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Abstract. Modern aeronautical structure is being made of laminated composite in which
plies are terminated at discrete position to provide taperness. Ply termination is called ply-
drop. Thickness variation in laminates composite is achieved by changing the number of
plies in proportion to the thickness change. It requires the termination of plies, within the
laminate. In the present study two different ply-drop configurations have been taken for the
analysis under tensile loading, these are overlapped-grouped and overlapped-dispersed.
Commercial finite element software ANSYS 14.0 is used for the analysis. To construct the
model geometry, layered 3-D finite element (SOLID 20 node 186) is considered which have
six degrees of freedom at each node. Tsai-Wu criterion is implemented to obtain the value
of failure factor for separate plies. Interlaminar stress variations along the interface of plies
are determined to initialize possible delamination sites. For both configurations the value of
failure factor is found to be maximum at a position of first resin pocket tip. In case of over-
lapped-grouped, delamination growth occurs at a position near the thin section but in case of
overlapped-dispersed it is spread over discrete positions over the laminate.

Key words: ply-drop, laminate, delamination, interlaminar stress, ANSY'S, failure factor.

1. Introduction.

Composite structures are widely used in aerospace and automobile industries due to
their high strength-to-weight and stiffness-to-weight ratio. These structures occupy large
area with laminated composites which are fabricated from plane sheets of fibrous composite
material (Fish and Vizzini 1993, Cairns et al. 1999, Varughese and Mukherjee 1997, Craig
et al. 2005, Woigk et al. 2018). Thickness variations in laminates are achieved by changing
the number of plies in proportion to the thickness change. It's therefore requirest termination
of plies, within the laminate. Ply termination causes rise in stress leading to reduction in
laminate strength, and thereby generating structural defect like delamination (Long et al.
2015, Vidyashankar, Murty2001 and Zhang et al. 2020). Numerous researchers carried out
analytical investigations of laminate composites by using Finite element analysis techniques.
In this study analysis was conducted by two ways in which the first method consist of esti-
mation of stresses near the ply drops and another method consist of estimation of a fracture
parameter like strain energy release rate. Currently the attention of researchers towards on
taper laminate structure is increasing to improve the strength and stability (Curry et al. 1987,
Carvalho et al. 2015, Wang et al. 2013, Budzik et al. 2021 and Hussain et al. 2021). One of
the important factors is to design of taper itself. There are generally two different choices
which are in use in designing ply-drop. First choice is the ‘grouped’ in which plies are
dropped together and second is ‘dispersed’ in which one continuous ply is placed between
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two dropped plies (Kim et al. 1999, Mortensen and Thomsen 2008, Woigk et al. 2021 and
Gordon et al. 2021). Accordingly, Fig. 1 shows two different configurations in which plies
are dropped in overlapped manner.

e

§

b

Fig. 1. Schematic drawing of ply-drop laminate,
a — overlapped-Grouped, b — overlapped-Dispersed.

Relatively little work appears to have been done to investigate the effect of different
ply-drop configuration. Fish&Vizzini (1993) carried out experiment on glass/epoxy tapered
specimens under static tension and tension-tension fatigue for four different ply-drop con-
figurations, in which they found stair cased-grouped and dispersed-overlapped specimens
exhibited preferred structural performance by retaining their bending stiffness up to failure.
Cairns et al. (1999) have explored various factor for design with composite structure with
ply-drop. These factors include thickness, ply stacking sequence, ply drop geometry and
manufacturing considerations. In addition, fatigue loading is considered with respect to de-
lamination initiation and growth. Varughese & Mukherjee (1997) developed a novel ply
drop-off element, which consist of eight-node quadrilateral isoperametric for taper laminate
composites analysis and also developed global structural matrix without increasing size.
Craig and Fleck (2005) conducted an experiment on tapered laminates in presence of axial
compression loading. In which they observed that mode of failures near the dropped plies
are micro buckling or delamination. Vidya Shankar and Murty (2001) studied the effect of
resin pockets near ply termination zone for in-plane strength, in which they identified high
stress concentration zones and Effect of number of dropped plies on taper section. Kim et.
al., (1999) have generated patch wise optimal layup design method for the tapered compo-
site laminates, in which the optimal solution was obtained by integration of an expert system
shell, genetic algorithm (GA) and Finite element method. Curry et al. (1987) analysed 16
ply graphite epoxy laminates with four plies dropped at the midplane using a two-stage fi-
nite element technique. An experimental study of the same laminate shows failure analysis
under predicted failure load was significantly about 33%. P.D. Mangalgiri and Vijayaraju
(1994) carried the finite element analysis of graphite/epoxy composite materials on a ta-
pered beam with external dropped ply and found that delamination occurs at dropped ply
near thin section. Her (2002) described a combination of analytical and numerical method to
solve the ply-drop off problem by using Eigen function expansion method. Morton et al.
(1994) proposed a simple method for the design and assessment of tapered laminates. Cui et
al. (1994) studied of step spacing and found that small step spacing create significant effect
on delamination stress, however, when the spacing is grater then certain value, the effect is
negligible. They compared two extreme cases where delamination stress varies by 27%.
Dhurvey and Mittal (2013) studied effect of different lay-ups and different ply drop-off ratio
(Th/L) under tensile loading. Some other studies like Cairns et. al., (1999), Obata et al.
(2020) and Gordon et al. (2020) has also explored the various factor for designing composite
structure with ply-drop. These factors include thickness, ply stacking sequence, ply drop
geometry and manufacturing considerations.

