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Development of a sliding-tearing mode fracture
mechanical tool for laminated composite materials

Andras Szekenyes

Abstract-This work presents the mixed-mode Il/lll pre- o the 6-point edge crack torsion (6ECT) [23],
stressed split-cantilever beam specimen for the fracR#N \yhere the systems can be classified into two essential groups
of composite materials. In accordance with the concept Qfam and plate specimens. This short review shows that the
prestressed composite beams one of the two fracture modegd$elopment of mode-Iil fracture tools is still in progress
provided by the prestressed state of the specimen, anditBe of,e main reason for that is each system is useful and -
one is increased up to fracture initiation by using a testingore or less - works fine, in spite of that there are also

machine. The novel beam-like specimen is able to providgnificant drawbacks compared to the relatively simple @od
any combination of the mode-Il and mode-Ill energy releage; g mode-Il tests. Among others, the complex fixtures, the
rates. A simple closed-form solution is developed using™edyifficyit data reduction and specimen preparation (mainly i
theory as a data reduction scheme and for the calculatidreof blate specimens) can be mentioned. When a mode-1Il system is
energy release rates in the new configuration. The applityabi 1, pe chosen, one of the aspects can be whether the system can
and the limitations of the novel fracture mechanical test afg extended for mixed-mode 1111, 11111 and /Il condbns
demonstrated using unidirectional glass/polyester @O o not, |n this respect the composite literature offers the
specimens. If only crack propagation onset is involved then following mixed-mode configurations:

mixed-mode beam specimen can be used to obtain the fracture

criterion of transparent composite materials in @g - Grr; « the prestressed end-notched flexure (PENf;) [24],
plane in a relatively simple way. « the 8-point bending plate (8PBP, mixed-mode I/1ll) sys-

Keywords-Composite, Fracture mechanics, Toughness test- tem [25]’_ . )
ing, Mixed-mode 11/l fracture. «» the 6-point bending plate (6PBP, mixed-mode II/Il)
system [26],
I. INTRODUCTION « the prestressed split-cantilever beam (PSGE) [27],

The investigation of the interlaminar fracture toughnes o * the double-notched split cantilever beam (DNSCB,
composite materials is important due to their susceptjbili ~ Mixed-mode II/1ll) [28].
to delamination caused by e.g. low-velocity impact, edde the case of PENf,;;; and PSCB,/;;; systems beam-
effect or combined mechanical load. Linear elastic fractulike specimens are used, and one of the energy releasesates i
mechanics (LEFM) implies mode-I, mode-Il and mode-liprestressed providing a fixed value, while the other compbne
fracture conditions [1]. For mode-lI and mode-Il there ans increased up to fracture initiation. The advantages are
standard tools to help the design of composite structurdmt there is an analytical reduction technique, the spatim
with cracks and notches [2], [3]. The international staddargeometry is simple and both uni- and multidirectional lay-
(ASTM, ESIS) propose also fracture tools for the mixed-modgps can be applied, however the drawbacks are that the mode
I/ll cases [4], [5]. There is a quite different status comsidg ratio changes with the crack length and applied load [27].
the mode-Ill fracture of composites. Based on the staterbf-The 6PBP and 8PBP systems apply cross-ply laminated plates
review of the present situation the following tools are &lde subject to bending and because of that specimen preparation

for mode-lll delamination: requires much effort [25], [26]. Moreover the data reduttio
« the crack rail shear test (CRS) [6], is possible only by a finite element model including virtual
« the split-cantilever beam (SCB) [7], crack-closure technique (VCCT) [29] and cohesive zone inode
« the edge-crack torsion (ECT) test [8]-[13], (CzZM) [25], [26] applications. The newest development is th
« the modified version of the split-cantilever beam [14]DNSCB test, which eliminates the torsion in the SCB test by
[18], applying a double-notched beam with applied loads parallel

« the anticlastic plate bending (APCB) method [19], to the delamination plane [28]. While in the case of the plate
« the mode-lll four point-bend end-notched (4ENP bending and prestressed beam specimens any mode ratios can

[20], be produced, in the DNSCB system it is not possible. This
« the four-point bending plate test (4PBP) [21], short introduction shows that this field of fracture mechani
« the updated version of the modified split-cantilever beats not sufficiently mapped, and that we need more elaborated
[22], tools to gain information on how the composite materials

