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STRENGTH AND FRACTURE ANALYSIS OF BRITTLE
: PIIOTOELASTIC MATERIAL

STATIC AND DYNAMIC TESTS

LLKRUSZKA, W K. NOWACKT aad M. WOLNA (WARSZAWA)

Results of static and dynamic uniaxial compression tests on brittle transparent model
material are presented. Multiple static experiments were made with the use of ultrasonic
measurements, acoustic emission, photoelasticity and photographic registration of changes
in the studied specimens. In this way comprehensive information on the mechanics of
defects and fracture of the material was collected. In the dynamic investigations a standard
Hopkinson bar device was used. Static and dynamic characteristics were compared, short-
term strengths and mechanisms of cracking and fracture were studied, taking inio account
slenderness of testpieces. ' :

1. INTRODUCTION

Brittle photoelastic materials are frequently used to investigate stress
and strain states in monolithic engineering structures and their members,
especially at collapse. Increasing interest is also directed towards application
of these materials to study generation of cracks in structures or models made
of real materials,

Photoelastic coating method is used for the purpose. Brittle photoelastic
materials are also used to study the behaviour of rocks. Fragments of mining
pits are modelled or photoelastic materials are bonded on the specimens
of actual rock material. Cracking processes together with propagation of
induced cracks can be modelled. Brittle fracture is also investigated in the
boundary value problems. _

The main aim of this paper is to examine the static and dynamic be-
haviour of a brittle photoelastic material made of local components. The
purpose is not only to better understand the properties of the material, but
also to acquire information useful for complete (nonstructural) modelling of
specific engineering structures.
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The whole analysis should be completed with the comparison of prop-
erties of the tested material with the properties of actual brittle materials
under consideration such as rocks and concretes. This problem will be dealt
with in a separate paper.

In this paper the test results from long-term compression (low strain
rates of € = 3 — 14-10-5g~?) are compared with those from the dynamic
compression (high strain rates of the order of 10%s7!). Four slenderness
ratios of uniaxial compression cylindrical specimens were used.

Three types of experiments were planned:

s preliminary tests: nondestructive ones based on ul{rasonic measure-
ments, ' '

e main ones: destructive tests in both static and dynamic regimes,

e auxiliary: static tests based on the acoustic emission, photoclasticity
and photographic registration of deformation process in specimens under
study.

Thus a large amount of information can be collected to describe processes
of crack propagation and fracture mechanisms. Modelling of brittle fracture
was attempted with the use of brittle model material without the necessity
of an artificial crack. Few experiments of this type has been reported in the
literature. Studies described in this paper comprise the necessary tools and
programmes of some preliminary investigations in the field of fracture me-
chanics. The obtained results should therefore be treated as having mainly
a qualitative character.

2. PREPARATION OF MODELLING MATERIAL

Locally available materials were used to make the photoelastic mate-
rial: epoxy resin Epidian 2 and distilled rosin. Method of preparation was
described in [1]. A series of cylindrical specimens were made with the diam-
eter of dp ~ 17mm and the heights ko = 0.5do; do; 1.5do; 2dp. Specimens
were formed in moulds made of silicone rubber Polastosil M56 networked at
room temperature with a 5% addition of catalizer OL-1. Due to flexibility of
moulds, practically no residual stresses were generated in the specimens after
pouring. To obtain smooth surface and parallel bases, cylindrical specimens
were machined by turning. ‘

Average specific weight of the material was v = 11.2 kN/m3, average
Brinell’s hardness amounted to Hp = 23.2.
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The following designations of specimens were used:
o slenderness s = 0.5; 1.0; 1.5; 2.0 by means of letters A, B,C, D,
e consecutive casts: [ — V,
~ o consecutive numbers of specimens with the same slenderness 1 — 8.

3. NONDESTRUCTIVE TESTS

Prior to the basic experiments some nondestructive tests were made in
order to select specimens suitable for further investigations and to determine
material constants (wave elastometry). Ultrasonic technique was used. Re-
tardations of impulses (echo of specimen’s bottom) were measured with the
help of a defectoscope supplied with a transmitter of 4 MHz frequency. Ve-
locities of ultrasonic waves were found to be almost uniform (admissible
scatter was not exceeded) so the tested material was considered to be phys-
ically homogeneous. The method of ultrasonic elastometry made it possible
to determine the following average values of material constants:

¢ propagation velocities of elastic waves; for longitudinal waves ¢f, =
2480m/s, for transverse waves ¢y = 1096 m/s,

¢ Lamé’s constants: A = 4410 MPa, u = 1410 MPa,

» Young’s modulus E = 3770 MPa, bulk modulus K = 5240 MPa,

e Poisson’s ratio v = 0.38.

