UDC 539.4

Tensile Strength of the Brittle Materials, Probabilistic or Deterministic
Approach?

J. Jeong,aH. Adib-Ramezani,b and G. Pluvinagea

a Laboratoire de Fiabilit¢é Mécanique, Université de Metz, France

b Ecole Polytechnique de I’Université d’Orléans, France
Y AK 539.4

MPOYHOCTb NPU PACTSHXKEHUM XPYNKUX MaTEPUaoB: BEPOATHOCTHbIN
NN BeTEPMUHUCTUYECKINI NOAX0A?

XK XKeoHrg X. Aamb-PamesaHng I". MNaoBuHaXa

aJlabopaTopust MeXaHNYECKON HaAEXHOCTU, YHuBepcuTeT . MeTl, PpaHums

6 MonuTeXHNYECKNA MHCTUTYT, YHuBepcuteT r. OpneaH, dpaHuus

[N pasnnmuHbIX CKOPOCTEA Harpy>KeHUst OLEHEHA NOKaM3aumsi akTVBMPOBaHHbIX AeDEKTOB B
CTeKAHHOM 0bpasLe B BLE MOANMUMPOBAHHOMO GpPasIbCKOro AMCKA MO CPaBHEHWHD CO CTaH-
JapTHbIM cchepryeckum 0bpasuom. MeomeTpust obpasla MOXKET OKasblBaTb CyLUECTBEHHOE
BMSHVE HA MEXaHMYECKOe MOBEeAeHVe MaTepuana, OCOBEHHO 3TO OTHOCUTCS K OuYeHb YyBCTBU-
TebHbIM K pacnpeseneHnio aedieKToB Xpyrkum MaTepranam. [1sa aHanusa nofydeHHbIX pesynb-
TaTOB MCMOMb3YeTCA CTATUCTUYECKWIA NMoaxos Belibynna. C mcnonb30BaHWEM YHVBEPCAIBHOI
WCTIbITaTeNbHON MalWHbI “VIHCTPOH ™’ 1 3axBaT0OB MOMKVHCOHA 19 CXKATUS peanin3oBaHbl BbICO-
KVie 1 HU3KVe CKOPOCTU Harpy>KeHst 06pasLioB B BiAe MOAUCHMLMPOBAHHOMO GPasuibCKoro Avcka
113 BbICOKOMPOYHOTO CTekna. [MonyueHHble 3KCMepUMEHTabHbIE PesynbTaThl CpaBHUBAMM C pac-
npeaeneHvieM Beiibynna ¢ TOUKM 3peHNst PacCesiHie NMPOYHOCTHBIX XapakTepncTVK. C MOMOLLBHO
METOZA KOHEYHbIX 3/IEMEHTOB PaCcCUMTaHO Mofie Hanps>KeHnii B 06pasLax ykasaHHOro Tvna, Yyro
Mo3BOMMNO 60Nee JETATBHO V3yUMTh XPYMNKWIA MaKPOMEXaHUYECKII MEXaHM3M paspyLLEHs. YCTa-
HOB/IEHO, YTO MPW CTATUYECKVX UCTbITaHUAX CCHEPUYECKVX CTEKNSAHHLIX 00pasLoB BOHUKAOT
KOHTaKTHble HaMps>KeHs!, MPMBOLALLME K aKTviBaLyv AedheKTOB B paboyeii YacTu 06pasuos. B
obpasuax Tuna MoAMMLMPOBAHHOTO BPasIbCKOr0 Acka He HabnHganock akTyeauun AedeKToB
HU MpY CTATUYECKOM, HU MPW OMHAMUYECKOM Harpy>keHun. [ 06pasLoB pasiMyHON reoMeTpr-
YeCKO (hopMbl 1 BAZA MPWIO>XKEHUS Harpy3KA PeKOMEHAYeTCA MCNob30BaTh BEPOSTHOCTHbIN
nogxod, Hanpumep nogxof Beiibynna, MOCKOMbKY KOHTaKTHble HaMpsOKeHUs B XPyMmkuX MaTe-
prianax Bbi3bBAIT aKTVBALMIO AEChEKTOB, PACONO>XKEHME KOTOPbIX, B CBOKD O4epesp, 3aBUCUT OT
reoMETPVM U BALA Harpy>KeHns oopasLia.