. o ) ) behave under the presence of the mode-Ill energy release rat
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beams was applied first for mixed-mode I/l [30], later it
was extended to I/l [24] and I/lll [27] cases, respechjve
Although the PENF;, ;77 [24] worked, the crack length was
restricted by the central load introductor of the threeapoi
bending setup, on the other hand that was the mode-IIl ener
release rate (ERR), which was initially prestressed. Dubeo
small compliance of the MSCB system the accuracy of th
test was not satisfactory. In the present work we introduc
the mixed-mode /1l version of the PSCB system. It will
be shown subsequently that the previous analytical solstio! *
can be used for data reduction of experiments performed
E-glass/polyester material. Then, a finite element argligsi
conducted to show the distribution of the energy release ra-— ||
during the fracture process. A fracture criterion based o
the average energy release rate (over the specimen width)
introduced. Finally, the fracture envelope in tGg;-Gyy is
constructed and compared to those created irGth&:;; and
G1-Grrr planes based on previous works.
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Il. THE PSCBSPECIMEN FOR MIXEDMODE II/1II b.
CRACKING

The PSCB;,rrr specimen is the combination of the end-
loaded split (ELS) [31] and MSCB specimens [22]. Fig.1
shows the 3D model of the system developed in SOLID-
WORKS. The main idea is based on the principle of superposi-
tion, i.e an ELS-MSCB combination, wherein the MSCB part
is identical to that presented in previous papers [22],.[38]
produce mixed-mode II/lll condition the specimen is pubint
a prestresser tool given by Fig.2. The exploded view shows
that the notched shaft (No.5) is constrained by ball anckroll
bearings, therefore the specimen is free to rotation aldmut t
x axis and its end is fixed, as it is shown by the second figure.
Eventually, by fixing the transversg)(displacement the mode-

Il energy release rate can be set through an ELS configuration
The specimen together with the tool is put between the rigs
of the MSCB system. In Fig.1b No.8 refers to the prestresser
tool. In the sequel we treat the system as the superposition
of the ELS and MSCB systems. The superposition scheme is
shown in Fig.3.

Lubricated surface

Fig. 1. The 3D views of the PSGB,;;; specimen, assembled state (a),
exploded view (b).

1. ANALYSIS

As it is shown in Fig.3 the load denoted I8 5 is related
to the mode-Il part of the ERR, whil®, and P, are the loads
related to the mode-IIl loading. Based on the equilibrium of
the system we have? = Py scp-s2/s1 andP, = Pyscp-  screws small disks were attached. By the proper adjustnfent o
(1 + s2/s1), where Py sop is the load transferred throughthe axial position of the screws it is possible to realize tha
roller C, s; ands, are the distances between rollers A, B andisks belonging to the same grip have almost the same axial
C (see Fig.4). Fig.4 shows the 2D views of the prestress@g position with respect to the-z plane. This involves the
specimen and the loading grips. The mode-II part of the ERBtation of the prestresser tool about thexis, as shown by
is fixed by the prestresser nut. the top view in Fig.4. The moment equilibrium of the system
The MSCB loading rigs transfer a scissor-like load to thabout thex axis is ensured by the shaft and the tube part of
prestressed specimen through rollers A and B. The extertta load transfer plate (refer to Fig.1). For the analysithef
load, Pyrscp is introduced through roller C using a testing®SCB;/;;; configuration we superimpose the solutions of the
machine. To ensure the position of rollers A and B alongLS and MSCB specimens. In some recent works [22], [32]
the thickness of the specimen, they were substituted by grile improved beam theory (IBT) solutions for the ELS and
screws, which can be adjusted by using a screwdriver. TRESCB specimens were presented. The improved solution for
grub screws run over the prestresser tool, and at the ene of tthe ELS specimen’s compliance is [32]:
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whereq is the crack lengthp is the specimen widthy, is the
half thickness,F; is the flexural modulus of the specimen,
furthermore, fEL7 is related to bendingfE47, captures
transverse sheafL comes from the so-called Saint-Venant
effect andf £ accounts for the crack tip shear deformatiorrig. 3. The PSCB;,;;; specimen (c) as the superposition of the ELS (a)
Moreover, L is the span length in the ELS syste@#,, is the and MSCB (b) systems.

shear modulus of the material in they plane andk=5/6 is

the shear correction factor. —| 4L Sideview Front view ,

Grip1 |P
C Grip 1 c
- crack R HH
z ; A HE—=1{Th
[ __|000d@0060) A
' TG o6 o ; e :
% AL\NQQQOQQ T it
R -
& s Steel c z
a Specimen e p Grip 2
Prestresser tool B A Y
6 e = _
VA Q.) E— '
X 1. Hex nut —— T 18
2. Ball bearing Y, i Prestresser screw
1 Free to rofation |y 3. Prestresser block | \F s _
about X 4. Roller bearing .
5. Shaft > M =B =R
6. Set screw Top view
7. Notch
8. Specimen Fig. 4. The side, front and top views of the PSGB;;; system.

where fso captures the crack tip shear deformation [32]:

z 2
Fig. 2. Prestress tool for the PSEB ;;; test, exploded view (a), assembled _ [AWEAE h Eiy
state (b). Jsm2 =1.96 (a) (G13 043 a G13 ®

