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Fracture of soda lime glass under impact loading.
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ABSTRACT:A modified method of the dynamic Brazilian test was used to study of fracture of soda — lime glass.
This method is based on the Hopkinson pressure bar when the specimen is loaded by the direct impact of a striker.
Specimen response to the impact loading is given by the stress pulse monitored in the pressure bar. The main
characteristics of these pulses are compared with those obtained using the common dynamic Brazilian test. The
use of the high speed camera showed that the qualitative features of the specimen fracture are very similar even
if not the same for both used experimental techniques. The Johnson-Holmquist ceramic model (JH2) was used for
the numerical simulation of the modified method using LS DYNA software. It was found that the agreement
between the computed and the experimental results improved with the increase in the striking velocity.
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I. INTRODUCTION

The knowledge of the fracture properties of glass play significant role in the planning of their use in
many practical application when e.g. glass windows are especially vulnerable to shock and impact loading [1].
Under impact loading conditions, the glass system fails or cracks due to the reflection of the compressive wave
from the back free surface as a tensile one and low tensile strength of glass. Therefore, to be evaluated under
different loading-rates the tensile strength and tensile failure of brittle materials (ceramics, rocks etc.) Extensive
experimental and numerical research has been conducted to understand glass performance during dynamic and
static tests. Most of this research [2-6] studied the blast response of various types of glass, while others [7-13]
focused on fracture mechanisms in different types of impact.

The measurement of the tensile strength of the glass as well as other brittle materials is very difficult
owing to its brittleness, high hardness, and very small strain to failure. These problems may be overcome by the
use of indirect tensile test known as the Brazilian test. Its use for the study of the glass fracture behavior was
reported in many papers, see e.g. [14, 15] as examples. Even if in this test the strain rates reaches values typical
for the impact loading processes the boundary value conditions are different from e.g. direct impact of the tested
body.

The present paper is focused on the modification of the dynamic Brazilian test when the glass specimen
is loaded by the direct impact of a striker. The aim of the paper consists in the evaluation of the effect of the
different loading condition on the fracture characteristics of the soda — lime glass specimens.

1. MATERIAL AND EXPERIMENTAL PROCEDURE

Soda — lime glass was chosen as testing glass material. This material is considered as linear elastic up to
the fracture. Its elastic properties are commonly evaluated using the values of the longitudinal and shear wave
velocities. The velocities of the longitudinal wave, c(, and shear wave, cr, were measured ultrasonically by pulse
echo method using Physical Acoustics Corporation UDiSP system. The longitudinal wave velocity was
determined with 3.5MHz Aerotech Gamma probe, the shear wave velocity was determined with normal incidence
shear wave transducer V154 by Olympus operating at 2.25 MHz. The values of Poisson’s ratio,v, Young's
modulus and shear modulus, G are given as [16]:

_ cf-2c¢
= A 1)
E =2pc2(1+v) (1b)
E
G= 2(1+v) (1c)

The obtained elastic properties of materials used during the experiments are listed in the Table 1.
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Table 1: Material properties

Properties Glass Tool steel HDPE
Material density p (kg/m?®) 2490 7850 960
Longitudinal wave velocity, ¢, (m/s) 5810 6060 2416
Shear wave velocity, cr, (m/s) 3440 3150 1010
Elastic modulus, E, (GPa) 72.5 216 2.73
Poisson’s ratio,v 0.23 0.31 0.39
Shear modulus, G, (GPa) 29.5 77.9 0.98
Bar velocity, ¢, = \/% (m/s) 53957 5246 1686.5
Acoustic impedance, Z= pc, , 13.44 41.18 1.62

(MPas/m)

The elastic properties of the glass are in very good agreement with compilation of elastic data of soda-lime glass
presented in [17].

Specimens in form of cylinders, 14 mm in diameter and 7 mm in thickness were prepared both for the dynamic
Brazilian test and direct impact test.

Dynamic Brazilian test was performed using Hopkinson Split Pressure Bar (HSPB) system as schematically
shown in the Fig.1.

Strain gauges

St‘ft’/ Specimen @

Transmitter bar Incident bar Striker

Figure 1: Schematic of the dynamic Brazilian test

This system consists of three main parts. First of all there is a gas gun enabling to accelerate the projectile
(striker) to some velocity. Second part is a system two elastic bars (incident and transmitted) and the third part is
the data acquisition system. After impact of the striker on the end of the incident bar the compressive stress pulse
(incident stress pulse), (1), is developed. After impact of this wave on the interface between the incident bar and
specimen some part is reflected back as the reflected stress pulse,or (t) and part is transmitted to the second bar
as the stress pulse or(t). The evaluation of these stress pulses is based on the assumption of the elastic behavior
of the bars during the test. The stress pulses are than calculated using the signals from the strain gauges pasted on
the bars:

o, =Eye; ogp = Eper op = Eper

where Ep is the Young's modulus of the bar, &, er and er are the incident, reflected and transmitted strains,
respectively.
The stress pulses enable to calculate the forces at the interface between bar and specimen:

Py(6) = Aploi(8) + ar(D)] , Po(t) = Apor (D) )

Where Ay, is the area of the bars.