Kniouesble cnosa: XPYnKue MaTepuansl, pazébpoc MPOUYHOCTHBIX XapaKTepUcTUK,
nokanusauus gedekTa, pacnpegenenue Beiibynna.

Introduction. The brittle materials, especially the glass materials show the
perfect elastic behavior until the failure occurs and present a substantial scatter
resistance value under applied loadings contrary to the ductile ones. The absence
of crystal network and pre-existing microdefects provide the sensitivity concept
based on stress concentration around the defects [1]. It shows less resistance value
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than the theoretical atomic cohesion and also unpredictable strength value.
Because of those reasons the probabilistic approach as Weibull’s distribution
including two parameters has become a practical method to assess the variation of
resistance for the brittle materials [2, 3]. The Weibull’s modulus for dynamic
loading application is frequently utilized. Recently, the study concerning the
strength of the brittle materials under high loading rate has become an important
subject regarding to several industrial applications as foreign object impact and
thermal shock problem. It is well known that the brittle materials exhibit the
strength increase under high loading applications [4-7]. The advanced study was
carried out to demonstrate more strength variation sensitivity reason under the
high loading application for the brittle materials than the ductile materials via
Weibull’s modulus [8].

The dynamic fracture on the brittle materials leads to the particular failure
mechanism like a multi-activation of the defects and the failure of the whole of
material not simple fracture from a critical defect. These fracture mechanisms
have been interpreted as a damage phenomenon in the literature [5]. Some works
show that the mentioned dynamic brittle fracture mechanism provides less scatter
value than the static’s one and so, the deterministic approach was proposed in [4].
According to their works, the brittle material exhibits one strength value if it is
subjected to the high loading rate. However, other studies indicate greater scatter
value for high velocity loading than the static ones for the brittle materials [7, 8].
Considering these controversial results which have been reported in the literature,
which include probabilistic and/or deterministic approaches according to the
various loading rate, in this paper it is attempted to clarify and simplify this
diverge phenomenon by means of the fracture pattern mechanism analysis due to
the activated defects position, contact problem on the specimen geometry and the
loading type on the brittle materials. For these reasons, the application of the
quasi-static and high loading rates on lead glass material is performed and the
experimental results are analyzed via the Weibull’s distribution and localization of
the activated defects on the specimen geometry and loading type.

1 Quasi-Static Compression of the Glass Material Specimen. Firstly the
quasi-static case is considered. The experiments on lead glass material disk under
lateral compression are performed to investigate the position of crack initiation
and the scatter in maximum failure loads based on the Weibull’s distribution.

1.1. Experiments. The uniaxial compression Brazilian test is commonly
used on the brittle materials to apply the compression at top of the disk specimen.
This loading condition can provide the indirect tensile strength in direction of the
median plane. In the experiment, the Brazilian Disk consists of one small central
hole (2 mm diameter) on the outer disk of which diameter and thickness are 20 mm
and 6 mm, respectively. That geometry is taken to induce the stress concentration
around the notch tip. Hence, this Modified Brazilian Disk (MBD) lead glass
material will be broken by the notch tip crack concept. All specimens have been
manufactured by the molding technique of injecting the hot crystal liquid (more
than 800aC) in prepared shape. This method permits to avoid some undesirable
defects on the surface of specimen during manufacturing process. The applied
lead glass specimen in the experiment has the mechanical properties in Table 1
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Table 1
Mechanical Properties of Applied Lead Glass Material
Young’s modulus E, GPa Poisson’s ratio v Density p, kg/m3
% 0.218 4350