The mode-Il ERR of the ELS specimen can be obtained B\s a next step we express the force in the ELS system sub-
using the Irwin-Kies expression [1]: jected to imposed end displacement, which is possible to ob-
tain from Eq.(1) using the definition &fz.s = dprs/PrLs:

P2 4cC
=5 6
v 2 da © 1) 2bh3 E 1
which gives: P o — OELS 11
@ FEES + fBh + BN + 1B
P?q?
ELS __
Gri” = 402h3Ey, 9+ fsme] @ Substituting Eq.(9) into Eq.(7) we have:
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b\’ [ E
GELS _ 0pLsh®En 9+ fsm2 Trae = 0.1 (g) <G71;1>,> (19)
at (fEBY + frfin + IS5+ f5EY)?
1/b\°(E
The analysis of the MSCB specimen is detailed in [22]. MICB — 0.06= (7> (G—“) (20)
The improved model takes four mechanical deformations into S \a 12

account: bending and shearing of the specimen arms, the Sain )

Venant effect at the crack front and the free torsion effethe MSCB 51+ 82 b\ [(Ei1\?
delaminated portion. The compliance and the ERR calculated fsva® =032 (1 T g >} (;) (@) (21)
by the analytical solution were compared to the results Lﬂw
a three-dimensional finite element model and an excellent
agreement was found. Since the MSCB specimen is loaded
at four points it should be mentioned that the compliance is 102 < a/(s1+ 52) < 1.09 (22)
calculated at the point of external load application, iteoler  Combining Eq.(9) with (16) the mode ratio of the PSGB;
C in Fig.4, apparently, the compliance can be measured oslyecimen becomes:

at this point. The compliance of the MSCB specimen is:

e condition of at least a 96% mode-IIl dominant test is {22]

G S ) 2
Moo S EES ) (23)
a Grrr 12a Pyscr
CMSCB _ [ MSCB+fMSCB +f]VISCB+fMSCB]
bghEll EB1 TIM1 FT1 S-v1i b where:
(11)
where the terms in the brackets consider bending, traresversf i1 =(9+ fsua)
shear, free torsion and Saint-Venant effect in the MScB’////11 — ' ,
specimen: (Fas P + 15 + 0P + f8155°)  (24)
(FEBY + Frfin + FE50 + 150)?
MSCB S1 4+ $9 51+ 85\ 2 All of the factors in Eqg.(24) have been given before. The
Ep1 =13 +3 accuracy of the analytical solution has already been proved
s1(81 + s2)(s1 + 2s2) ( in previous papers [22], [24], [27]. It will be shown laterath
- 23 Eq.(23) represents the ratio of the average energy relasss r
along the crack front.
2 2 2
MSCB _ s =si (b (En
e —os0- 220 (1) (21) ag ,
2
1 s b E i
MSCB __ - _°1 e ~11 1
P = 019-(1= =) <a> (G12> (14) ! Y
X
MSCB _ 48 a—(s1+52))° b\ (Eu : (15) .
S-vi — Y a a G13
and:
h Gis\?
=1-063u—,u=|—=— 16
S fog o ( G12) (16)
. . /
where G13 is the shear modulus in the-z plane, s; and crack {
so are the distances between the loading rollers A, B and C, V- b

respectively (see Fig.4). Based on Eq.(6) the ERR is given b
P y( 9-4) a.(6) 9 Fylg. 5. The ANSYS finite element model of the PSGR;;; system.

2 2
GMSCB _ 2Py g0pa”

b hEy IV. FINITE ELEMENT MODEL, VCCT
[ MSCB +fMSCB +fMSCB MSCB

EB2 TIM?2 Fra +fs Ve A finite element model shown in Fig.5 was created in the
(17) code ANSYS 12. The elastic properties of the models were:
where Py;scp is the applied load of the MSCB specimenf11=33 GPa,E2»=F33=7.2 GPa,G12=G13=G23=3 GPa and
furthermore: v12=r13=123=0.27. The geometric properties werg:12.8
mm, 2h=6.2 mm,s;=57.38 mm,s,=49.36 mm and the length
MSCB _ 1 _ o (51 + 52> n (51 + 32)2 (18) of the models was.=118 mm (refer to Fig.1). The three-
BBz — a a dimensional model of the MSCB specimen was built using
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linear eight-node SOLID brick elements. The imposed bound- 0 oG |5 <6.25mm G e
ary conditions and the loading of the model are demonstrated ~ , |l-a—g, |P.. -s1275n 1/" F
in Fig.6. First, the model was loaded at the end of the spatime —e—G, 5 o~ \
arm by a displacement value equal dg;s=4.6875, 6.25, 5 20l s )‘?,a\q‘\
8.125, 9.375, 10.625, 11.875 and 13.75 mm providing the © /-’ -~ \‘
mode-II part of the mixed-mode Il/ll ERR. These values £, GT=299-9J/m/,f' A 2‘?\
. . 22400 " 100%) s F G=156.7 Jim® \|
were calculated from the number of revolutions and the pitch g g o (saa%) L
(1.25 mm) of the prestressing screw. On the other hand the 3 160 o ey / y
model was also loaded in planes parallel to the delamination 5 /:,' Va » <X ‘.‘
(from h/2 distance to the specimen side) applying the load 2 ao./ /“ N
values ¢ and P,) which were calculated using the exper- f\b‘ D,D/‘f G,=143.2 m’ '\_
imentally measuredP,;scp loads based on crack initiation o T . (45.'6 *) . »
tests P, = Pyscon - 32/31 and P, = Pyscon - (1 + 32/31))_ 0.00 2.56 512 7.68 10.24 12.80