The evaluation of the results of the dynamic Brazilian test is based on the assumption of the stress equilibrium
before the specimen failure, i.e. P1 = P,. Tensile stress in the center of the glass specimens due to diametric
compression is than given by the Eq. (2):

The input and output(transmitter) bars (each 15 mm in diameter and 1000 mm in length) are made from the tool
steel. The striker was made from High density polyethylen (HDPE) 15 mm in diameter, 50 mm in length. Main
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elastic properties of bars and striker were evaluated using the same experimental technique as used for the glass
specimen. Their values are given in the Table 1.

The method shown in the Fig.1 was modified by omitting of the input bar. The specimen is loaded by the direct
impact of the striker — see Fig.2. During this test the stress pulse,o; (t) is recorded.

V, HOPKINSON BAR

;i il

STRAIN GAUGE
STRIKER

SPECIMEN
(BRAZILIAN DISK)

Figure 2: Schematic of a modified dynamic Brazilian test- direct impact

The specimen behaviour during impacts was monitored by high speed photography, using
PHOTRON FASTCAM SA-Z type 2100K-M, Frame Rate 210000fps, Shutter Speed 1.00 us. Resolution
384x160 dpi. with frame rate of 150 000 frames per second.

I11. EXPERIMENTAL RESULTS.
The specimens were loaded using the method shown in the Fig.2. The striker impact velocities were: 62, 66,
90, 95 and 100 m/s. The experimentally recorded stress time histories are  displayed in the Fig.3. The
experimental curves, o (t), can be fitted using the Gaussian model:

51 (©) = Sy arexp [~ ()] @

Ci

Parameters a;,b;,ci, are given in the Table 2.
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Figure 3: Experimental records of the stress pulses a;(t)
Table 2: Parameters of Eq.(4).(R? is correlation coefficients)
Parameters v =62 m/s v =66 m/s v =90 m/s v =95m/s v =100 m/s
a; (MPa) 64.42367 35.06706 63.42299 50.80419 74.7731
bi(s) 1.39E-5 1.72E-5 1.82E-5 1.6E-5 1.3E-5
¢1(s) 5.29E-6 3E-6 4.37E-6 5.45E-6
4.66E-6

a 21.07128 17.07972 22.22625 -1.6889 8.642562
b, 4.38E-5 4.23E-5 5.14E-5 4.74E-5 3.66E-5
C2 2.35E-6 2.87E-6 2.45E-6 4.41E-6 2.04E-6
as 30.05139 45.50152 4226635 35.11285 15.92814
b 3.16E-5 14E-5 457 E-5 2.68 E-5 4.85E-5
C3 2.62-6 4.25E-6 6.34E-6 3.67E-6 6.25E-6
a 13.00818 42.11121 12.95728 16.65139 -1636.02
by 5.15 E-5 5.13 E-5 9.87 E-5 4.27 E-5 5.04 E-5
Cy 175E-6 4.45E-6 2.32E-6 8.21E-6 1.67E-5
as 27.13974 17.185 29.55393 -2.57443 30.80875
bs 221 E-5 3.35 E-5 5.62 E-5 5.48 E-5 2.22 E-5
Cs 2.75E-6 3.34E-6 4.07E-6 2.3E-6 3.3E-6
as 30.04612 28.36262 23.14653 43.71823 19.8121
be 5.64 E-5 5.66 E-5 2.65 E-5 5.98 E-5 9.02 E-5
Co 2.77 E-5 2.72 E-5 1.35 E-5 2.9 E-5 2.7E-5
az 11.26084 21.691 28.98092 -2.52383 1669.704
b; 4.02 E-5 2.74 E-5 7.16 E-5 6.21 E-5 5.04 E-5
Cs 4.03E-6 2.63E-6 1.42E-5 1.04E-6 1.71E-5
as (MPa) 0 0 9.484173 22.42602 0
bs () 0 0 6.34E-05 1.5E-5 0
Cs (5) 0 0 1.98E-6 5.75E-6 0
R? 0.9909 0.9911 0.9722 0.9871 0.9969

No damage of the specimen loaded by the striking of the projectile at velocity 62 m/s was observed. The specimen
damage starts at the striking velocity 66 m/s. This damage was limited to a relative small area at the contact
between the specimen and elastic bar. The development of this damage is illustrated in the Fig.4a.
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Figure 4a: High speed images of failure process in specimen at different times. Striker velocity was 66
m/s. The images left side represents to the striker-specimen interface and the right part to elastic bar-
specimen interface.