The compressed MBD lead glass is placed between two semi-cylinder
aluminum anvils made of adjustable specimen form. This configuration of anvils
prevents the maximum pressure presence at the contact point during the
compression application process. The compression tests were performed using
Instron 4505 servo-hydraulic testing machine. The stroke velocity was controlled
to have 10 5 mm displacement per minute. When failure occurs, the load is
instantaneously reduced and the test is stopped. The ultimate strength corresponds
to the maximum load recorded during the test. Many researches have been carried
out on the spherical glass specimen under the compression to determinate the
defects initiation. In the previous works it was reported that failure occurred on
the surface contact zone [9, 10]. In the experiment of this paper, the MBD
specimen is made of commercial lead glass, so called crystal glass. This specimen
geometry allows us to compare the role of the defects on the surface under
inducing indirect and compressive stress with spherical glass specimen form.

1.2. Results. When the failure occurs, the ultimate load is recorded and the
maximum stress can be calculated by Eqg. (1)

or = -————--
LD (1)

where or, Kt, P, L, and D are the maximum stress, stress concentration factor,
failure load, thickness, and diameter, respectively [11]. The value of stress
concentration factor for MBD specimen is presented in Fig 1

Kt(1)

Fig. 1 The stress concentration factor for MBD specimen versus ratio of inside diameter (a) and
outside diameter (D) [11].

The main result is summarized and compared with the soda-lime glass of
which test is performed on the same MBD specimen (Table 2). A photograph of
the fragmentation after test is shown in Fig. 2.
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Table 2
Statistical Tensile Strength Results for Glass Materials
Glass material Mean value (MPa) Standard deviation (MPa)
Lead glass 46.70 8.60
Soda-lime glass [12] 96.30 13.66

Fig. 2. General mechanism of fragmentation for MBD lead glass specimen subjected to the lateral
compression including quasi-static loading.

In general, all MBD lead glass specimens are split into six pieces at the small
hole (ring appeared in Fig. 2) and the cracks very rapidly propagate (not visible
by naked eye) toward both direction of top and bottom of the specimen (straight
and dashed lines in Fig. 2). The fragmentation provokes crash failure. This
mechanism of fragmentation is entirely different and compared with the spherical
glass specimen which is comminuted and reduced into very thin powder [9, 10].
The stress distribution of MBD specimen and high stress concentration near the
central hole are needed to be investigated via numerical simulation methods and
corresponding results provide more comprehensive understanding of the macro
level fracture mechanism view. The mesh is made only in a quarter of MBD
specimen because of the symmetric assumptions. The detail view around the
central hole is represented in Fig. 3b. The static loading is considered for the
finite element method (FEM) analysis. The bottom of geometry is fixed
completely and the concentrated force equivalent to failure’s one is applied at the
top of specimen. The simulation result using the finite element implies that the
indirect tensile stress or opening stress is distributed on the vertical direction
toward the applied static loading and the stress in x direction (oxx) is located
near the center of hole which attains more than 41 MPa under an average
compressive failure force (1,25 kN) (Fig. 4).

Consequently, the cracks propagate on the vertical direction from the central
hole. This primarily results in a fracture of specimen in median plane. The second
crack is placed in 45° direction (diagonal direction) and it propagates toward the
top of specimen and creates a second fracture. The FEM results enable to explain
the mentioned mechanism of fracture in MBD specimen (Figs. 4 and 5). The high
compressive stress near bottom and top of MBD specimen can be observed. The
aforementioned positions represent the compressive stress more than 260 MPa
based on FEM results. The FEM analysis accords with Hertzian cone crack (ring
and dashed line in Fig. 4) morphology. In spite of the fact that the contact zones
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are locally damaged during the quasi-static test process, the emphasized zones
never change the failure mechanism and mechanical resistance due to critical
defect inactivation.

Fig. 3. Mesh density for a quarter of model (a) and detailed mesh density (b) around the central hole
(d=2mm, L =6mm, and D =20 mm).

£6i.5SB6 -187.7J8 -L29.15 -6L.L8I 7.08I
-£31.«52 -163.-554 -35.3L5 -£7.047 41.Z£1

Fig. 4. MBD specimen including highlighted crack directions and stress distribution in x direction
(in MPa) based on the finite element method outcome indicating high indirect tensile stress around
central hole.

a

Fig. 5. One half symmetric FEM model (a) indicating stress in x direction (in Pa) and one fourth
detail view around considered hole (b).
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2. Probabilistic Analysis.