Specimen width - b [mm]
800

—o— G, | 85=10.625 mm /,a”i“\
P, c2 = 24012 6, Puscs™28625N e 'D—&:éi\
y‘ P, % 3 480.{G =514.8 Jim’ - }Y/f \
v 8 [ \
£ v e P Jim* G=112.1 Jim’
(& 8 Lo o (78.2 %) (21.8 %)
X X , i~‘\'\‘\
Fig. 6. The applied kinematic and dynamic boundary conditiorie finite 0 T " " ] e
element model and the deformation of the PSEB;; specimen. 0.00 2.56 512 768 1024 1280

Specimen width - b [mm]
900

In the crack tip a refined mesh was constructed and the 6.2684.4 Jim’ g Crnex
mode-ll and mode-lll ERRs were evaluated by using the == <\

_ f ) 750 (100 %)\ P o
virtual crack-closure technique (VCCT) [29], the size o€ th F s \
crack tip elements werAz=Ay=0.25 mm andAz=0.64 mm 2600] o, e 7 \
(refer to Fig.5 for the coordinate system). Fig.7 shows the ,é"" il 6y649.1/m \
distribution of the ERRs along the crack front in the case of §450_//"°"°' = (©48%)
dprs=6.25, 10.625 and 13.75 mm. Based on the figures we & i

can see that the mode rat®;;/G;;; changes significantly s 300] Co_ o

over the specimen width. As it can be seen both the mode- & | la—g, ’as™1375mm

Il and mode-Ill ERRs have an asymmetric distribution along £ 450 —e—6,| Twees™ 72N G,=35.3 Jim’

the crack front. Therefore an assumption is necessary when | e (8:2%)

we use this test to develop the fracture envelope of the 0 . ""“I‘ Badioi_LT Sy
material. In Fig.7 the average ERRs were obtained by digidin 0.00 2.56 512 7.68 1024 12.80
the integrated area under the curves by the specimen width. Specimen width - b [mm]

Table I. shows the comparison of the IBT to the VCC-Eig. 7. The distribution of the mode-Il, mode-Ill and total emerelease
results with respect to the average ERR and average madtes along the specimen width.
ratio. The IBT underestimate§;; at most with 24.3% and
underestimatess;;; at most with 24.6%. This results in
a maximum difference of -32.83% in the mode ratio. ThBased on these results the IBT scheme is a possible data
disagreement at these points can be explained by the wiolatfeduction scheme for the PSEB,;; test. Since the ERR
of Eq.(22), because in our case+ s»=57.38+49.36=106.74 varies along the crack front the specimen possess a curved
mm. The error can be attributed to the wrongly designat&#eck front under crack propagation. Accordingly, as itéers
geometrical parameters and not to the analytical model.ifit Fig.7 a constant mode ratio along the crack front is not
must also be noted, that the position of the loading screRgssible to be produced. Consequently, some assumptiens ar
was fixed, and due to the given specimen width we were f&auired considering the reduction of the experimentah.dat
able to choose better positions fer and ss.

Although at some points there is not a so good agreement V- AVERAGE ENERGY RELEASE RATE CRITERION

in Table I, it will be shown later that the fracture envelope In the data reduction and calculation 6fand G;;/Grrr
obtained by the VCCT is almost the same as that of the IBfhe widthwise average values will be adopted. During the
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fracture process it is assumed that there exists a critiB&,E D. Prestressed split-cantilever beam test

which is a material property. Moreover, the crack initiaties e experimental equipment for the PSGR;; test is

the widthwise average of the total energy release rate dsCegemonstrated in Fig.8. The tests were carried out using an
the critical value. The crack initation is expected at théyho Amsler testing machine under displacement control. Thekcra
where - in accordance with the distributions in Fig.7 - th%ngth of interest wag=105 mm. The critical specimen end
local maximum of the distributionGiry,.q. appears. Although gisplacement measured from the ELS test [33] is about 14
the possible errors in the analytically obtained mode ratjg, (if =105 mm andL=118 mm). According to this fact,

is relatively high, we prefer the IBT as a data reductiogeyen different values of the ELS displacemént,s were
scheme, because the finite element analysis requires mygh 4.6875, 6.25, 8.125, 9.375, 10.625, 11.875 and 13.75 mm
computational time. Moreover, the same assumption would Hge setup and the concept of the system is shown in Fig.1.
required if we applied the VCCT to reduce the experimentalmijarly to the MSCB tests, we applied four coupons at each
data. It has already been shown that the IBT agrees exdgllenfisplacement value. The load-deflection data was measyred b
with the widthwise averagé’ if we choose the parameters tqsing the scale of the testing machine and a digitronic atdic

satisfy Eq.(22) [24], [27]. It should be mentioned that aiim (see Fig.8). In each case the critical load at crack initiatias
variation of the mode ratio exists in the other systems t&9, [2 jetermined.

