as ply drops and resin pockets in these finite element models.
In [21], a two-fold safety factor was obtained using the max-
imum stress criterion for the outlet guide vane under operat-
ing loads. In [22], the experimental results of the outlet guide
vane tests under different loading types were compared with
the numerical results. It was concluded that the numerical
method [21] predicted a reliable assessment of the mechani-
cal state of the composite vane. In [20], the analysis of the
strength of the composite frame using the maximum stress
criterion demonstrated a difference between the numerical
and experimental failure load of 8§ %. However, the
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assessment of the strength using the maximum stress crite-
rion under combined transverse compression/shear predicts
a very conservative failure load [23]. The researchers [23]
have shown that the NU-Daniel failure criterion predicts a
higher delamination load, since the criterion considers the
effect of through-thickness compression in the taper part of
the dovetail joint. In this case, it is necessary to use, for ex-
ample, the Hashin criterion [13], which considers the effect
of tensile transverse stresses on the interlaminar strength for
an adequate assessment of the strength in the thin part. It
should be noted that the delamination load was determined
without taking into account the actual nonlinear behaviour
characteristic of thick-walled composites in the numerical
models [15-23].

The alternative strain-energy-release-rate approach is
based on fracture mechanics. It is used to predict the delami-
nation growth. The laminate is assumed to fail when the
available strain energy of a delamination crack in a ply inter-
face exceeds the critical strain energy release rate for the ma-
terial. Most researchers [4; 24-29] have predicted the delam-
ination growth in tapered composite elements using virtual
crack-closure technique (VCCT) or cohesive zone model
(CZM). However, the authors considered the through-thick-
ness compression effect only in some studies [4, 29]. In these
studies, high-fidelity finite element simulation was used to
describe the layered mesostructure of the composite. The fi-
nite element models included ply drops and resin pockets ex-
plicitly. Cohesive elements were used to analyse delamina-
tion in these models. Unfortunately, there is uncertainty in
the parameters of the cohesive element adhesion strength
[30-32] and the coefficient of the through-thickness compres-
sion effect [33-34] for such models. These discrepancies can
lead to an error in determining the delamination region, while
the peak delamination load will be significantly underesti-
mated [4]. The researchers [4; 29] have shown that the pa-
rameters of cohesive contacts largely determine the failure
type and the failure force of severely tapered specimens. It
was shown that a good correlation with the experiment can
be achieved by varying the parameters of cohesive pairs
within the limits known in the literature. In addition, the
boundary conditions introduce significant uncertainty into
the calculation results. In [4], the authors assessed the effect
of the friction coefficient between the dovetail specimen and
the disk on the ultimate failure load. Increasing the friction
coefficient from 0.1 to 0.3 leads to the change in the failure
load by 20 %. It is worth noting that the matrix properties
provided by the manufacturer are used when simulating resin
pockets in these high-fidelity models. However, authors in
[35] showed that the actual in-situ properties of the resin
pocket differ significantly from those of the epoxy resin ob-
tained on standard specimens.

The disadvantages of the high-fidelity finite element
models combined with the high complexity of their prepara-
tion and the duration of calculations make them too difficult
for practical engineering calculations of real structures. This
is especially critical for the initial design stages when engi-
neers need to select rational reinforcement schemes and
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assess their impact on the strength and stiffness of the entire
structure. For such tasks, it is advisable to develop low-param-
eter numerical models using the strength approach that consid-
ers the features of nonlinear deformation and failure inherent
in tapered thick-walled composite elements.

To describe the nonlinear response of composites, vari-
ous deformation models, based on the approaches of nonlin-
ear elasticity, progressive damage accumulation and elasto-
plasticity were developed [36]. The significant number of
studies [37-43] are related to the description of the in-plane
nonlinear response of composites. The algorithm for describ-
ing the interlaminar nonlinear response was presented in the
papers [44—45]. The researches [44] developed a low-param-
eter constitutive model in ABAQUS VUMAT for describing
the interlaminar nonlinear response of unidirectional glass-
and carbon-fibre reinforced plastics. It was shown that the
nonlinear response can be approximated by the Ramberg-Os-
good power law under pure shear. Similarly, the interlaminar
nonlinear response was described in the papers [4; 29] when
assessing the strength of tapered thick-walled composite ele-
ments. In these studies, the parameters of the approximation
of the nonlinear response were determined from the pure
shear deformation curves. However, the interlaminar strength
and nonlinear response of thick-walled composites
under combined loading differ significantly from those
under pure shear [6].