Avpart from ultrasonic verification, residual stresses were checked. Photo-
clastic measurements were taken in a circularly polarised light, whereas the
studied specimens were sunk in an immersion fluid. Although intensive
cooling was applied during machining of testpieces, some permanent resid-
ual stresses were found to be present. Such a sensitive measuring method
as photoelasticity showed clearly those residual stresses. However, those
small stresses did not affect the stress state generated in compression in any
appreciable manner. '

4. DESTRUCTIVE AND COMPLEMENTARY TESTS

Destructive tests constituted the main part of the investigations. Cylin-
drical specimens were subjected to uniaxial compression to failure under
static and dynamic conditions.
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4.1. Static tests

Static compression was realized in a mechanical testing machine with the
constant velocity of its traverse v; = 0,07 mm/min. Global strain rate in the
deformation process was ¢ = v;/ho. Diagrams of compressive force I versus
displacement Ah = hg — h {change in the distance between platens) were
prepared. Global strains were measured as referred to the whole height
‘of a specimen to provi'de preliminary conclusions of a rather qualitative
character. Some drawbacks of this simple procedure are described in [2].
However, gauge measurements of local strains in the course of tests to failure
are usually difficult, if at all possible, especially in the post-elastic range and
close to the strain gauges whose bases are small but finite.

Displacements were measured with the use of an induction-type register
of length changes, Two loading programmes were realized:

e up to the attainment of short-term strength, with no unioading,

o with four loading-full unloading cycles before the short-term strength
was reached. In the first cycle (I) about 20 per cent of the maximum load
F. was applied (as an average for a given slenderness of specimens), in cycle
IL = 40 per cent, in cycle IIT — 60 per cent and in cycle IV — 80 per cent
(Figs.1-4). '
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Fia. 1. Axial compressive force F vs. displacement Ak diagram with four (I-IV) cycles:
of loading-unloading; specimen AIV/4 (s = 0.5); F. - average short-term strength from
no-unloading tests for specimens with the slenderness s = 0.5.
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FiG. 2. Axial compressive force F vs. displacement Ak diagram with four (I-IV) cycles
of loading-unloading; specimen BI/1 (s = 1); F,; — average short-term strength from
no-unloading tests for specimens with the slenderness s = 1.
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FIG. 3. Axial compressive force F vs. displacement Ah diagram with four (I-IV) cycles
of loading-unloading; specimen CIII/2 (s = 1.5); F. - average short-term strength from
no-unloading tests for specimens with the slenderness s = 1.5.
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IIG. 4. Axial compressive force F vs. displacement Ak diagram with four (I-IV) cycles
of loading-unloading; specimen DIV/1 (s = 2); F. — average short-term strength from
no-unloading tests for specimens with the slenderness s = 2,

Average nominal stresses o = F/Ag (Ao — initial cross-section of a cylin-
der) as functions of global strain ¢ = Ah/hg for four slendernesses are shown
in Fig.5. The results were obtained in the testing machine during the first
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FIG. 5. Average nominal static stress a vs, global strain e for various slenderness of
specimens; Fy — average static Youn’s modulus, £ ~ strain rate.

loading programme. Average static Young’s modulus Fy was found to be
3520 MPa. The presented curves do not contain their postcritical branches
(softening characteristics) that largely depend on the type of failure. They
will be shown later on. Along with the compression, deformation changes
were registered photographically in the unpolarized and the circularly po-
larized sodium light. At an instant of compression programme at which
plastic deformations appear on the matting surfaces of specimens, some
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thin slip lines (Liiders - Hartman - Cherenkov lines) can be seen inclined at
roughly 45° to the specimen axes (coinciding with the inclination of ex-
tremum shearing stresses). Dark regions of shear strains (plastic ones} can
also be observed inside cylinders as shown in Fig.6.
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F1G. 6. Shear strain regions in specimen BII/3 (s = 1) for various instants.
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T1G. 7. Variability of compressive force in specimen BV/6.
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Tiq. 8. Signal of acoustic emission N/At (number of impulses per unit of time) during

measurements of ¢ in specimen BV/S.
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Acoustic emission method was also employed to study the deformation
process. Load-displacement relationship is shown in Fig.7. Symbols f cor-
respond to the photographs — Iig.10. Number of acoustic impulses per unit
of time N/At is shown in Fig.8 and respective RMS (root mean squares)
can be seen in Fig.9. The latter indicates an effective magnitude of voltage
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I'rG. 9. Signal of acoustic emission RMS (oot mean square} during measurements of ¢
in specimen BV/6.