[26], [28]. An advantage of the PSGB;; over the other tests
is that the completé&’;; — G plane can be covered and an
analytical reduction technique exists. In the sequel thailde
of the experimental work is presented.

VI. EXPERIMENTS
A. Material properties

The details of the specimen preparation and the deter- [~
mination of the material properties of the E-glass/polgest
composite material was presented in several other papg}s [2
[24], and therefore we give only the following#;; =33
GPa, FEoy = E33 =7.2 GPa,G12 = G13 =3 GPa and
V19 = V13 =0.27.

B. End-loaded split test

In the case of the ELS test (Fig.1lb) we refer to previous
fracture experiments [33] performed fa=105 mm. Four
specimens were tested and it has been found that the initatio
ERR wasG/¢=706.8t 32.6 J/ni evaluated by using an IBT Fig. 8. The experimental equipment of the PSGR; system.
scheme. This value will be used in the sequel.

C. Modified split-cantilever beam test VI

For the MSCB measurements four specimens were prepare
with ¢=105 mm ands;=57.38 mm,s,=49.36 mm, respec-
tlyely. Each shecimen was put |r1to the Ioa}dlng ng shown e identical (with a very good approximation) to those & th
Fig.1 (or detailed in [22]), the rig was adjusted in order tR/ISCB specimen
eliminate any play of the specimens. Then the specimens were '
tested, the load and displacement values were read from the )
scale of the testing machine and using a digitronic indicatd\- Load and displacement
The crack initiation was identified by naked eye and when theFig.9a shows a recorded load-displacement trace for the
first non-uniformity in the previously straight crack framas PSCBy;/;r specimen ifégrs=11.875 mm. The response
observed it was believed to be the point of crack initiation. follows essentially a linear relation. The PSGRB; test

To justify the average energy release rate criterion avas performed according to the followings. The onset of
additional measurement was done by the MSCB specimerack advance was identified by visual observations. In each
with s;=25.69 mm,s,=22.01 mm, respectively and using fourcase four specimens were tested, one of them was used to
specimens again. The crack length was alsbt05 mm. Based investigate the crack front. The other three specimens were
on the finite element analysis of the system with these geomleiaded continuously and the crack initiation was observed
rical parameters it has been found that the average mode rati situ. Accordingly, the former specimen was loaded sub-
is Gr1/Grrr=0.64. This condition is almost equivalent to thasequently, at some points, where the initiation was expecte
of the original split-cantilever beam test. It has been showhe specimen was relieved, removed from the rig and the
that in this case the distribution of the mode-Il and mode-Itrack front was photographed. When the first non-uniformity
ERRs is symmetric over the specimen width [34], [35]. was observed, then this point was denoted to be the point of

. RESULTS AND DISCUSSION

ﬂ will be shown subsequently that the stiffness, the com-
ipliance and the mode-Ill ERR of the PSgB;;; specimen
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fracture initiation. The results of this process are dertrated

only by a model (analytical or finite element). Thereforee th

in Fig.9b for the PSCBR;,;;; system at a prestressed state witapplication of DBT has no sense in our case and we replace

5ELS:11-875 mm.

350

a.
3. Riscs=265 N A

3004 - \ _d?aaadﬂ

250 2. Crack initiation, By.,=205 N f

1. Unloaded Fa

1 o Measured points
—-—-- Analytical model: 77.91 x
-
T T T T T T T
0.5 1.0 15 2.0 25 3.0 3.5 4.0
Displacement - § [mm]

N
=3
1=

Load - P[N]
g
;

-
=]
o

o
1=

o

g
o

Direction of crack propagation

Straight crack front

Non-uniformity
Fig. 9. The load-displacement curve of the PSER;; system for

drprs=11.375 mm (a). The identification of crack initiation durithg fracture
process (b).

B. Data reduction

the DBT result with that of IBT.
MSCB specimenin accordance with DBT it is possible to
obtain the following scheme for the MSCB specimen:

quscs _3Pr10mscs
DBT 2ba

FUSCP + FHAGP + 500 + 1SR
TERCT I+ SRR IS

(25)
where the coefficients in the parentheses are given by E)s.(1
(16) and (18)-(21). In Eqg.(25)°;;; and dypscp are the
experimentally measured load and displacement valuesat th
point of crack initiation in the MSCB specimen.