The multiphase finite element (mFEA) approach [46]
demonstrated good predictive capabilities of the in-plane
nonlinear response fabric composites under combined load-
ing [47]. A small number of identifiable parameters makes
this model attractive for practical calculations of large struc-
tures. In this study, the mFEA approach was modified and
expanded to describe the fabric composite interlaminar non-
linear response under combined loading. Model elastic pa-
rameters were identified based on standard tensile, compres-
sion, and shear test methods. The interlaminar nonlinear re-
sponse was calibrated based on the test results of V-notched
specimens under combined loading. Finally, numerical cal-
culations were performed to assess the static strength of the
dovetail joint. The influence of such factors as interlaminar
strength and taper angle of the dovetail specimen on the fail-
ure load was also studied.

1. Modified mFEA approach

The constitutive model considered in this work is based
on previously described mFEA approach [46]. Each volume
element is represented as a set of sub-elements with different
properties connected by common nodes. In this case, overall
deformations of the sub-elements are the same. In accordance
with the structure of the material, the model is built from two
types of sub-elements: brittle linearly elastic (up to failure)
element corresponding to the reinforcing fibres, and elastic-
plastic one that simulates the properties of some "equivalent"
polymer matrix (Fig. 1). The sub-elements are described by
well-known material models available in the ANSYS mate-
rial library.
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Fig. 1. Representation of mesostructure of woven composite material using mFEA approach

The mechanical properties of the sub-elements are charac-
teristics of virtual materials that together represent the behav-
iour of the laminate, but they are not directly related to the ac-
tual properties of the fibres and matrix.

The difference from the previous generation of mFEA
model lies, firstly, in the use of weighting coefficients to take
into account «physical» information about the volume fraction
of structural components in the composite and, secondly, in the
different procedure for calibrating the nonlinear response. The
assumption that plasticity under combined loading can be de-
scribed using a unified shear curve was used.

The Hooke's law for orthotropic fabric-based composite
can be written as the sum of the orthotropic and isotropic
parts as follows:

C,=0,€:0;= Qz'(iO)g(O) + Qi(il)g(l);
ol =0g"e i, j =1.6:k=0,1;

i 1)

(M

¢ are the general strains, ¢ are the stresses in the sub-element,
g are the weighting coefficients (g@+g("=1), Q are the elas-
ticity matrices.

Weighting coefficients have a clear physical meaning
and represent the volume fraction corresponding to each
structural component of the composite. Based on the data
[48], it is assumed that the volume fractions of the structural
components have a 1:1 ratio, so g’~g'.

The compliance matrices of the structural components
are as follows:
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where E”, u® are the elastic modulus and Poisson’s ratio

of the elastoplastic phase, E", E", E" are the elastic

moduli of the linear elastic phase, G, GY, G are the

shear moduli of the linear elastic phase.

The shear modulus GS) s

G{) in the matrix S' are close
to zero, since the shear in the constitutive model is deter-
mined by the matrix S°. It is important to note that the non-
zero value of the shear modulus in the matrix S' makes it
possible to determine the inverse compliance matrix S.

Based on expression (4),
0, =S, )

the parameters of the stiffness matrix of the fabric composite
can be determined as follows:

The elastic constants of the composite can be obtained
through the parameters of the corresponding sub-elements:
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where E|, E», E3 are the elastic moduli of the composite, G2,
G2, Gi3 are the shear moduli of the composite.

Thus, the values of elastic characteristics obtained from
standard tests of composites specimens under single static
loading are used to identify the model parameters. The prop-
erties of the sub-elements can be obtained by solving the in-
verse problem using optimisation procedures of MathCAD
software. When determining the parameters of elastic-plastic
sub-elements, a well-known assumption about plastic-
ity/non-linearity to be mainly due to shear is used [36].
Therefore, to determine the parameters of these elements, in
addition to elastic constants, shear deformation diagrams are
also required, obtained, for example, from combined com-
pression-shear tests. The expression for the power law ap-
proximation of the elastic-plastic response under interlaminar
shear is as follows:

T
Y=Ye+vp;ve— =3, —(”-Bj B=—12_ (7
13

A

where v, Ve, v, are total, elastic, and plastic shear strains, re-
. . . *
spectively, 113 are interlaminar shear stresses, F13, Fj; are

initial and extrapolated values of the interlaminar shear
strength, 4, B, n are parameters of the power law.

