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Abstract The failure of brittle and quasi-brittle polymers
can be attributed to a multitude of random microscopic
damage modes, such as fibril breakage, crazing, and mi-
crofracture. As the load increases, new damage modes
appear, and existing ones can transition into others. In the
example polymer used in this study—a commercially
available acrylic bone cement—these modes, as revealed by
scanning electron microscopy of fracture surfaces, include
nucleation of voids, cracking, and local detachment of the
beads from the matrix. Here, we made acoustic measure-
ments of the randomly generated microscopic events
(RGME) that occurred in the material under pure tension and
under three-point bending, and characterized the severity of
the damage by the entropy (s) of the probability distribution
of the observed acoustic signal amplitudes. We correlated s
with the applied stress (¢) by establishing an empirical s—a
relationship, which quantifies the activities of RGME under
Mode I stress. It reveals the state of random damage modes:
when ds/do > 0, the number of damage modes present
increases with increasing stress, whereas it decreases when
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ds/de < 0. When ds/de =~ 0, no new random damage
modes occur. In the s—o curve, there exists a transition zone,
with the stress at the “knee point” in this zone (center of the
zone) corresponding to ~30 and ~35% of the cement’s
tensile and bending strengths, respectively. This finding
explains the effects of RGME on material fatigue perfor-
mance and may be used to approximate fatigue limit.

1 Introduction

Random damage in components and structures, fabricated
from brittle and quasi-brittle polymers, when loaded, has
been extensively investigated using both experimental and
theoretical methods [1-7]. As such, much is known about
many aspects of this phenomenon in these materials. For
example, (1) many random damage modes are recognized,
among which are void nucleation, microfracture, crazing,
fibril breakage and debonding [1, 2], fracture in craze
development [1-5], and distributed microdamage with
certain patterns [6, 7]; (2) the distribution of the random
damage over the various modes changes as the stress
increases; and (3) random damage occurs in the form of
microscopic events with specific characteristics.

The type of failure in many of these brittle and quasi-
brittle polymers is considered as brittle failure. It is rea-
sonable to hypothesize that these materials are in a “dam-
aged state” when they are subjected to load. Evidence of
this damage state is the continuous occurrence of randomly
generated microscopic damage as observed by many
authors, as reviewed later. Knowledge is lacking, however,
about the probabilistic characteristics of random damage
events, and quantification of the evolution and severity of
these events and their distribution over damage modes
under increasing stress. Also, little is known about how the
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modes of randomly generated microscopic events and the
transition when a change of these damage modes occurs
influence the mechanical performance of a polymeric
component/structure.

The objectives of the present work were twofold. Firstly,
to establish an experimental approach that involves the use
of acoustic sensing to detect the occurrence of randomly
generated microscopic events, and the use of scanning
electron microscopy (SEM) to identify various damage
modes and their occurrence at different stress levels in a
brittle or quasi-brittle polymer. Secondly, to develop a
theoretical approach that takes into account the influence of
these randomly generated microscopic events on the
material’s macroscopic behavior under the applied stress.
We used a poly methyl methacrylate (PMMA) bone
cement (hereinafter referred to as “bone cement”), which
is a quasi-brittle, two-component polymer, as the sample
material to illustrate this new approach. There were two
reasons for this choice. First, bone cements are widely used
by surgeons for anchoring total joint replacements [8].
Thus, the mechanical properties of bone cement, which
depend upon the random microscopic damage formed in
the material under stress in vivo, are of obvious clinical
importance. Second, most studies of bone cement have
focused on particular modes of damage [9, 10], such as the
propagation of microcracks [10, 11], fracture [12], and
fatigue [13-16], rather than on the evolving process of
randomly generated microscopic events.

2 Materials and methods

A commercially available bone cement brand, VersaBond™
(Smith & Nephew, Inc., Memphis, TN, USA), was used. The
powder constituents are 18.0xg of beads of methyl meth-
acrylate co-polymer, 20.0x g beads of methylmethacrylate
homopolymer, 3.8 x g of ZrO, particles, and 0.5xg of ben-
zoyl peroxide, while the liquid monomer (MMA) constitu-
ents are 19.87 mL of methyl methacrylate (stabilized with
hydroquinone) and 0.13 ml of dimethyl-p-toluidine.