Prestressed split-cantilever beam speciméfe obtain the
DBT scheme forGrr of the PSCB;/;;; system if we
replace P;; with Pgrs in Eq.(5) andPr;; with Pysop in
Eq.(25). The application of DBT requires also the knowledge
of additional material propertie€ks, G12, G13) of the applied
composite material.

C. Critical energy release rates

The critical mode-1l, mode-Ill and the mixed-mode II/IlI
ERRs at crack initiation and the mode mix calculated by the
IBT are given in Table I. The geometries tested had prop-
erties ofa =105 mm, 2=6.2 mm, s;=57.38 mm,s,=49.36
mm, L=150 mm for the ELS test and=118 mm for the
PSCB/rrr and at each value ofgrs four coupons were
used. Table Il presents the results obtained by the DBT
scheme. The critical displacements (at crack initiatioyev
determined by the slopes of the load displacement curves.

Two reduction techniques (IBT and direct beam theomysing the critical displacements and the measured critical
(DBT)) were applied to reduce the experimental data. In sorf@ces Py;scr) EQ.(25) was evaluated. In fact the scatter of
recent works [27], [33] for the mixed-mode I/lll version ofthe mode-Il ERR component is zero, this is because the mode-
the PSCB specimen and the mixed-mode I/l PELS systdifERR is provided by the preload of the specimen. Comparing
three reduction schemes were utilized: IBT, DBT and thediniTables | and 1l the difference between th&;; values - as
element method. It has been shown that the optimal solutiaell as the mode ratio - by DBT and IBT is not significant, the
is the application of IBT, which was justified by the relative biggest difference was experiencedat s=6.25 mm. Overall
small compliance of the MSCB specimen and the complexitle agreement is very good.

of the finite element data reduction.
1) Improved beam theory: ELS specimémEq.(7) Prrs

It is important to recommend a data reduction technique
for the PSCB;/;;; system. The reliability and simplicity of

should be replaced witl#;; (the load value at crack initia- the IBT has already been proved (e.g.: [22], [36], [37]). On
tion in the ELS specimen) in order to obtain the improvethe other hand the application of the FEM as a data reduction
analytical expression for the ERR of the ELS specimanethod requires large computational time, while IBT is more

(G110=706.8= 32.6 J/n? from IBT [33]).
MSCB specimenReplacingPy;scp With Prr; in EQ.(17)
gives the improved solution for the MSCB coupon, whEfe;

conservative than DBT. Accordingly, it is straightforwattht
at the present stage the optimal solution is the applicaifon
IBT for the evaluation of both the mode-Il and mode-Ill ERRS,

is the critical load value at crack onset. The IBT resulted inowever it must be kept in mind that the data was evaluated

011102114.&16.0 J/rﬁ

assuming the average energy release rate criterion. Glyjou

Prestressed split-cantilever beam specim&he improved giving lower G;;; values than the VCCT, the IBT is more
analytical solutions are given by Eqs.(10) and (17) for theonservative than the VCCT. Finally, the role of additional

PSCB;,rr system.

material propertiesKsz, Fs3, G12, G13, 12, v13) should be

2) Direct beam theory: ELS specimelm the case of the discussed. All of these parameters is determined by simple
PSCB, ;1 the displacement,z s is given by the prestresserrule of mixture, therefore their accuracy is questionalite.
tool’'s nut, while the force of the ELS part can be calculatesbme recent works similar prestressed systems to the presen
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TABLE |
COMPARISON OF THEERRS AND MODE RATIOS BY BEAM AND FINITE ELEMENT ANALYSIS.

