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Experimental and theoretical investigation of the critical load of U-notched laminated
composite specimens under in-plane shear loading
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ABSTRACT: Numerous failure models for prediction of the load-carrying capacity of cracked and
notched laminated composites have been of interest to researchers in the field of fracture mechanics.
The cause of the importance of this subject was the extensive use of notched composite laminates in
aerospace industries in the last decades. In this investigation, it was tried to predict the load-carrying
capacity (critical failure load) of U-notched laminated composite specimens with various layup
configurations under pure mode Il loading (in-plane shear loading) conditions, by utilizing a simple
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and novel concept proposed recently by the authors. The new composed criteria have been proposed in
the field of orthotropic fracture mechanics for the first time. For this aim, by using a newly proposed
concept, namely the virtual isotropic material concept, and combining it with two well-known brittle
fracture criteria in the field of linear elastic fracture mechanics, namely the maximum tangential stress
and the mean stress criteria, the experimental results of the failure of the U-notched laminated semi-
circular bend composite specimens under pure mode II loading condition, were theoretically predicted
by using new last-ply-failure load curves. It was revealed that the experimental results are in good
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agreement with the theoretical predictions.

1- Introduction

A careful literature survey on fracture prediction of
laminated composites indicates that there are generally three
different approaches for this purpose: i) the models based on
fracture mechanics [1, 2], ii) the stress-fracture models [3, 4],
and iii) the progressive damage models [5, 6].

To the best of the authors’ knowledge, no paper or
technical report is available in the literature dealing with
fracture analysis of U-notched composite laminates. Most of
the fracture investigations on notched composite laminates
or laminas have been performed on O-notched (open hole)
and cracked (slit) specimens. To simplify the procedure of
the Last-Ply-Failure (LPF) prediction in U-notched laminated
composites, it is tried in the present study to use directly the
Linear Elastic Notch Fracture Mechanics (LENFM). For this
purpose, the composite laminate is equated with a virtual
isotropic plate of the same thickness and some brittle fracture
criteria in the context of LENFM are utilized for failure
prediction [7, 8].

2- Experiments

The experimental work is carried out on the Epon 828
as a thermoset epoxy resin or matrix material reinforced by
the E-glass unidirectional fibers. The composite laminate is
fabricated by the vacuum bag-autoclave molding technique.

*Corresponding author’s email: a_torabi@ut.ac.ir

According to the VIMC, which is described in the
next section, for predicting the last-ply-failure loads of the
U-notched laminated composite specimens, two important
laminate characteristics, namely the ultimate tensile strength
(o.) and the trans-laminar fracture toughness (X, ), should be
specified. The average values of 9. and &= for the three types
of lay-up configurations, namely unidirectional, cross-ply,
and quasi-isotropic laminates tested are presented in Table 1.

As shown in Fig. 1, a U-notched semi-circular bend
laminated composite specimen is placed on the two bottom
supports located at the same horizontal distances from
the center of the specimen. The compressive load (P) is
monotonically applied to the specimen along the vertical axis.

Table 1. Mechanical properties for three types of laminates

Lay-ups o, (MPa) K,, (MPaJm)
Unidirectional 876 414

Cross-ply 498 30.7
Quasi-isotropic 442 34.1
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Fig. 1. A USCB laminated composite specimen subjected to
mixed mode I/II fracture test under TPB loading

3- Methodology

Considering that the values of o,and X, are available
for the composite laminate, a new concept, called the Virtual
Isotropic Material Concept (VIMC), is proposed with the aim
to take an engineering permit to use LENFM criteria for LPF
load prediction of notched composite laminates. According
to VIMC, a virtual brittle material, as an equivalent isotropic
material, is employed for simulating the bulk behavior of the
tested composite laminate. This means that a real laminated
composite material is equated with a virtual isotropic brittle
material for predicting the LPF loads of the U-notched
composite laminates. For more clarity of this new concept,
Fig. 2 represents the VIMC schematically, by which the
orthotropic composite laminate is equal with a linear elastic
isotropic brittle plate of the same thickness.