2.1. Weibull’s Distribution. According to the Freudental’s proposition [3],
the probability of occurrence of a critical defect decreases at small volume while
it can increase at the large volume as following:

\Y
F(V)=1-exp (2

where V is the mean volume occupied by a defect, V is the volume, and F (V) is
the probability of an occurrence of critical defect in the volume.

The Griffith’s experimental tests of strength of material for glass fiber
diameter effect can be explained by the above relationship (Eqg. (2)). Due to the
aforementioned probabilistic idea, the concept of volume and the consideration of
the quantity of defect have also become as an essential point of view to consider
the probabilistic approach. Considering Eq. (2), Weibull proposed the probability
of failure replacing the applied stress in the volume occupied by a defect:

Pr(a)=1-exp 3

where Pr(a) is the failure probability, a o is called a scale parameter which is
proportional to the mean stress, and 0 is Weibull’s modulus which deals with the
divergence in outcomes.

The volume size effect on probability of failure in the Weibull’s distribution
should be taken into account. The above relationship indicates a two parameter
the Weibull’s distribution, which are frequently used. The Weibull’s modulus 0 in
Eqg. (3) for this distribution can be extracted using simple rank regression analysis
from the density function as follows:

1
In InI1 b =0lIn(a)+01In|l (4)

and
Pr- n+1, ®)

where i is the specimen’s number and n is the total number of specimens.

The static strength experimental results are presented via rank regression
analysis (Eg. (5)) in Fig. 6. The Weibull’s modulus corresponding to 5.7964 is
extracted in this paper. There is another method to obtain the Weibull’s modulus.
That is the coefficient of variation (CV) application.

2.2. Coefficient of Variation in the Analysis of the Weibull’s Distribution.
The method of coefficient of variation (CV) for the statistical distribution of
material properties including the ultimate strength is a very feasible statistical

ISSN 0556-171X. npodxeMbi npounocmu, 2006, N 1 105



J. Jeong, H. Adib-Ramezani, and G. Pluvinage

way. The method can be defined as the ratio of the standard deviation to the
mean [13] as below
as

CV [ ] <6>

where as and ns are standard deviation and means values, respectively.

In(In(L/(1- Pr)))

Fig. 6. Rank regression analysis for MBD lead glass: the line corresponds to the Eq. (4) and tangent
i represents the scatter value (5.7964) including correlation coefficient (R2 = 0.975).

The complicated functional relationship may be transformed into a simple
form by using the concept of coefficient of variation. It greatly simplifies the
calculation of statistical parameters and the obtained results are very close to the
original functional relationship. The CV can be determined for the most common
distribution as exponential, log-normal and Weibull’s distribution. In this paper,
two parameters Weibull’s distribution and CV concept are employed. The
probability of Weibull’s density function can be written as

51 s M DL d

ex .
anar, 0 ohyn,

U]

From the definition of the mean and the standard deviation values for each
probability density function, we can deduce the mean and the standard deviation
value of the Weibull’s distribution as follows:

®)

a0, e ©
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12
_ T(1+(2P)) . -0.93
cvVv -1 .

= (0 + @WP)))2 for 1<P< 50, (10)

where r is gamma function.

The above relationship (Eqg. (10)) allows to evaluate the Weibull’s modulus
value using the coefficient of variation. Therefore we can examine the scatter
value in the literature using CV to compare our results.

2.3. Example. X. Brajer et al. [9] performed the compressive test on the
spherical glass specimen with various diameters from 2 mm to 8 mm in order to
obtain the relationship between the maximum loading and different diameter. The
spherical glass specimen has been compressed between two steel planar anvils
and aluminum shim insertion. Their results are shown as solid line in Fig. 7,
where it can be observed that larger sphere diameters tend to have greater mean
load value. This is contrary to the expressed relations in Egs. (2) and (3)
(Freudental-Weibull’s failure probability approach) which present asymptotic
variation of failure probability versus volume augmentation. Furthermore, the
aluminum shim insertion under the steel plate anvil considerably increases the
strength.