The scale factor B is necessary to predict the nonlinear
response at different values of interlaminar strength. For cal-
ibration of elastic-plastic sub-elements of mFEA model,
points on the shear stress-strain curve were selected for the
computational description of the nonlinear response using a
multilinear kinematic hardening plasticity scheme [49]. Us-
ing equation (8), plastic strains were first determined for each
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i-point. Then, equivalent stress-strains were calculated for
each point using the equation (9). Obtained data was used as
input parameters for a multilinear kinematic hardening mate-
rial model in ANSYS.

T.
= ——, 8
A = ®)
cim :\/g.'cl,’p;m :&. 9)

Nz

Here p; are plastic strains, y; are shear strains, t; are shear
stresses, G is shear modulus, Gi.“‘ are equivalent stresses, pl."“

are equivalent plastic strains.
2. Numerical

2.1. Calibration of numerical model using
unified shear curve

Single-element simulations were performed to calibrate
mFEA model for describing the nonlinear composite re-
sponse. The finite elements type SOLID185 were used. The
loads and boundary conditions of the single-element simula-
tion are presented in Fig. 2. The sub-elements of two types
were described based on standard material models in ANSYS
software: multilinear kinematic hardening and orthotropic
elasticity. The constitutive model was calibrated using the
experimental data presented in [50; 51]. The elastic proper-
ties of the fabric carbon fibre reinforced plastic are presented
in Table 1. The search for elastic parameters of the sub-ele-
ments of mFEA model was carried out in MathCAD software

using least squares method. E” =E{"=119.2 GPa, E."
=2.6 GPa, GY’=1.5 GPa and E©=18.3 GPa, u®=0.3 were
adopted for the orthotropic and isotropic parts, respectively.
Table 1

Elastic properties of the fabric CFRP [50; 51]

E1, E>, Es, G, Gz, | G,
GPa | GPa | GPa | GPa | GPa | GPa | M2 | W13 | 123
694 | 694 | 115 | 425 | 3.4 | 3.4 |0.04]0.04]0.04

Shear
u(t); F.(t)
_—>

Fig. 2. The loads and boundary conditions
in the single-element simulations
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The parameters of expression (7) for describing the non-
linear response of the unified shear curve were determined
based on the shear curves under combined loading (Fig. 3).
The values beyond the interlaminar shear strains of 6% were
excluded from the calibration because this level of shear
strain corresponded to the moment where composite struc-
ture became discontinuous [50]. In this case, the stress-strain
curves reflected the specimen deformation features rather
than the actual material behaviour. The values of the param-
eters A, n for the material under consideration with an inter-
laminar strength of 49 MPa were 59.8 and 0.19, respectively.
Parameter B was taken to be equal to 1.0.

The approximation results of the nonlinear response are
shown in Fig. 3. Figure 3 shows that the nonlinear hardening
in the combined loading tests [50] differed slightly depending
on the type of loading and the corresponding stress combina-
tion 63/113. Nevertheless, the correlation coefficient R* = 0.93
between the experimental response and the approximated
unified shear curve demonstrated high accuracy in describing
the nonlinear interlaminar shear curves in a limited strain
range of up to 6 %.

__ 80
=8
E 70
& 60
z 50 — G3c/T13=2.15
= 40 — 03c/T13=1.73
E e G330/ T13=1.43
o 0 o3e/t13=1.19
g 20
g - —_— o3/Ti3=]
T‘Q—) 10 ===« Unified shear curve
£,
0 1 2 3 -+ 5 6

Engineering shear strain, y,; (%)

Fig. 3. Approximation of experimental shear stress-strain curves

The nonlinear response of materials with higher inter-
laminar strength was extrapolated by varying the parameter
B. Two levels of interlaminar strength of 80 and 100 MPa,
which are typical for carbon fibre-reinforced plastics, were
considered [52]. The value of the parameter B was 1.65 and
2.1, respectively. Then, using expressions (8)—(9), the stress-
strain relations were calculated for each i-point used as input
data for the multilinear material model in ANSYS
(Tables 2—4).

The results of single-element simulation for materials
with different interlaminar strengths are shown in Fig. 4. The
mFEA approach adequately predicted the experimental non-
linear shear behaviour at strain levels up to 6 % for the mate-
rial with the interlaminar strength of 49 MPa. It should be
noted that the nonlinear stress-strain curves of materials with
interlaminar strengths of 80 MPa and 100 MPa demonstrated
the decrease in the level of inelastic strains at the same level
of interlaminar shear stresses. The new approach to describ-
ing the nonlinear response was tested by assessing the static
strength of dovetail specimens.