ELS displacement dprs [mm] O(MSCB) | 4.6875[ 6.25 | 8.125[ 9.375 | 10.625[ 11.875] 13.75 14(ELS)
Load at crack initia-| Pyrscp[N] 247.¢& 338.75| 329.0 | 311.5| 297.5 | 286.25| 211.75 | 143.75 0
tion
Grr [n?] IBT® - 75.6 | 134.3 | 227.0| 302.3 | 388.3 | 485.0 | 650.2 706.8
VCCT widthwise aV - 99.9 156.7 | 246.2 | 318.9 | 402.7 | 490.5 | 649.1 724
Difference (a — 0)/b - 243 | -13.0 | -7.8 -5.2 -3.6 -1.1 0.2 -2.5
[%0]
Grrr [JIm?] IBT@ 114.8 146.8 | 138.4 | 124.1| 113.3 | 104.8 57.5 26.5 -
VCCT widthwise aV 121.9 151.0 | 143.2 | 129.7 | 119.5 | 1121 64.8 35.3 -
Difference (a — 0)/b -6.1 -2.8 -3.3 -4.3 -5.2 -6.5 -11.3 -24.6 -
[%0]
GrilGrrr IBT® 0o 0.51 0.97 1.82 2.67 3.70 8.44 24.42 -
VCCT widthwise aV oo 0.66 1.09 1.90 2.67 3.59 7.57 18.39 -
Difference (a — 0)/b - 22.2 11.34| 3.62 | -0.032| -3.06 | -11.51 | -32.83 -
[%0]
Tsy = 49.25 mm, s = 51.15 mm
TABLE Il
CRITICAL ENERGY RELEASE RATES CALCULATED BY THEDBT METHOD.
ELS displacement dprs [mm] O(MSCBY | 4.6875] 6.25 8.125 | 9.375 | 10.625| 11.875| 13.75 14(ELS)
Direct beam theory| G;;/Grrr 0 0.51 0.91 1.76 2.62 3.71 8.49 24.43 00
(DBT)
- +0.03 | £0.10 | £0.18 | +0.21 | +0.32 | +£0.73 | +6.06 -
G [0I?] 0.0 75.6 134.3 | 227.0 | 302.3 | 388.3 | 485.0 | 650.2 | 706.8 (IBT)
Grrr ] 100.5 149.4 | 149.6 | 130.1 | 1159 | 105.3 57.4 28.1 0.0
+16.3 +8.3 | +17.2 | +£14.3 | +9.2 +9.1 +5.0 +8.2 -
Gr [3Im?] 100.5 225.0 | 283.9 | 357.1 | 418.1 | 493.6 | 542.4 | 678.4 | 706.8 (IBT)
251 = 49.25 mm, s3 = 51.15 mm
. 200 T z
one were developed, namely: the mixed-mode /Il and II/llI G/G =052 / GIG =183 /
1

versions of the PENF, the mixed-mode /Il of the PSCB and

the mixed-mode I/Il PELS. The experiments were performed

for the same E-glass/polyester material [24], [27], [3CB][
The results of the IBT technique were compared to that of the

compliance calibration (CC) method leading to a very good- 120 4

160

agreement between them [24], as a matter of fact the IB'I_E,
was successfully applied for other tests. It is well-knolwatt
the CC method is reliable for the data reduction in common
mode-l and mode-Il tests. Furthermore, it may be assumed

that the additional material properties were determineth wi

80

40

an efficient accuracy for the former systems and they can be

utilized also for the PSCB,;;; system.

D. Fracture envelopes

Based on the nature of the reduc&q;-G;;; data the so- Fig. 10.
called exponential hackle criterion was found to be reasiena glass/polyester composite material determined by the IBT &®@¥methods.
to construct the fracture envelope in the;-G;;; plane. The

exponential hackle criterion is given by [38]:

Grr+Grir = (Grrre — Grro)e" ™

where:

Grr
Grrr

[En
Es3

N)

(26)

(27)

3., s=4.6875 mm
1
1

W )
8gs=8-125mm
7 /

G =0.97

wm i

G,= 706.8+32.6 J/m’
G, .= 114.5+16.0 J/m’

v
G /G =2.68

n n
<= -
bELS—9.375 m/n,1/

/

s~ %

I~.

6.25 mm/
/
I~.. /
y
/G/Gm=3.71
o 05 s=10.625 mm

'\..\Y?JCT

Improved beam theory
Exponential hackle criterion,y=0.81

O,

GIIIGIII

=11.875 mim

G /G =25.17

O3 6=13.75 mm
Q.

=851y |

T T
400 600

G, [Wim’]

T
200

Interlaminar fracture envelopes in tlig -Gy plane for E-

used to provide seven additional points in thg;-G 177 plane.
The power parameter in Eqg.(26) and the fracture envelope was
calculated in the code MAPLE [39]. The fracture envelope
calculated by the IBT and VCCT methods is displayed in
Fig.10. The shape of the curves is convex, in contrast with
some previous results [30], [33]. The main conclusion ig tha
there is a significant interaction between the mode-ll and
which is an implicit mathematical function. In Egs.(26)/{2 mode-Ill ERRs, especially if7;;/G;;; is small. The scatter is
G711 is the critical ERR under pure mode-II (calculated fronalso in reasonable ranges and it decreases with the inavéase
the data of the ELS specimer®,; ;¢ is the mode-lll critical Grre. The red curve shows the result of the VCCT method,
ERR (calculated from the data of the MSCB specimen). There we applied the widthwise average values of the ERRs.
results of the PSCB;;; test listed in Table Il (IBT) were It is seen that the curve is similar to that obtained by IBT,
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but IBT is more conservative. An additional point denoted by
MSCB* can be found in Fig.10. This point was not considered
when we calculated the envelope. The point was obtained by
an MSCB measurement witk;=25.69 mm,s,=22.01 mm
and ¢ = 105 mm, i.e. under mixed-mode IlI/lll condition
without prestressing the specimen. The point represeftis ag
the average ERR obtained by VCCT calculation. We can see
that this point absolutely fits into the curve. Therefore @&ym
be assumed that the critical energy release rate is independ
on the distribution of the ERR over the specimen width and
the criterion of the average ERR is reasonable. However, to
confirm this assumption more measurements are necessary.
In some recent works the fracture envelopes inGheG;
andG -Gy planes were constructed by the mixed-mode /11