S000 i e e e

i [ S A A T A A N |
o Maximum loading far planar anvils

o Maximum loading for planar anvils including aluminum shim '
A 7000
. Weihull's modulus forplanar anvils

& Weibull's modulus for planar anvils including aluminum shim.

] 4 5 6 7
Sphere diameter (mm)

Fig. 7. Mean failure loading values and Weibull’s modulus as a function of diameters of spherical
glass specimen with and without aluminum shim insertion.

Using the CV in Eg. (10), the Weibull’s modulus value P is calculated and
presented as two dashed lines in Fig. 7. Moreover, the parameters P, critical
stress and affected volume are more sensitive without aluminum shim insertion.
This means that added aluminum shim at the bottom and top of tested specimen
can reduce the contact problem severity. It is also found that the failure takes
place just under the contact surface. The evaluation demonstrates that the
spherical glass specimens of small diameter provide less random behavior
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(ji= 15) and low mechanical resistance. To understand and resolve these
controversial results, we investigate the contact problem nature in considered
spherical specimens which are commonly ignored.

3. Analysis of Contact Problem on Spherical and MBD Specimen under
Compressive Loading. In Fig. 8, the selected spherical glass specimens with
different diameters including contact considerations are presented for the identical
loading (880 N). The results of finite element method in median plane are focused
on using 8-node structural brick element of ABAQUS code. The tensile stress and
compressive stress are exhibited under contact condition. The comparison between
compressive and tensile zones shows that the contact weight has influence on
mechanical resistance of chosen specimens. As a matter of fact, low spherical
glass specimen diameter yields severe contact effects and the current effects
disturb mechanical resistance nature, i.e., the mechanical resistance of material
explicitly depends on induced contact state in specimen. In fact, the spherical
experiments are not appropriate test method to evaluate the mechanical resistance
of the brittle materials due to highly contact-dependent intrinsic characteristics.

Fig. 8. Contact severity variations for spherical glass specimen with different diameters using stress
distribution in loading direction (in MPa) including identical axial force (880 N) and one-fourth
symmetry assumption.

The experimental results reported in [9] and our evaluation V3 indicate that
the contact area is increased with the sphere diameter and aluminum shim
insertion of which Young’s modulus value is smaller than steel’s one.
Consequently, the pressure amplitude on contact area decreases i.e., the contact
pressure has influence upon the real strength of material and its corresponding
intrinsic parameter as Weibull’s modulus. From the above facts, the following
conclusions can be drawn:

- the geometry of specimen can influence both strength of material and also
the scatter value;

- the condition of loading and the relative contact problem can manipulate
the strength of the brittle materials.

In addition, it is attempted to find out the origin of fracture for MBD
specimen by means of optical microscopy (OM) and scanning electric microscope
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(SEM) around the small center hole at which the maximum tensile stress occurs
(Fig. 9). The failure mechanism of MBD specimen is very different compared
with the spherical glass specimen which is broken into the fin powder. In fact, the
failure occurs near the maximum tensile stress point and it is possible to detect a
small piece which is lost due to the contact pressure problem just under the point
of loading application. This point does not cause the specimen failure. The similar
compressive test for MBD soda lime glass specimen has been carried out with
different thickness for 5 mm diameter [12]. The experiment using such a material
showed that more fragile fracture happened with greater diameters. This effect of
the strength decrease due to larger specimen size has been observed by several
authors [14, 15] and it is also predicted by certain statistical approaches (Egs. (2)
and (3)).

a b
Fig. 9. Start position of fracture via OM (a) and detail view of this point via SEM [16] (b).

Moreover, the activated defects are localized not near the contact area at the
maximum tensile stress point. Nonetheless, different mechanical behaviors have
been observed for the spherical glass specimen in which the fracture always
occurs near the contact zone [9, 10]. This inducing contact problem due to the
loading type condition and the specimen geometry can be verified for the
dynamic loading application as “edge on impact” or ballistic test. In the next
section an experiment of the dynamic loading application via compressive split
Hopkinson pressure bars (CSHPB) for MBD lead glass specimen is explained and
its result is compared with the edge on impact reported in the literature.