4- Stress-based Brittle Fracture Criteria

According to VIMC described in Section 3, the critical
stress o, and the plane-strain fracture toughness K. values
for the isotropic brittle material can be replaced with the
ultimate tensile strength o, and the trans-laminar fracture
toughness K, values for the orthotropic composite laminate,
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Fig. 3. Prediction curves of load-bearing capacity of semi-
disk bend composite specimen versus the notch tip radius for
unidirectional, cross-ply, and quasi-isotropic laminates.

respectively in order to use the MS and MTS criteria for
LPF load prediction of the U-notched laminated composite
specimens.

Finally, two important expressions can be proposed

to calculate the critical distances for the VIMC-MTS and
VIMC-MS combined criteria as follows

rczzi(&)z (1)
T o,
2 K
d ==Ly
¢ ﬂ'(O'u @)

Hence, because of the linearity of the FE analyses, the
LPF load predicted by the VIMC-MTS criterion can be easily
computed for an arbitrary load (e.g. 1000 N) as

Posess =—2- (1000N) 3)
66
O,
P =22 - (1000N) 4)
O

Linear elastic isotropic
brittle plate

Fig. 2. Virtual isotropic material concept
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5- Results and Discussion

As previously mentioned, the theoretical results of the
LPF load for the VIMC-MTS and VIMC-MS criteria are
obtained from Egs. 3 and 4. To compare the results, the
variations of the theoretical and experimental LPF load
versus the notch root radius are depicted in Fig. 3, for three
types of lay-ups, namely unidirectional, cross-ply, and quasi-
isotropic laminates, under pure mode II loadings.

The average discrepancies for VIMC-MS and VIMC-
MTS criteriaare 9.3 % and 10.8 %, respectively, demonstrating
that both criteria can provide good predictions to the LPF
loads of the USCB laminated composite specimens under
pure mode II loading conditions.

6- Conclusions

The concluding remarks regarding this investigation can be
presented by the following bullet points:

. To avoid layer-by-layer failure analysis, employing the
progressive damage models, and writing subroutines, which
are time-consuming and rather complex, the orthotropic
composite laminates with three different lay-up configurations
and two numbers of ply were equated with virtual isotropic
brittle plates of the same dimensions by means of the novel
Virtual Isotropic Material Concept (VIMC).

. It was found that both combined failure models, i.e. VIMC-
MTS and VIMC-MS models, are well capable of estimating
the LPF loads of the U-notched composite plates under pure

in-plane shear loading conditions.
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Table 1. Mechanical properties obtained for three types of unidirectional, cross-ply, and quasi isotropic laminates
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Fig. 4. The stress-strain curve related to unidirectional,
cross-ply, and quasi-isotropic laminates
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Fig. 6. 16-layered Semi-disk bend composite specimen at the
moment of critical load recording
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Table 2. Experimental critical loads related to last-ply-failure of
16-layered unidirectional, cross-ply, and quasi-isotropic semi-
disk bend composite specimens, under pure mode II loading
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Table 3. The calculated critical distances for three types of
unidirectional, cross-ply, and quasi-isotropic laminates

Sy alols Sy alole e &Y
(Grorles co ) Grosle o )
\IE s R
vI§ I ablize
YIA QA Forgplas




YEA B YEVY doxio VFe v Jlo & 0yled OF 093 ¢3S prol CSilSin (i &yt

b st 878 (0) k) 05l o (St GBS 390 o)Ll
=S5 ke Geb p ) )Ll (059l GlaaYaum Sl
Ol ssherme A5 S L 5 silre gl ol porie

2,08 o0

O,
Fontc-srs = 67’4 -4000N )

00

e plea «(B) saluly o L mging 5l pslaie a5 0gh 2o
sheome 25 81>l 5 (55lne 09595l Bole porde (oS 5
s 300 b sl aseis (0) Alal, o a5 jslilon bl o
Sgaze Hledl 1581 o 5l 5l saelccnsy Jae sla il yle
b O g gm Sl (gals WYz led plSoil
eSS arg bl b st )b g eleds Sl b pale
S 5l sheme (A5 ST jlne b (g3lme 9595 B3l pspde
B osse o)t (geelS AVaiz sk Cudb e S0