2. Materials and Method.

In present study two different ply drop configurations, overlapped-grouped (O — G),
overlapped-dispersed (O — D) are considered as shown in Fig. 2, a, b respectively. For both
configurations constant parameters are length of the laminate, thick and thin section, and
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taper angle. Carbon fibre reinforced polymer (CFRP) as plies material and epoxy as resin
pockets are taken for analysis. Table 1 and 2 shows properties of CFRP ply material and
Epoxy respectively. Dropped plies and their adjacent plies are considered as selective plies

for present work.
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Fig. 2. Laminate structure, a — staircased-grouped, b — staircased-dispersed.

Table 1. Properties of CFRP ply material.

Longltufilnal Out of plane Inplane
. Tensile . Transverse
Elastic Shear . , Tensile and ) Shear
Poisson's and Com- . Tensile and
Modulus Modulus Ratio ressive Compressive Compressive Strength
(GPa) (GPa) p Strength p (MPa)
Strength (MPa) Strength
(MPa) (MPa)
E|]=13,0 G12=5,0 V12=0,35 XT=1300 YT=70 ZT=100 S12=70
E»=10,0 G»3=5,0 v23=0,35 Xc=1050 Yc=240 Zc=240 S$53=50
E33:10,0 G13:5,0 V]3:O,35 S13:95

Table 2. Properties of Epoxy.

Elastic Modulus Shear Modulus Poisson's Ratio ll;f::;ilseag?r;sglg Shear Strength
(GPa) (GPa) (MPa) (MPa)
E=39 G=18 v=0,35 X=70,0 §=50,0
Lay-up:

In case of overlapped-grouped, three plies are dropped together with lay-up configura-
tion [0¢ / 65 /05 ], and in case of overlapped-dispersed, plies are dropped between contin-

uous plies with lay-up configuration [05 /6, /0/6,,/0/6,,/0,]. All plies have been

taken at zero-degree orientation for analysis. Length of thick and thin sections are 7,5 mm
each and taper section length is 2,25 mm. Taper angle is considered 11,3° for both the
models. The displacement and the force boundary conditions are chosen as follows: u =0 at
X=0,v=0at Y=0 and w=0 at Z =0 and uniform pressure at X =L on Y —Z plane

(o, =350 MPa). All the datum cases for numbering the plies is taken as ¥ =0 plane.
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3. Finite Element Modelling. A Finite Element Method (FEM) is used for the analysis
of the configuration described in the earlier section. Commercial software package ANSYS
14.0 APDL is used in the present study. The region where plies are dropped is discredited
using solid 20-noded 186 layered elements having six degrees of freedom at each node. At
the ply drop area the mesh refinement is such that the smallest element is about one-third of
the ply thickness (4 =0,15 mm) as shown in Fig. 3, a, b for overlapped-grouped and over-

lapped-dispersed respectively.
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Fig. 3. Finite element models, a — staircased-grouped, b — staircased-dispersed.

In the present aspect, only one element is used to model in Z direction so there is no
variation of stresses in the width. Failure load factor, using Tsai-Wu failure criterion given
below which takes into consideration all the six components of stress and strength, are de-
termined for different fibre orientations.

f= Ho+ Hyo, + Hyo3 + H,0/0, + Hy30,03+ H30,05+ H”U]z +

2 2 2 2 2
+ Hyoo" + Hyzoy" + Hyyo,” + Hsso5™ + Heooy” s

where
1 1 1 1 1 1 1 1 1
T A A A S 5 L R A A
T Ac r fc r ‘c r4c ric r4c
1 1 1 1 1
Hyy =——3 Hss =— =3 Hyy = S[HyHyy s Hyy = S[HypHyy s Hyy =S HyHs
Sxy Syz 2 2 2

¥ zz? “xy? Yyzo “xz
At the beginning, the effect of mesh refinement on the convergence trend of stress was
investigated. Hexagonal mesh is considered in this analysis. Table 3 illustrates the conver-
gence trend for significant stress in ply no. 6 near ply drop location. The result indicates
good convergence trend and small element size 0,0625 was chosen along X direction for all
subsequent study.

and{0'1,0'2,0'3,04,0'5,0'6}:{0'xx,0 O, T, T, T }

Table 3. Convergence trend for significant stress.