which is proportional to the amount of elastic energy stored in the material
under compression. Results of auxiliary photographic studies for specimen
BV/6 during its deformation process are shown in Fig.10,



t=35" t=6'02" - t=827"

Tz1afg4ﬂ . t._.__..17105” f'=1’f':‘-']5”

t=12'29" t=13'30" t=14'03"

t=1500"

FiG. 10. Delormation and failure process of specimen BV /6.

[35%]




STRENGTH AND FRACTURE ANALYSIS OF BRITTLE PIIOTOELASTIC MATERIAL 353

To avoid excessive friction between specimens and platens silicone paste,
graphite grease and molybdenum disulphide with an addition of kerosene
were applied to the bases of cylinders. No appreciable differences between
these three lubricants were found as to the load-displacement curves. In
further tests silicone paste only was used.

4.2. Dynamic lests

The modified ITopkinson bar (see e.g. {3]) was used for dynamic tests.
This technique was first devised to study plastic properties of metals at
high strain rates. It has found broad applications also for the studies of
dynamic behaviour of other materials such as plastics and brittle materials
— in particular rocks and concretes [4-13]. This procedure makes it possible
Lo observe the whole process of dynamic loading of a cylindrical specimen
including an instant of [racture and subsequent fragmentation leading to the
final destruction of the specimen. Cylindrical specimens with the diameters
do ~ 17 mm and various height-to-diameter ratios were subjected to com-
pressive action of 100 ~ 160 ws duration. Detailed description of testing
stand and suitable experiments is given in [14].
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Fic. 11, Diagrams of 0 — e, ¢ — 1, € — 1, Fiq. 12. Diagrams of o ~ e, 0 — 1, € — ¢,
€ — ¢ for specimen CIII/1 (s = 1.5) € — ¢ for specimen CITT/3 (s = 1.5)
under dynamic load, under dynamic load.

Relevant results of dynamic tests are given for four selected specimens:
C II1/1, C II1/3, DIV /2 and DVI/7 (Figs.11-14, respectively). The shown
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FIG. 15. Dynamic ¢ — & curves for specimens with various slendernesses and subjecied
to various strain rates £. E -- dynamic Young’s modulus. Statical & — ¢ curve for 5 = 0.5
is also shown (with triangles). Designations of specimens: 1 — AIL/2, 2 - AV/S,

3 - BII/2, 4 - CIII{1, 5 - CIII/3, 6 ~ DVI/7, T - DVI/2,
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curves comprise: stress-strain diagrams, stress and strain rate diagrams as
functions of time and strain-strain rate relationships in terms of averaged
values (dashes over symbols). Dynamic stress-strain curves are presented
in Fig.15 for seven specimens with various slendernesses and subjected to
various strain rates. Static curve for s = 0.5 is also shown. Considerable
increase in dynamic Young’s modulus can be observed. Dynamic unloading
can be clearly seen in specimens with lower slendernesses (s = 0.5 and
s = 1.0). The tested material is found to be strain-rate sensitive (compare
for s = 0.5: é = 1.4.107%s71, 39051, 680s~1). However, the largest
stresses were those reached under static loading. Similar bebaviour was
found to apply to the epoxy resin specimens, Fig.16 [31].
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Fiq. 16. Static and dynamic & — & curves for a cylindrical epoxy resin specimen with the
slenderness s = 0.25.

4.8. Degradation of a photoelastic material under various strain rates

Brittle materials are characterized by creation of microcracks upon load-
ing followed by the desintegration of a festpiece. That is why a rigidity of
a mechanical loading system plays an important role in the tests [15]. If a
post-failure characteristic of a brittle material has larger slope than that of
a loading system, a sudden desintegration of the material will occur.