Table 2

Parameters of the shear curve fitting by multilinear
kinematic hardening material model with interlaminar

strength 49 MPa
Points 1, MPa p, % o, MPa P %

1 19 0 65.8 0

2 32 0.07 110.8 0.04
3 41 0.21 142.0 0.12
4 47 0.36 162.8 0.21
5 52 0.53 180.1 0.31
6 56 0.73 194 0.42
7 59 0.94 204.4 0.54
8 63 1.33 218.2 0.76
9 67 1.74 232.1 1.0
10 69 2.07 239 1.2
11 72 2.51 2494 1.45
12 75 3.03 259.8 1.75

Table 3

Parameters of the shear curve fitting by multilinear
kinematic hardening material model with interlaminar

strength 80 MPa
Points 1, MPa p, % o, MPa P, %

1 21 0 72.7 0

2 35 0.01 121.2 0.01
3 49 0.03 169.7 0.02
4 56 0.05 194 0.03
5 63 0.09 218.2 0.05
6 70 0.16 242.5 0.09
7 77 0.27 266.7 0.16
8 84 043 290.9 0.25
9 91 0.65 315.2 0.37
10 98 0.96 339.5 0.55
11 105 1.37 363.7 0.79
12 112 1.92 387.9 1.1
13 119 2.63 412.2 1.52

Table 4

Parameters of the shear curve fitting by the multilinear
kinematic hardening material model with interlaminar
strength 100 MPa

Points 1, MPa p, % o MPa P, %
1 21 0 72.7 0
3 56 0.02 193.9 0.01
4 70 0.05 242.5 0.03
5 84 0.13 291 0.07
6 91 0.2 315.2 0.11
7 98 0.3 339.5 0.17
8 105 043 363.7 0.25
9 112 0.6 387.9 0.35
10 119 0.82 412.2 0.47
11 126 1.11 436.5 0.64
12 133 1.47 460.7 0.85
13 140 1.92 484.9 1.11
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Fig. 4. Computational shear stress-strain curves

2.2. Description of the dovetail joint model

The new simplified approach to assess the stress-strain
state and determine failure regions of the fan blade dovetail
joint being typical thick-walled tapered composite element is
presented in this section. The mesostructure features of the
composite, such as ply drops and resin pockets, are not ex-
plicitly considered. The previously developed numerical ap-
proach to analyse the static strength of the dovetail joint [23]
was extended to assess the influence of the interlaminar non-
linear response on the delamination load. The schematic of
the dovetail joint was carried out based on the papers [4; 29].
The parameters which influence on the type of stress state
and the delamination load were taken into account. The as-
sessment of the stress-strain state and the delamination load
of the numerical model of the dovetail specimen was carried
out in ANSYS Workbench.

The geometry and boundary conditions of the dovetail
joint were specified based on [4]. The main dimensions of the
dovetail specimen are shown in Fig. 5.

20 mm

L
a8

/

13.75 mm

L]

Fig. 5. Geometry, loads and boundary conditions
of the dovetail joint

The numerical model of the dovetail joint using the
mFEA approach was developed in several stages. First, the
layer-by-layer stacking of structural sub-elements
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corresponding to the fibre was performed in ACP PrePost.
Then, the structural sub-elements corresponding to the poly-
mer matrix were generated at common nodes using the
EGEN apdl command. The number of equivalent layers of
the finite element model was 28. Each equivalent layer de-
scribed the integral properties of the selected reinforcement
scheme. The SOLID185 finite element was used. Based on
the recommendations of [29], the FE size was set to 0.2x0.2
mm in the taper part of the dovetail specimen. The finite ele-
ments size was 0.2x0.4 mm in the thick part of the dovetail
specimen. To reduce the total number of finite elements in
the thin part of the dovetail specimen, 120 elements with bias
factor=10 were specified. From the symmetry conditions, 1/4
of the dovetail joint was considered in the calculations. The
total number of finite elements was 686851. The finite ele-
ment mesh and orientation of the material properties in the
layers are shown in Fig. 6.

The quasi-isotropic reinforcement scheme [0/45]s was
used based on the recommendations [7]. In the FARGR-2
program [53], the elastic characteristics of the quasi-isotropic
composite were determined to take into account the integral
properties of the fabric composite in the finite element model
(Table 5). The elastic parameters of the structural sub-ele-
ments for the corresponding laying were E" = E\"=84.4

GPa, E" =9.2 GPa, G’=30.9 GPa and E®=13.8 GPa,

u®=0.015. The parameters of the sub-elements with elastic-
plastic properties were specified in accordance with Table 3.