Nodal spacing (mm) Oxe (X=9,75 mm) Oy (X'=9,75mm) Ty (X'=9mm)
(MPa) (MPa) (MPa)
0,15 417,07 29,75 - 7,86
0,0937 450,72 40,63 -11,3
0,0625 454,55 41,7 -12,61
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4. Results and Discussion.

4.1. Stress distribution for laminate due to taper. Stress distribution contour plots for
overlapped-grouped configuration are shown in Fig. 4. All the resin pockets are arranged in
a line. Longitudinal stress (454,55 MPa) is higher at vicinity of resin pocket which is near
the thin section compared to that of other sections of resin pockets. Maximum value of lon-
gitudinal stress is found at last belt ply. Interlaminar normal stress was observed with a max-
imum (41,7 MPa) at the tip of resin pocket near thin section and minimum (-27,5918 MPa)
at position of first ply-drop. Value of Interlaminar shear stress under resin pocket, near thin
section was observed to be maximum.
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Fig. 4. Stress contours overlapped-grouped (O — G) (8 = 0° ) with taper angle & = 11,3;a —
Longitudinal stress X — direction, » — Normal stress ¥ — direction, ¢ — shear stress X — Y plane.
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Fig. 5 shows stress contour plots for overlapped-dispersed configuration. High value of
longitudinal stress are observed near all resin pockets and observed maximum at position of
first ply drop near thick sections as compared to other sections. Interlaminar stress is found
positive at tip of all resin pockets. Change in sign of interlaminar shear stress is observed at
the upper and lower portion of resin pockets.
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Fig. 5. Stress contours for overlapped-dispersed (O — D) (6 = 0°) with taper angle
a =11,3; a — longitudinal stress X — direction, b — normal stress Y — direction,
¢ — shear stress X — Y.
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4.2. Trend of Stress Distribution. Fig. 6 shows stress distribution along laminate length
for selective plies which contributes to the ply-drop. Longitudinal stress, interlaminar nor-
mal and shear stress distribution for staircased-grouped and staircased-dispersed are shown
in Fig. 6, a — c and Fig. 6, d — frespectively.
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Fig. 6, a — c showing stress distribution in selective plies along length of laminate for
overlapped-grouped [ 0 / &5, / 05 ].
Fig. 6, d — f showing overlapped-dispersed [05 / 8,, /0/ 6, /0/ 6, /0,], 8=0°.
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4.3. Failure factor Variation at the vicinity of taper using Tsai-Wu Criterion. Fig. 7
and Fig. 8 shows failure factor variation along the length for selective plies. In overlapped-
grouped configuration, it is found that for plies 6 and 10 failure factor value is maximum at
the tip of resin pocket near the thin section. At the starting position of taper region, value of
failure factor in dropped plies is observed as significant and for first dropped ply it is the
highest. In case of overlapped-dispersed, for all continuous plies at those areas where plies
are dropped, significant value of failure factor is found. Maximum value of failure factor is
observed in ply 11 at the tip of resin pocket.
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Fig. 7. Failure factor for selective plies in O — G configuration using Tsai-Wu criterion.
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Fig. 8. Failure factor for selective plies in O — D configuration using Tsai-Wu criterion.

4.4. Interlaminar Stress Distribution near taper section. Interlaminar stress variations,
with respect to the thickness of laminate at different positions near the taper section are de-
termined for both configurations as shown in Fig. 9 and Fig. 10.
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Fig. 9. Interlaminar stress variation along thickness of laminate for S — G configuration,
a —normal stress (a,), b —shear stress (z,).
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Fig. 10. Interlaminar stress variation along thickness of laminate for S — D configuration,
a —normal stress (0y), b — shear Stress ().

For O — G configuration, high normal stress with steep gradients is found at the tip of
resin pocket near thin section, which signifies maximum delamination possibility there.
Again, for the same configuration, interlaminar normal stress at the tip of all resin pockets is
observed as high and positive which shows possible delamination sites.

4.5. Delamination growth Prediction at the junction of selective plies. Variation of in-

terlaminar stress at the junction of the selective plies near resin pockets are shown in Fig. 11
and Fig. 12.
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Fig. 11. Interlaminar stress variation with taper length at junction of selective plies for
O — G configuration, a — finite element model, b — normal Stress (o), ¢ — shear stress (zy,).
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Interface of plies are reported with different colours. In case of overlapped-grouped, in-
terlaminar normal stress value for PATH 2 and PATH 3 (Figures discusses about path 1
and 2) at the position which is near the tip of resin pocket is observed higher than those for
the remaining paths, indicating the greatest possibility of delamination onset/growth along
them. For over lapped-dispersed, for configuration at all resin pockets, Interlaminar normal
stress (ILNS) values across the lower interface are found higher than those for the upper
interface, indicating greatest possibility of delamination onset/growth along lower portion.
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Fig. 12. Interlaminar stress variation with taper length at junction of selective plies for O —
D configuration, a — finite element model, b — normal stress (ay), ¢ — shear stress (zxy).