PELS and the mixed-mode I/Ill version of the PSCB specimen b /G201 /| = Improved beam theory
(PELS;/;; and PSCB,;;) for the same E-glass/polyester d=6 mm /| === Power criterion, p,=0.77, p,=0.66
material [27], [33]. Similar experimental studies resdli& MSCB / / | —— Williams’ criterion, J =2.35

a concave envelope in th@;-G; and even a concave one 1201 ,"‘%{‘:Fn:i{/ " [6.=412.0 im”

in the G;;-Grrr plane as it is shown in Figs.11la and b. j 4 ,G/;,qw_sz G, =114.5£16.0 Jim’

500

400

100

1
i
DCB/ /
G, /G =6.56/
1

d,=13 mny

= Improved beam theory
——= Power criterion, p,=0.29, p=0.6
— Williams' criterion, /=8.5

S G, =412 Jin’
v/ G,=706.8+32.6 JinT"

-
-

G,/G;=0.20"

d=7mm G,/G,=0.09

———————

T
400
2.
G, [Jim7]

It is important to note, that all of the envelopes in Figs.10 é; a0 // d=8mm G,1G=0.415
and 1la-b were determined for the same crack lengti G5 =1 , d=10 mm auiGm0A7
mm). Based on the comparison between Fig.10 and Figs.11la-b © 177 g _g=12mm
we may conclude that the material behaves differently under 40 I,"I,/ SN s
mixed-mode II/1ll than under mixed-mode I/Il and I/I1l logog) il s N T d=13 mm
conditions, but proves similar behavior in thg-G, and the ,/':I'ﬁ/:/’//:j ,,,,,,,,,
G1-Grrr planes. It is also important to note that interaction 0 ”lf;;:—_::-——l—‘ . . . DCB
takes place in each case. 0 90 180 270 360 450
G [Jim?]
VIIl. CONCLUSION Fig. 11. Interlaminar fracture envelopes in th&;-Grr; plane for E-

In this work the mixed-mode II/Ill version of the prestredse
split-cantilever beam specimen was developed for intéram
fracture testing of laminated transparent composite rizdger

glass/polyester composite material determined by the IBT &&@Vmethods.

lay-ups. Second, it was shown that the PSEB; specimen

Apart from the MSCB and the traditional ELS tests, t':Einable to produce any mode ratio at crack propagation onset.

PSCB;,r1; specimen was used to obtain the mixed-mo
II/lll energy release rate at crack propagation onset oy

e drawbacks of the PSCB specimen are the low compliance
values; the mode ratio changes with the crack length and

seven different mode ratios. To perform the expenmentdlunl,[he applied load, so the method is recommended mainly for

_rectional E-glass/polyester specimens were manufacténed the testing of transparent composite materials. Moredver t
improved beam model was recommended for the evalugt!%de ratio changes significantly along the crack front. Ikina
of both the mode-Il and mode-Ill energy release rate. Fini fie mode ratio can not be calculated without performing
element analysis was performed and it was shown that ‘L@periments, i.e. it can not be designated before the test,
mode ratio changes significantly along the specimen wid{{y,\ing the fact that the mode ratio will depend on the
and it is not possible to ellmlr_late th'_s varlatl_on. . definition of the crack initiation and the accuracy of the
The beam theory expressions give a widthwise averagg,,q rement of the load and crack length. More research is
value of the energy release rates and mode ratio comparegi{@ jeq to reduce the drawbacks of the test and to make it
the finite element results. Therefore the average energgsel possible to test non-transparent materials
rate criterion was introduced and applied in the evaluatibn
the experimental data, namely the widthwise average values
were believed to give acceptable and realistic results. The
crack initiation was expected at the point where the maximumThis paper was supported by thands Bolyai Research
of the total energy release rate was calculated. Based $colarship of the Hungarian Academy of Sciences and the
the performed experimental work the fracture envelope bfational Science and Research Fund (OTKA) under Grant
the present material was determined indicating significaNb. T34040 (69096). This work is connected to the scien-
interaction betweeld;; andGyy;. tific program of the "Development of quality-oriented and
One of the advantages of the PSGRB;; specimen is that harmonized R+D+l strategy and functional model at BME”
it incorporates the traditional beam-like specimen geoynetproject. This project is supported by the New Hungary Devel-
Although the experiments were performed on unidirectionapment Plan (Project ID: AMOP-4.2.1/B-09/1/KMR-2010-
samples, it is possible to test specimens with other, synmnet0002). The first author is grateful to his father (AasirL.
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