4. Dynamic Loading via CSHPB. In the previous section it
demonstrated that the crack initiation is located not close to the contact zone but
adjacent to the central hole where the maximum tensile stress is applied. A similar
experiment for dynamic condition via CSHPB is presented in this section.
Additionally, the cracking pattern will be examined under this condition test and
compared with the edge on impact or ballistic test in which the contact pressure
zone is still available as the spherical glass specimen under static loading.

was

4.1. Experiments and Results. It is well known that the strength of the

brittle materials can increase up to two times greater than the static’s one under
the dynamic loading condition. In addition, this high loading rate yields a damage
phenomenon in these materials inducing the different crack pattern relative to the
static’s one. The compressive split Hopkinson pressure bars test is employed to
apply a dynamic loading to MBD specimen. As a matter of fact, the MBD
specimen is placed between two bars which are called incident and output bars
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whose lengths are 1100 mm and 900 mm, respectively (Fig. 10). A striker bar of
500 mm is launched to apply a perfect impact to the incident bar. Two mounted
gauges on output and incident bars are used to record the electric signals which
represent the compressive strain and tensile strength of the specimen, respectively.

Fig. 10. Compressive split Hopkinson pressure bars general configuration.

The mismatch of acoustic impedance between the metal bars and the crystal
specimen causes that the elastic compressive longitudinal wave partially transmits
into the specimen and arrives to the output bar. The loading wave amplitude is a
function of the velocity of striker bar, the density and celerity of sound in the bar.
The flawless impact of bars has a square-shaped pulse of magnitude given by
motion equation:

o= A (11)
and duration
21
T=—, (12)
C

where the parameters v, p har, ¢, and | are the impact bar’s velocity, density of
bar, wave velocity of bar, and bar length, respectively. Assuming that the
specimen is in dynamic equilibrium state and it uniformly deforms, the strains in
the incident bar are equal to the strain in the output bar and the expression for the
average stress on specimen for our case can be written as follows:

D har
0 av(t) = E ~ 2 -=------ £t, (13)
D specimen

where o av, E, Dhar, D pecimen, and £t(t) are average stress, Young’s modulus
of specimen, diameter of bar, diameter of specimen, and strain amplitude on
transmitter bar, respectively.

Assuming nondispersive one-dimensional wave propagation theory, the
applied velocity of deformation corresponds to 275/s in this paper. The obtained
stress amplitude due to this applied velocity of deformation assures the dynamic
equilibrium theoretical approach that the dynamic fracture time of material must
not be less than three times of celerity in this material [17].
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Table 3
Statistical Results of MBD Lead Glass Tensile Strength
Tensile strength (MPa) Mean value (MPa) Standard deviation (MPa)
Dynamic test 930 210

Figure 11 shows a typical dynamic fracture results and in Table 3, there are
the measured mean maximum strength and standard deviation values. The
experiments demonstrate that the MBD lead glass specimen was broken into
several fragmentations on regular fracture pattern without high compressive zone
which can be found for the contact problem (Fig. 4). The current dynamic fracture
can be elucidated by the simultaneous activation of majority of flaws by
compressive pulse stress propagation in specimen body. The fracture mechanism
results lead to the augmentation of the strength of material under dynamic loading
based on the energy intensity equality described by the area of applied stress and
fracture time [5]. Consequently, the fragmentation including damage is proportional
to the applied energy intensity. It is supposed that the above fragmentation pattern
of MBD specimen can be initiated on a large amount of fragments to be detached
along the tensile stress concentration which can be obtained by finite element
method (Figs. 4 and 5) during a very short time (the average of failure time is
about 50 fAs for all specimens). Figure 12 illustrates steps of the assumed
fragmentation. Firstly, the compressive wave propagation provokes the activation
of a large number of microcrack in the meridian plane (Fig. 12a) and then, the
diagonal direction (Fig. 12b). Finally, the microcracks appear in the whole
specimen (Fig. 12c) and failure happens. Consequently, the fracture pattern is
regular around the small hole and propagates on the whole material. The contact
Hertzian problem in these failure types can not be detected and the fracture is due
to the defects on volume entity not on a surface.