Thus a considerable rigidity of the testing machine is advisable tc enable
accurate measurements of the material properties during the falling branch
of the load-displacement curve and to obtain information on both ascending
and descending branches of the process. Testing machines and Hopkinson
bars used in this type of experiments are found to be rigid enough. Increas-
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ing input of energy makes it possible to observe the whole failure process and
particular stages of the fragmentation to be registered photographically, at
least in static tests. Static and dynamic delormation processes are accompa-
nied by the formation of microcracks followed by growth and accumulation
of microdefects that result in the creation of one or more macrocracks and
final destruction of the material. These processes have been found to be
anisotropic phenomena that strongly depend on strain rates, geometry of
specimens, and the existing friction between specimens and platens (con-
tact forces). The following stages of the static as well as dynamic loading
have been observed to take place — elastic behaviour, commencement of
cracks degradation of the material and fragmentation (final failure).

Main advantage of the tested brittle material is its transparency and sen-
sitivity to the effects of birefrengence. Unlike in nonfransparent materials
such as rocks and concretes, it enables an uninterrupted, continuous obser-
vation of the deformation process [16} which can be in static tests easily
registered by photographic means. Moreover, an experimental analysis of
stress and strain states is possible once the photelastic images arc obtained.

As mentioned before, the boundary conditions at the interfaces of sam-
ples and platens of a testing machine are of particular importance. Friction
between the tested material and platens and much larger stifiness of platens
than of the samples cause serious disturbances in the uniaxial stress state
and lead to the presence of shearing action as a result of lateral constraints
-~ are important factor in the brittle fracture of materials. According to the
Saint—Venant principle, it 1s not closer than at a distance of the specimen
diameter that a way in which loading is applied ceases to influence appre-
ciably the behaviour. That is why the testpicce heights amount to twice
or three times the lateral dimensions [17-19]. For the slenderness ratio s
larger than 2 the compressive stress state is considered to be practically
homogeneous — at least prior to the appearance of the first crack. Effects of
slenderness on the strength of specimens are discussed in [20] where some
photographs of crack and failure modes are shown. In slender specimens
(s > 1) faulting occurs in the form of single inclined shears. When s = 1,
characteristic inverted cones are formed as a result of shear and axial split-
tings as well as slabbing. In short specimens (s = 0.5) numecrous splits occur
accompanied by surface spalling. All these deformation modes indicate the
presence of contact friction. Classical longitudinal splitting, characteristic
for brittie material under compression with negligible frictional resistance
was not found to occur. Simlilar failure modes for the static compression of




STRENGTH AND FRACTURE ANALYSIS OF BRITTLE PHOTOELASTIC MATERIAL 357

brittle cylindrical testpicces have been described in the literature for rocks in
[21-24] for concrete (also for biaxially compressed cubes) in [25], for mortars
in [26], for hardened steel and cast iron in [27].

Additional knowledge of the course of failure of specimens under static
load was gathered with the help of acoustic emission (AE) signals that car-
ried information about discrete processes going on in the material in contrast
to the load-displacement (or stress-strain) relationships that reflect general-
ized, continuous changes due to loading. According to the investigations to
date 24,28}, main sources of acoustic emission are known to be microcracks,
loss of cohesion, macrocracks, {riction between the surfaces of macrocracks
and, lastly, disintegration of material. Single AF signals and their series are
also emitted in the elastic range and indicate certain local instabilities before
global instability of the whole mass of the tested material develops [24]. It is
here worth emphasizing that the prdcess of failure of brittle materials such
as rocks is scale-independent [24, 30] which means that the same mechanical
process takes place in a small sample (in the laboratory), in a situation with
moderate dimensions (mining subsidence areas) as well as during an earth-
quake where enormous dimensions are involved. That is why laboratory
tests can provide conclusions applicable in situations of different scales.

Most commonly used'pdi‘ameter in the AE method to study deformation
processes is the number of impulses N/A¢ per unit of time, Dependence of
this number on the duration of loading is a characteristic feature of a given
brittle material, its structure, behaviour etc. Another basic parameter of the
AE method is the energy of signal, What is measured is the sum of signal
energies in unit time: RMS. This parameter confirms information collected
from the number of impulses and shows how abrupt the studied process of
mechanical failure is. '

The collected data concerning these parameters have shown that the pro-
cess of static deformation of uniaxially compressed brittle material cylindri-
cal samples can be divided into a number of stages each of which corresponds
to a specific structural state of the material subject to cracking and failure
(cf. Fig.9).