5. Conclusions.

In the present work, stress analysis has been performed on two different ply-drop con-
figurations of taper laminate for investigation of individual plies strength. Possible delami-
nation sites are observed by considering interlaminar stresses. Layered 3-D finite elements
are employed to model the layered zone. The variation of stresses along the length and
thickness of the laminate are obtained. Tsai-Wu failure criterion has been used for determi-
nation of failure factor for individual plies. Inferencesof results indicates the following

Stress concentration was found at the vicinity of resin pockets.

Longitudinal stress value for both the models were observed high at the position of resin
pocket, near thin section.

For both the models, longitudinal stress value is found to be maximum at the last belt
which shows that there may be local bending present at outer belt ply.
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Steep gradients of interlaminar stresses are noted in the taper region, suggesting the vul-
nerability of these sites for delamination onset/growth.

Value of failure factor was observed high at ply-drop position, indicating load transfer
mechanism of dropped plies to adjacent plies.

In case of overlapped-grouped (O — G), interlaminar normal stress was found maximum
and positive at the tip of resin pocket near thin section indicating possible delamination site.

In case of overlapped-dispersed (O — D), interlaminar normal stress was found signifi-
cant and positive for all resin pocket tips, suggesting delamination sites are spread at dis-
crete positions inside the laminate.

For overlapped-dispersed, all the configuration ILNS values across the lower interface
were found higher than those for the upper interface for all resin pockets, indicating greatest
possibility of delamination onset/growth along lower portion.

PE3IOME. CyyacHa aepoHaBiraiiiiiHa KOHCTPYKIlisSi BUTOTOBISIETHCS 3 JIAMIHOBAHOTO KOMIIO3HUTY,
IIapH SIKOTO 3aKiHYYIOTHCS B OKPEMHX IIOJOXKEHHSX I 3a0C3IEYCHHS KOHYCHOCTI. 3aBEpIUCHHS IIapy
Ha3MBA€THCS MAAIHHAM [Iapy. 3MiHA TOBLIMHH JaMiHATHOTO KOMIIO3UTY JOCSTAE€ThCS 3MIHOIO KiBKOCTI
[IapiB IPOIMOPILIHHO 3MiHI ToBUIMHU. L]e BMMarae 3akiHUeHHs HIapiB BCEpeauHi JaMiHATy. Y 1[bOMY JOCIi-
JOKEHHI JUIs aHaJIi3y MpY HaBaHTaXXCHHI Ha PO3TAT OyJo B35ATO JBI pi3HI KOHGIrypauii naaiHHs mapy: nepe-
KPUTO-3TPYIIOBaHi 1 mepekputo-po3cisHi. [ aHali3y BUKOPHCTOBYEThCS KOMEpIlifiHe IporpaMHe 3abe3Ie-
4yeHHs cKiHueHux ejeMeHTiB ANSYS 14.0. J{nst moOymoBu reoMeTpii MOl pO3IIISAa€ThCs OaraTomapoBuit
TPUBUMIpHHUIA CKiHYeHUi enemeHT (By30a 186 SOLID 20), sikuii Ma€e 1IiCTh CTYIEHIB CBOOOAN B KOKHOMY
By31i. Kpurepiii Tsai-Wu peasnizoBanuii Juist OTpUMaHHS 3Ha4YeHHs KoedillieHTa pyHHYBaHHS ULl OKPEMHX
mapis. MixmiapoBi Bapianii Hanpy<eHb B3J0BX HOBEPXHI HOJiIy MIapiB BU3HAYAIOTHCS A iHiriamisarii
MOXITUBHX MiCIb po3iiapyBanHs. [l 060X KoH}Irypariif BCTAaHOBICHO, IO 3HAYCHHsI KoedillieHTa pyiHy-
BaHHS € MaKCHMaJIbHUM Y TOJIOKEHHI MEepIIoro HaKiHEYHUKA TOJIIMEPHOT KHILeHI. Y BUMAKy 3rPYITyBaHHI
MIEPEKPUTTSl pO3LIapYBaHHS BiIOYBa€ThCsS B MICIi MOOIM3Y TOHKOI JUISHKH, aje Y BHIIQAKY 3 PO3CISTHHS
HEePEKPUTTSAM BOHO MOIIUPIOETHCS HA OKPEMi MO3HLT 1O JIaMiHATY.

KJIIOUOBI CJIOBA: naninus mapy, JamiHat, po3liapyBaHHs, MiXkIIapose HanpyskenHs, ANSYS,
KOe(illieHT pyiiHYBaHHS.
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