Fig. 11. Dynamic fracture of MBD lead glass specimen.

Fig. 12. Schematics of the main configuration of failure for MBD specimen at high velocity
impact.
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4.2. Discussion. It has been found that the strength of lead glass material

under the dynamic loading instead of static’s one increases from 46.7 to 93 MPa
and the various scatter levels for two loading conditions are compared using
Weibull’s distribution in Fig. 13. The Weibull’s modulus has been calculated
(= 3.6) and this value is smaller than the static’s one (fi = 5.79).

In(In(L/(1- Pr)))

Fig. 13. Weibull’s modulus presentation including the static and dynamic loadings:
(D) In(In(2/(1-Pr))) = 5.7964In(a)- 22.6616; (2) In(In(1/(1-Pr))) = 3.6047In(a)-16.7567.

The above values have the same range as soda lime glass whose range is
mostly about 5~ 10. Our experimental results show that the dynamic failure
mechanism by regular crack pattern in volume results in a damage phenomenon
as fragmentation and also more random strength value. The edge on impact test or
ballistic test presents the same damage mechanism which we can detect via
CSHPB condition. Figure 14 represents an impact zone (dark zone) by a lead
bullet (Fig. 14a) and a steel one (Fig. 14b) on soda lime glass subjected to the
ballistic test [9]. From the results reported in [9], the dark zones correspond to the
damage ones and this zone in the vicinity of the impact is totally comminuted.
The second area illustrates a high density of radial and orthoradial cracks and the
propagation of long radial cracks appears in the third zone.

The above fracture mechanism is a typical fracture pattern for all applied
specimens under impact loading. The obtained damage severity makes more
important the fragmentation for the soda lime glass material subjected to the
impact condition and it depends on the velocity of impact [5]. Hence, X. Brajer et
al. [9] indicated that the soft bullet (lead bullet) provokes a large damage zone
(Fig. 14a) compared with the hard bullet (Fig 14b). It should be recalled that the
soft bullet was launched with less velocity (430 m/s) than the hard bullet (steel
bullet, 820 m/s). The authors observed a Rayleigh’s surface wave on the contact
zone by the soft bullet and concluded that the activated defects under the impact
are positioned on the surface of specimen not in volume like the spherical glass
specimen under the static loading.
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a b
Fig. 14. Cracking pattern 10 /is after impact of glass by soft (a) and hard (b) bullet [9].

In another work [4], a deterministic approach for the mentioned condition
loading was proposed to supersede the probabilistic one based on the obtained
deterministic strength value under high loading rate. Accordingly, we conclude
that the brittle materials, especially the glass material, subjected to impact
condition should not be considered as a “simple” dynamic problem due to the
very high sensitivity contact zone and corresponding defect activations regarding
to impact and CSHPB. For these reasons, the brittle material (MBD lead glass in
this paper) shows greater scatter strength value, whereas under the impact loading
condition it can have less scatter strength value. It is also required to remind that
the impact problem needs the deterministic approach [4]. Consequently, the
application of dynamic loading on the brittle materials must be thoughtfully
distinguished as the longitudinal elastic compressive wave propagation by means
of CSHPB without contact zone and the same wave application with damaged
contact zone by impact. Furthermore the choice between the probabilistic approach
and the deterministic one must be made and it must be based upon the dynamic
loading type.