STAGE I - fixing of a specimen in the testing machine -

At relatively low stresses a considerable activity of AE is present, hoth
RMS and N/At. Load-displacement relationship is nonlinear (for specimen
BV/6 t=0—2min). Small cracks appear near the end of cylinders.
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STAGE II — generation of microcracks

Both RMS (¢ = 2 — 7min) and N/At become less active; and cracks
continue to develop.

. SracE I - generation of macrocracks

Energy lmpulses RMS tend to "explode” (¢ = 7—12min) accompa,med by
further instantaneous emission N/At. Cracks and slip lines become visible.
Stable propagation of cracks continues.

-STAGE IV = primary failure

“Acoustic activity N/At and RMS is again strong (f = 12 — 14.5 min)
Liiders — Hartman — Cherenkov lines appear. Cracks begin to propagate in
an unstable manner. An interval of time elapsing between the commence-
ment of primary failure (so-called precursor) and complete disintegration of
the specimen is usually characterized by lower activity of N/At. '

STAGE V — failure

Immedia,tély prior to and during the ultimate failure both the number of
impulses and their energy (RMS) suddenly increase.

Completely different character of the later stages of the deformation pro-
cess is observed during dynamic compression of cylinders in the llopkinson
bar. Slender specimens (s > 1) undergo, apart from primary longitudinal
cracks, alse secondary transversal cracks caused by tensile stresses gener-
ated in‘tlie stress wave process occuring in long specimens. These zones
appear miear the areas of load application and grow together with increas-
ing strain rates to contribute to a complete disintegration of the specimen.
Short specimens (s < 1) undergo longitudinal cracking only: for s = 0.5
across the whole length irrespective of the load level, for s = 1 at some
parts depending on the load intensity (similarly as in the case s > 1.5).

5. COMPARISON OF RESULTS

The described experiments have enabled the new britile photoelastic ma-
terial to be studied in compression within two ranges of strain rates: low
(static tests) and high {dynamic tests). The material is found to be strain
rate sensitive both in the elastic range (considerable increase in Young’s
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modulus) and in the plastic range (diflerent dynamic characteristics). Ex-
cellent exposition of the situation is given in Fig.15 in which the o — ¢
diagram is plotted for the specimens with the slenderness s = 0.5.

Larger elastic deformations are noticed under static than under dynamic
loading. This can be explained by the fact that for low strain rates not only
purely elastic but also viscoelastic strains have enough time to develop. For
high strain rates the clastic strains are of almost completely instantaneous
nature. Increase in strain rate is observed to increase elasticity of the mate-
rial and at the same time to decrease its short-term strength (Fig.16). The
latter fact is explained by a ductile-brittle character of failure under static
load and a brittle one under dynamic load.

Proper selection of slendernesses of specimens to obtain a uniaxial stress
state has been confirmed:

o s = 2 in static tests; eflects of frictional contact are eliminated in the
middle part of specimen.

* 3 = (.5 in dynamic tests; wave propagation elfects are disposed of.

Due to the transparency of the model material a full visualization of
current states has been possible, In particular:

s crack propagation,

¢ defect and fracture mechanisms,

o plastic flow lines,

s effects of [rictional forces,

e stress concentrations near cracks.

Geometry of specimens has also been found to have considerable effect
on the stress-strain relationships and the fracture mechanisms, In dynamic
tests the o —¢ curves turned out to be different for slender specimens (s > 1)
{rom those for short specimens (s < 1). Effects of slenderness in the static
tests were observed not earlier than on the post-critical branch of the o — ¢
curve (after the short-term strength has been reached); the shape of this
branch strongly depends on the failure mechanism of the specimen. In the
dynamic tests defects and fracture are accompanied by longitudinal and
transversal cracks, the latter being present only in the specimens with the
slenderncss s > 1. Regions of defects and failure originate from the loaded
end of specimen and, together with the intensity of defects, depend on the
loading rate. TFor specimens with s = 0.5 failure occurs-along the whole
height. In the static tests, compression failure prevails for s > 1, skew shears
and longitudinal splitting are present for s = 1, cracks are accompanied by
surface spalling for s = 0.5. Each of the above mechanisms is characterized
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by a different post-critical ¢ — £ branch. Fragmentation in the case of static
load is finer than in the dynamic case.
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