The times of corresponding to the single frames are shown in the Fig.4b.
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Figure 4b: The times corresponding to the single frames for all tested specimens

First a crack initiated at the contact interface (c). From this crack, many cracks propagated from the surface of
the specimen to the centre. The specimen damage starts after the maximum of the stress is reached.

The damage development of the specimen impacted at the velocity 90 m/s is shown in the Fig.5. It is evident that
the damage starts again after the maximum of the stress was reached. This damage begins in the form of two wing-
like cracks. The two wing-like cracks merged and continued to propagate as a single crack, reaching the far end
of the specimen (e).
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e e R
Figure 5: High speed images of failure process in specimen at different times. Striker velocity was 90 m/s

The damage of the specimen growths and specimen splitting occurs. The damage of the specimen observed for
the striking velocity 95 m/s is reported in the Fig.6.

s T
Figure 6: High speed images of failure process in specimen at different times. Striker velocity was 95 m/s

The specimen damage also starts after the stress reached its maximum as it was reported for the previous
striking velocities. After the central cracks reached the interface between the striker and the specimen two wing-
like cracks started to propagate. Very similar features of the specimen damage can observed at the specimen
impacted at the 100 m/s - see Fig.7.
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Figure 7: High speed images of failure process in specimen at different times. Striker velocity was 100
m/s

The damage starts when the stress pulse maximum is achieved. It is obvious that the stress pulse
maximum a;,,, can be considered as a measure of the specimen strength. This maximum increases with the striking
velocity as shown in the Fig.8.
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Figure 8: The maximum of the stress pulse oy vs. the striking velocity.

The stress pulse,oi(t), may be also characterized by the following parameters:
- Impulse : I; = [ g,(t) dt
- Energy : w;, = Zif o (t)dt
b

Each of these quantities can be expressed as a sum of two parts:

L=Ig+1,= foty o;(D)dt + fti o;(7)dt (5)

1 ,t 1 A

w; = wg +wp = Z—bfoyalz (v)dr + thy a? (t)dt  (6)
where g and wg corresponds to the impulse and energy of the stress pulse up to the stress pulse maximum. ty is
the time when the stress pulse maximum is achieved. During the time up to t, no specimen damage occurs. Its

behavior is purely elastic. Ip and wp corresponds to the part of the stress pulse when specimen damage occurs

and A denotes the stress pulse duration.
The time histories of these quantities are displayed in the Fig.9. All quantities increase with the striking velocity.
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the time

In the next step classical Brazilian tests — see Fig.1 were performed. The same striker was used. The impact

velocities of the striker were 62, 66, 90, 95 and 100 m/s. Experimentally recorded stress pulses o (t), or (1), o1
(1), are displayed in the Fig.10.
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Figure 10 Experimental records of the stress pulses during the Brazilian test

Even if the input stress pulse duration is about 120 ps like e.g. in many works — see e.g. [14, 15, 18] no equilibrium
in the specimen was achieved. This is documented in the Fig.11 where input stress o; + o, average stress in the

specimen: %(a, + o + or) and transmitted stress o are displayed.
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Fig.11 Input, average and transmitted stresses

The development of the specimen damage is documented in the Figs.12a-b.

Ry v -

_

Figure 12a: High speed images of failure process in specimen t different times. Polymer striker. Striker
velocity 100 m/s
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Figure 12b: Stress — time history. Position of single frames

The central cracks was developed at about 20 ps. Frames recorded at 30-60 pis show the crack bifurcation.
Damage growth continues and it is followed by the specimen separation. If we compare this damage development
with the record displayed in the Fig.7 (direct impact test) we can see very similar features. The same conclusions
are valid for the remaining striking velocities.

Results presented in the Fig.11 show that the use of the Eq. (3) is very problematic. We have three values
of the stress, input, average and transmitted. It is evident that the use of the maximum of the transmitted pulse in
the Eq.(3) gives the minimum value of the tensile strength. The measure of the tensile strength at the direct impact
is the maximum of the stress recorded in the Hopkinson bar. In the Fig.13 the both stresses are displayed.
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Figure 13: Transmitted stresses recorded during the direct impact and during the Brazilian test

It is obvious that the difference between time histories of the recorded pulses decreases with the increase
in the striking velocity. The first peak of the stress transmitted by the specimen during the Brazilian test is lower
than that reported during the direct impact test. In the Fig.14 the maxima of the input, average and transmitted
stress are presented. In this the maxima of the stress recorded during the direct impact loading are also displayed.
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The value of the peak stresses increases with the increase in the striking velocity, i.e. with the increase
of the specimen damage. Values of the peak stress obtained during the direct impact can be used for the
comparison of different materials. Results achieved by the use of this method can be also used for the verification
of different constitutive equations.