Conclusions. The compressive tests on MBD lead glass specimen under
quasi static and dynamic loadings have been performed. The static experimental
results have been successively compared with the spherical glass specimen.
According to the results the failure initiation is located at the maximum tensile
zone near the small hole to which the maximum tensile stress is applied, but not at
the damaged contact zone, whereas the spherical glass specimen provokes failure
by activated defects on the contact zone under the static condition. Hence, the
contact pressure manipulates the behavior of the brittle materials due to the high
defect sensitivities on surface. The MBD lead glass specimen is broken into
multi-fragmentation under CSHPB and the compressive wave has provoked the
defects not on surface but volume. Therefore, the MBD lead glass specimen
highlights greater strength and scatter data level compared with the static’s one
under dynamic loading. It is different from the results in the literature [4, 5], i.e.,
the activated defects located on damaged contact area via impact loading
condition exhibit less scatter strength. Consequently, the contact problem has an
effect on the scatter strength value under impact. Finally, the utilization of
probabilistic method like Weibull’s distribution is no longer valid if the materials
behave under a rigorous contact problem.
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Pesome

[ns pisHUX WBMAKOCTE HaBaHTOKEHHS OLIHEHO NOoKani3auild akTUBOBAHMWX
[eheKTiB y CKNAHOMY 3pasKy y BUINA4i MOANGIKOBAHOTO 6pa3nibCbKOro AnckKay
NOPIBHAHHI 3i CTaHA4ApPTHUM chepuyHUM 3pa3kom. eomMeTpis 3pas3ka MoXe CcyT-
TEBO BMAUBATW Ha MeXaHi4YHy MNoBefiHKY maTepianis, 0CO6/IMBO Le CTOCYEThbCA
KPUXKUX MaTtepianie, fKi AyXe 4yTnusi Jo po3noginy pfedekTis. OTpuMaHi
pesynbTaTh aHani3yrTbCs 3a LOMNOMOrOK CTaTUCTUYHOrO nigxoay Beibynna. I3
BMKOPUCTaHHAM YHiBepCanbHOI BUNPOo6yBanbHOI MawmnHM “IHCTPOH” Ta 3axBarTiB
FonkiHCcOHa Ans CTUCKY peasnii3oBaHO BUCOKI | HU3bKi WBUAKOCTI HaBAHTAXEHHSA
3pas3kiB y BuUrnagi MogmdikoBaHoro 6pasubCbKOro AMCKa 3 BUCOKOMILHOIO
ckna. OTpMMaHi eKCnepumeHTanbHi faHi NOPIBHIOIOTLCA 3 po3noginom Beibynna
BiJHOCHO PO3CiAHHA XapaKTepucTWK MiLHOCTI. 3a AOMOMOrow MeToay CKiH4YeH-
HUX eneMeHTIB pO3pax0BaHO MOJfie Hanpy>XeHb Yy 3paskax BKaszaHOro tuny, LWo
[03BONMNO 6iNblW fgeTanbHO AOCAIANTA KPUXKUIA MakKpOMeXaHiYHWI MexaHi3m
pyiHyBaHHSA. Y CTAHOBJIEHO, L0 3@ CTATUYHMX BUNPO6YBaHb CHEPUUHMNX CKIAHMX
3pa3KiB BMHWKAIOTb KOHTAaKTHI Hanpy>eHHsa, WO NpU3BOAUTL A0 akKTusauii ge-
(hekTiB y pobOuYiii YacTUHI 3pa3ka. Y 3pas3kax Tuny MogudikoBaHOro 6pasuib-
CbKOro Aucka akTupauis feekTiB BifCYTHA K 3a CTATUYHOrO, TakK i 3a AUHaMiu-
HOro HaBaHTaXXeHHA. [Nd 3paskis, WO MalTb Pi3HY reoMeTpuyHy ¢Gopmy i BUJ
NPUKNaAaHHA HaBaHTAXEHHS, PEKOMEHAYETbCA BUKOPUCTOBYBATU IMOBIPHICHWIA
nigxig, Hanpuknag nigxig Beibynna, OCKiNbKM KOHTAKTHI Hampy>XeHHS Yy KpPUX-
KUX MaTepianax npu3BOAATb [0 akTuBaLil fedeKTiB, po3nojin fKux, y CBOI
yepry, 3afiexxuTb Bif, reoMeTpii i BUAY HaBaHTaXeHHSA 3paska.
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