PSR SRR
azg b o)l ((jemels sloaYaiz Jliu Jb (i 4 )b
Slme b lome g 59l sole pagie 5l ond S 5 waz jlre &
Silre 2apgnl bole pogie (oS5 Jlme ailes bawgie a5
e 5o a8 Dolds pl b wdloe e 25 2STa> las
Sl chawgie 25 lne 5 (55lme 0959l Bobe porde (oS 5
2° 5bss odileS (d) Sl Aol )3 (o) Sheme sla 2
4, a bily; opaly 25 5 pepch 4 axg b sl

10000

8000 1 R

LR I s A
VIMC-MTS (Uni)

4000 _— VIMC-MS (Uni)

° Experiments (Uni)
VIMC-MTS (Cross)
—_——— VIMC-MS (Cross)

Last-ply-failure load (N)

2000 v Experiments (Cross)
VIMC-MTS (Quasi)
—_— VIMC-MS (Quasi)
* Experiments (Quasi)
0 " " " ;
0 1 2 3 4 5 6

Notch tip radius (mm)

LYz (aiges 525k Cudib ol (St e A KD
w5l sl STgi gl Ol okl oy (Mo a0 (2 9405
Porgnland g ablite g ST (SezaY
Fig. 9. Prediction curves of load bearing capacity of semi-disk
bend composite specimen in terms of variations of notch tip ra-
dius for unidirectional, cross-ply, and quasi-isotropic laminates

D9 s
lp 45 5 0,90 sgazme Gladl 33l 5 o adgl J>lye plol 5l oy
FINE LogSLT 1580 o 5 5l ool b Lo g jlwdncs caled (g’ oyl
Sl als oals memme 8975 (S (n fege el 485 D jp0
Doz lolne 4 4z b 45 wdlge dgame Gledl I3l 5 9,
5SS 5 555 Slge sl eadle sl lone 5l s Selis a5 oS 5
Hi8le y Slaise olfiws (@l ailes 51 L8 Wb waanl o)Ll o
o 4y by e ol g oads baws el cll 4y 55 S
Dgd odilgm L gl ead yastine s")"“ alols o ‘Slaw
roShen Aol o Jhoe 5 mls Gailes sg A S
pyY wBlioe (g Too e olgSds 6)Led )b 5 (5=50") Al 9o
Jliﬁh’l—’ A}‘s e OMTWJJ G‘Q.JLA U’“‘"’ FLIGW C'L...oy L

Al oo
P e g (695 @l (Gt 8975 B Sl Y (i cnl o
Sl ‘n)y ‘J...L';u C,L'L‘" ud.:‘? )| J.d Dgls ool oy dgdze UL"'”
IS e 5 55,5 Jlacl tigai & o 530 Ll b
i b oS 350 283 55 Jlael 5 jake O 0 4 digad SV &
slaYar b cud b o (iegh el Bos aSl 4
slizl Joe @ az g b o)l (205500l8 &Viz &ged Jlom L 6
O axg b JA 008 o cadgilednd g gl Sguse
255 Slge Sl slas 98 50 A 9 5k omle il Gog >
bR Sl by o)kt (Ljels AVaiz p)k bl
o9l Sole porhe S SeS & (598 Bl b Sl
ploul &3y )b 00,5 o dnlors aore iid iSTas Jlas 9 (g3l
Jbe Olgre a) ol Jb al & Cnl ©)j90 (no (St
4255 b g 1995 o0 Jlosl oadig sl gl 4y (G50 T e -
o dlold ¢l oMTwJ{)lmhsla:Wui;S,ﬁSl»)L,M@
slsl,y o Lwo 53 ey 5l (0,) sdnliewsy oo i35 (1)
e D9 0 0kl ¢ Sl bl astine Aol 1o g L jleens
(c,) IRV WY ALl 4 axgi b g Lailg, yogy s 4 >3 b