One of the most widely used constitutive models for simulating the response of glass, ceramics and other
brittle materials is the JH-2 model. This constitutive equation was developed by Johnson and Holmquist [18]. Its
detail description is presented e.g. in [19] where the description of its implementation in LS DYNA final element
numerical code is also involved. This constitutive model incorporates the effect of damage on residual material
strength and bulking during failure in compression. The relevant equations describing the response of the material
are summarized in the following. The strength of the material is described by a smoothly varying function of the
intact strength, fractured strength, and damage:

0" =0 —D(0 - 0f) ™)
where stresses are normalized with respect to owe. that is defined as
3
OHEL = 3 (HEL — Pyg.) (8)

In which, HEL is the Hugoniot elastic limit and Png, is the pressure at HEL.
The normalized intact and fractured strength are given by:
o = A(P* + TN + Clne*) , of = B(P)YM(1 + Clne") 9)
Where actual press P and maximum of tensile hydrostatic pressure that the material can withstand T are
normalized respect to Pe..

Damage parameter D is expressed as:
Agp

D=} o
Where Ag, is the plastic strain increment and s{; is the fracture plastic strain given by:
el =D, (P* + TP
The hydrostatic behaviour is described by the equation:
P=Ku+K,u?+ K;u® + AP

£o s the hydrostatic compression and AP is the bulking pressure of the material. This pressure is

where u = p;—o
determined by the amount of accumulated damage. Under relatively lower pressures the only parameter Ky can
be used. In this case this parameter corresponds to the bulk modulus, which can be evaluated using common elastic
constants.

The description of the brittle material using of Johnson Holmquist (JH-2) equation is based on the nine material
parameters: A, B, C, M, N, T, HEL, Dj, Dy, which must be determined. The procedure of the determination of
these data are described in many papers - see e.g.[20]. In this paper data taken from [21] have been used. The
parameters of JH - 2 model are in the Table 3.

Table 3: Material constants for soda — lime glass
Density (kg/m°) 2530
Strength constants

A 0.75
B 0.2
Cc 0.035
N 1
M 0.72
T (MPa] 27.8
HEL (GPa) 1.003
OHEL (MPa) 334
G (GPa) 26.9
Damage constants

D, 0.043
D, 0.85
Equation of state

K1(GPa) 43.2
K>(GPa) -67.2
K3(GPa) 153.2

This model has been used in LS DYNA finite element code in order to simulate experiments shown in the Fig.2.
In the Fig.15 the time history of the axial stress is displayed. It is evident that the agreement between the computed
and the test results improved with the increase in the striking velocity.
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Figure 15: Comparison of the experimental and computed axial stresses for the direct impact
configuration —see Fig.2

The significant difference between computed and experimental time histories of the axial stresses was
reported namely at striking velocities 62 m/s (elastic response) and 66 m/s (very small specimen damage). In the
next step numerical simulation of the specimen damage was evaluated. In the Fig.16 the specimen damage
development at striking velocity 66 m/s is displayed. In this Figure as well in the following the striker moves from
the left to right.
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Figure 16: Numerical simulation of specimen damage development. Red color corresponds to complete
damage, blue color to intact specimen. This valid also for the Figs.17 and 18.

The extent of the specimen damage is relatively small. The numerical results in the Fig.16 agree with results of
experiments reported in the Fig. 4.
In the Fig.17 the damage of the specimen at the striking velocity 100 m/s is presented.
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t=30us t=90us
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t=50ps

Figure 17: Numerical simulation of the specimen damage development. Striking velocity 100 m/s

The agreement between numerical and experimental results (Fig.7) may be considered up to about 30 ps.
Numerical simulation of the loading process is not able to describe next specimen damage development.
Numerical simulation gives similar results for the striking velocities 90, 95 and 100 m/s as it is shown in the
Fig.18. In this figure the final damage of the glass specimens is shown.

v=62 m/s s . v =90 m/s

v =100 m/s

Figure 18: Final damage of the glass specimen — numerical results
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IV. CONCLUSSIONS.

In the given paper the fracture of the soda — lime glass specimens under impact loading have been studied.
The modified Brazilian test named as direct impact was used. These experiments show that the glass fracture
resistance is well characterized by the maximum of the stress transmitted to the supporting elastic (Hopkinson)
bar. This parameter increases with the projectile striking velocity. The rate dependent resistivity of tested glass to
the loading rate was supported also by the results of dynamic Brazilian test. The high — speed camera results show
that the main features of the specimen damage development are near the same both for the direct impact and for
the Brazilian test. It means the results of the Brazilian test can be used for the prediction of the specimen fracture
resistivity at direct impact loading. The preliminary results of the numerical simulation show that the agreement
between numerical and experimental results depends on the striking velocity. In order to improve the
computational results the material data must be obtained for the used specimens.
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