Table 5
Elastic properties of quasi-isotropic composite [0/45]s

E, B>, Es, G, Gi3, | G,
GPa GPa GPa GPa GPa | GPa | M2 | W13 | K2
49.3 | 493 11.5 18.9 34 3.4 10.04/0.04|0.04

as

BEm
Bam

ARanas s
Ty

anmgy

=1

b e o

Fig. 6. Finite element mesh and orientation of element properties
in layers
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The kinematic loading was applied to the dovetail speci-
men. The displacement value was increased up to the ulti-
mate load corresponding to one of the failure criteria. In the
region of compressive transverse stresses, the failure from
compression and from delamination was determined by the
NU-Daniel criterion (10)—(11). In the region of transverse
tensile stresses, the failure from delamination was deter-
mined by the Hashin criterion (12). The failure parameters
used in the failure criteria are presented in Table 6. The in-
terlaminar strength value of 80 MPa, typical for the VKU-39
material, was adopted as the base value [52]. This
material was used in the development of the outlet guide

vane [19; 21].
2 E 2 2
£, G, ) \ L,

(ij 4250 <1, (11)

2 2
(&j +(T—“j <1. (12)
£y kK,
where o3 is through-thickness compression stresses, G3; is
through-thickness tension stresses, 713 is interlaminar shear
stresses, F3c is ultimate through-thickness compression
strength, F3 is ultimate through-thickness tensile strength,
F3 is ultimate inter-laminar shear strength, E3 u Gi3 are

through-thickness modulus and interlaminar shear modulus,
respectively.

Table 6

Strength properties of orthotropic fabric carbon
fibre reinforced plastic [51; 52]

F3c, MPa F31, MPa F3, MPa
813 80 59.8

The failure stresses and safety factors were determined
through the user defined result module. The safety factor was
estimated as the ratio of stresses corresponding to the applied
load to the maximum stresses determined using the corre-
sponding NU-Daniel and Hashin failure criteria:

2 2
1{5} (_J .
b 13.NU
G13 F‘Sc

2
c —F -] =] o
3t.Hashin — * 3t > “13.Hashin
1

F3
o . T
_ 3¢.NU _ 13.ANU
My = > My = > (15)
3¢(FEA) 13(FEA)
o . T .
_ ~3t.Hashin __ _13.Hashin
s Hashin = > 3 Hashin = > (16)
31(FEA) 13(FEA)
n=min (nl3‘NU > n3‘NU > nl}.Havhin > n3.Hu.§hin ) > (17)

where T3 Hashin, T13.8U are failure interlaminar shear stresses
according to the Hashin and NU-Daniel criterion, 613 Hashin,
G13.NvU are transverse normal stresses according to the Hashin
and NU-Daniel criterion, »n is minimum safety factor.

The contact type Frictional with Augmented Lagrange for-
mulation was used between the disc and the dovetail specimen.
The friction coefficient was set to 0.1 [4]. The disk was modelled
as arigid part with standard steel properties £=200 GPa, p=0.3.
The disk failure was not considered in this study.

2.3. Calculations results

The mFEA approach was used to determine the failure
regions and delamination loads of the dovetail specimen. The
strength assessment was carried out based on the analysis of
stress fields in the layer coordinate system. The delamination
load with the nonlinear mFEA approach was 43.3 kN. In the
linear-elastic formulation the delamination load was 38.1 kN.
The difference in delamination load was 13.6 %. This indi-
cates a conservative estimate when using the linear elastic
approach.

The distribution of safety factors, fields of interlaminar
shear and transverse stresses are shown in Fig. 7-9. The areas
of delamination of the dovetail specimen were determined
based on the distribution of safety factors (Fig. 7). The safety
factor in the taper part (zone 1) and thick part (zone 2) of the
dovetail specimen was 1.01 and 1.02, respectively. Similar
areas of delamination were obtained in [4] when assessing
the delamination load of the dovetail specimen made of uni-
directional carbon fibre.