90l LY CwSl b s 050 (0 jeelS Vi ol

YENY



95 95 SenSB )L Ol b (59! 4t 5 ablits g SO)
LS ule B 0o 10 5 00l dglie oadolpiion oS 5 o

e cr ()l g dmlie (025 5 (558
WYNF glaises )b byl i g & SO
—5 ket b i Sewdns sl 4nh g ablite xS
Teoss 4 piY s oo s ]y (Al 98 99 (IS ,L s (SS
ol o 4y (2,25 S (sled @l e 9 it LB Gl &5
Lo JSo ,0 o b ol oo 08,9] xS & g0 & s
Mals’ oz asY o (sl 075 bt 45 393 oo ateis olS5 (i
e g gdly galold) (DM SSma (9 5 e D9
s 5l 2ol 5l S aileads 155 ol o b (s o
S9) 2 TRy £5 waly 9 atie ;i gl oo a8 5 IS
gl 5l oS 52 sl o Jds (oo Bl 0 (6555 Sl
(b 5l a8, Dise e b gilednd (camaY
a8l S sl » gl onl 5o 0Bl psgde aSul
Sy ez Slapsilie (38 S 00sl hnd Bloe 099l Slge
RmalS slaaYaiz o casls (65,8 sl 0 5l i
Sl sleiags ;o (Jods (ren 4 sl S5pin (9959300508 0l5)
Soat 503 D)le g bap ilSee (nl (28,5, 1a5,0 LB 09 b oo (an
ABlg «Seyg 55yl olge LSl )18, (28 5 a0 b (6,55 Ll
Sygre &S5 oal 53 dins 205 &) b g (ol )3 9290
Slr @ @ 5 il @l m ST 3925 L a5 Sun
Sgdoms jleany OS] ol e ooy sl iz Y ples
odle pogie Coddge Silo & wanl (qwiige Jo8 JB o3k 0 g

el O (Solos e 55 g3lme 95853

s G55 le ool o 008,85 S0 oS 5 slolone
aieelS LY o ol ploaul 5 Sl Alols o hhwgis
stoline conls Cad s Byb 5l 00,5 e 8 ead ioles]
2 odd gt (Sl )b Ol 5 ged 4 Jleelolgds Jb le
) cole 5o blise HlE50 0l S5 Wax oS 5 Jlae &b
potde (smS  Wox Jlee Bk 0l 53 Slsgi Sl ()

bl fawgie (i3 lae 5 (53l g 89l Bole

Bonvicvs = i""OOON
T Oy *)
Sexe ples «(F) akuly jo )b Gwging Sl skiie oS 09l cds

Db oo bawgle (25 JLae g 55l g9l Bole popie S S

e g b Y

L -V )

OSSN (O e Ceend 90 4 az g b (e nl o
29995 Ll sladelos 5 (uj5elS slaaYoaiz Sl Jolgd
@l Gt (SRR Gl bl s Sl Jolst el
IS (phed Sendps (ShjeelS slaaYair o8 @l
R oMk slel E3d9e 4 azgi b 0o S oo plnl
e S SuiselS gaYar b cudb ol
b Ol bl G g (JSime L 5>
55 bl o i Sl b Ol 5 Bl Sl
L ilre o9l Bole parde a5 (S oz (oS5 b
4 208 oo )] chwgte 15y aome (S ASTas Jle 90
Groskee ¥ 9 V1) )L S5 slo gl 5lplas jo 50 Koo o )le

loasYouz 51 plas o sl sowliamas olfisle;] St |b oyl

P9y gl a9 abliio A ST LY 18 baiges gl oudolpguloy (oS 5 Wa (BS99 (22 TS ube SWE oo ys F Joua

(42235 00) (A5 90 g0 (6,5 s i ¢SS g1 sl (G5l (o Sy

Table 4. Discrepancies between experiments and new combined theoreties proposed for 16-layered unidirectional, cross-
ply, and quasi-isotropic semi-disk bend composite specimens containing U-notch, under pure mode II loading
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Fig. 10. Semi-disk bend laminated composite specimens with
U-notches at the moment of critical load recording for showing
the local damages caused by load and boundary conditions
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