The maximum interlaminar shear stresses were localized
in the taper area of the dovetail specimen and achieved 113
MPa (Fig. 8). In the delamination regions the interlaminar
shear stresses achieved 101 MPa and 102 MPa. The maxi-
mum transverse compressive stresses in this case were local-
ized in the zone of contact between the dovetail specimen
with the disk and achieved -517 MPa (Fig. 9), while the max-
imum transverse tensile stresses were localized in the taper
region and achieved 37.3 MPa. The transverse stresses in the
failure regions were -71.5 MPa and -75 MPa.

S
a
S

O©Coo~NOO OGP~ WN-20

VvV =
- O
o

Fig. 7. The distributions of safety factors in the dovetail specimen

99



Guseinov K.A., Kudryavtsev O.A., Sapozhnikov S.B. / PNRPU Mechanics Bulletin 1 (2025) 92-103

-113.6

Fig. 8. The distribution of interlaminar shear stresses
in the dovetail specimen

o, (MPa)
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-140
| 210
-280
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Fig. 9. The distribution of transversal normal
stresses in the dovetail specimen

The obtained safety factor estimates only the beginning
of the delamination of one or more layers. After the first de-
lamination, the load is redistributed to the undamaged layers
with different reinforcement angles, including the area of
combined tension/shear, where the delamination growth is
not restrained by transverse compression.

Additional computational studies were conducted to as-
sess the sensitivity of the numerical results to the parameters
of the numerical model. First of all, the interlaminar strength
values were varied in the range from 50 MPa to 100 MPa. In
this way, the influence of various physical factors on the de-
lamination load was assessed. Increased operating tempera-
tures can lead to the decrease in interlaminar strength [54].
At the same time, the use of specially modified polymer ma-
trices in composites allows to increase the interlaminar
strength significantly [2]. In addition, the assessment of the
interlaminar strength from the transverse compression force
when changing the wedge angle of the dovetail joint o from
40° to 60° was performed.

Figure 10 shows the values of the delamination load for
different values of interlaminar strength. It was found that the
interlaminar strength of 100 MPa, the delamination load is
50.3 kN, while at the interlaminar strength of 50 MPa, the
delamination load is significantly reduced to 27.7 kN. This
indicates that the delamination load of such elements is
largely determined by the interlaminar strength. Figure 11

100

shows the values of the delamination load for different taper
angles of the dovetail specimen. It was found that at the taper
angle of 60°, the delamination load was 47.5 kN, while at the
taper angle of 40°, the delamination load significantly reduced
to 32.6 kN. Thus, the through-thickness compression effect pre-
vents delamination with the increase in the taper angle.

55
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Fig. 10. The delamination load values
for different interlaminar strengths
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Fig. 11. The delamination load values
for different taper angles

Therefore, the interlaminar strength and taper angle
should be increased to provide higher delamination load for
the dovetail joint. However, there is another design limitation
associated with the failure from transverse compression in
the contact zone of the dovetail specimen with the disk or
from delamination in the zone of tensile transverse stresses.
The safety factors for stress components for all loading cases
are presented in Table 7. It was found that the safety factor
according to the Hashin criterion was close to 1 for the taper
angle of 60 degrees. While the safety factor for transverse
stresses according to the NU-Daniel criterion was close to 1
at the interlaminar strength of 100 MPa. In this case, the in-
crease in the taper angle or interlaminar strength is limited,
since this will lead to a change in the failure mechanism. Us-
ing these failure mechanism constraints could be useful dur-
ing determination of a rational dovetail joint of the full-scale
fan blades.
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Table 7

Safety factors and delamination loads for all cases
of numerical calculations

113, MPa | a, © | F, kN | n13.Hashin | N3.Hashin | N13.Daniel | 13.Daniel
80 40 | 32.6 2.38 2.1 1 1.68
50 43.3 1.54 1.39 1 1.5
60 | 47.5 1.1 1.05 1 1.8
50 27.7 1.44 2 1 2.6
100 50 50.3 1.37 1.17 1 1.13
Conclusion

The paper presents the theoretical foundations and the
example of practical use of the new approach to determine
the failure regions of tapered thick-walled composite ele-
ments at the design stage. The approach is based on the mod-
ified mFEA approach which describes nonlinear deformation
under transverse-shear loading.

The parameters of the sub-elements of the constitutive
mFEA model were identified using experimental data from
standard tests and under combined transverse-shear loading
tests. The nonlinear response of the material in the model was
described based on the unified interlaminar shear curve. Cal-
ibration on the single finite element showed that the modified
mFEA approach demonstrated high accuracy in predicting
the nonlinear mechanical response of fabric FRP under trans-
verse-shear loading at a shear strain of up to 6 %.
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