2.1 Specimen fabrication method, study groups,
loading types, and SEM examinations

The cement powder and liquid monomer were mixed by
hand in a polymeric bowl open to the ambient laboratory
air. The mixture was poured into a specimen mold and was
left to cure in the mold for at least 48 h, then removed, and
aged, with all these steps being carried out in air.

Three groups of specimens were studied: Group I, which
was comprised of 21 rectangular cross-sectioned, dog-bone
tension specimens (ASTM D638-98 Type IV specimens);
Group II, which was comprised of 22 rectangular cross-
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sectioned, three-point bend specimens (1200 mm x 10 mm x
10 mm), with loading span of 980 mm; and Group III, which
was comprised of two Group II-type specimens for the pur-
pose of SEM examination. Group I and II specimens were
tested to rupture under tensile stress (in fracture mechanics,
this is called Mode I failure). The nominal stress values in
Group I and I specimens are defined as the ratio of the load to
the cross-sectional area of the specimen and the maximum
tensile stress, respectively. Since the shear stress in three-
point bending contributes <4% to the principal stress, it was
ignored.

Both the pure tension and three-point bending loading
were performed using a screw-driven materials testing
machine (Model 4465; Instron, Inc., Canton, PA), at a
crosshead displacement rate of 1 mm/min. Groups I and II
specimens were loaded continuously to fracture. Group III
specimens were loaded to an intermediate load level of
92 N or 382 N and then the load was removed.

The microstructural examinations were of: (1) the sur-
faces of as-fabricated specimens that were notched, frozen
in liquid nitrogen, and then fractured by hand to generate
mirror, mist, and hackle surfaces [17]; (2) the surfaces of
Groups I and II specimens following their fracture in the
stress tests; and (3) the surfaces of Group III specimens
which, after removal of the loading, were notched, frozen
in liquid nitrogen, and then fractured by hand.

2.2 Acoustic emission (AE) tests

These tests were carried out in conjunction with the stress
tests. The acoustic data were integrated with the load
readings in such a way that when an AE signal exceeded
the pre-determined threshold, the corresponding load level
was read at the same time and at the same sampling rate.
Acoustic signals from the damage events were observed by
attaching four AE sensors (Nano 30; Physical Acoustics,
Inc., Princeton, NJ, USA) to each test specimen. For each
sensor, the resonant frequency was 140 kHz and the
operating frequency range was 125-750 kHz. This type of
sensor is known with sensitivity for the uses with bone
cement specimens [18, 19]. The acoustic signals were
exported from the sensors to a 40 dB pre-amplifier, whose
band pass filter was between 2.5 kHz and 3.8 MHz (AEP4;
Vallen-Systeme GmbH, Munich, Germany), and then to a
multi-channel AE data processor (ASMY-5; Vallen-Sy-
steme GmbH). To choose a signal threshold that would
optimize the signal-to-noise ratio, the entire load train was
tested first. There were no detectable acoustic signals at or
below 35.5 dB; so, this was used as the threshold. The
maximum amplitude observed in the tests was 93.8 dB. A
computer program recorded the rate of arrival of signals in
each of the ten equal sub-intervals 35.5-41.3, 41.3-47.2,
47.2-53.0, 53.0-58.8, 58.8-64.6, 64.6-70.5, 70.5-76.3,
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76.3-82.1, 82.1-88.0, and 88.0-93.8 dB. For each value of
the (increasing) stress we tabulated the cumulative number
of acoustic events per unit volume (cm3) in each sub-
interval of acoustic intensity.

2.3 The probabilistic entropy of acoustic data

As a method of concisely characterizing the distribution of
acoustic event amplitudes, we used probabilistic entropy, a
choice that was motivated partly by the work of Garcimartin,
et al. [20], although the definition of probabilistic entropy
used here differs fundamentally from theirs. Our probabi-
listic entropy is a practical approach to assess the state of
randomly generated microscopic events in a material from
acoustic observations. We chose to base our approach on the
shape of the distribution of acoustic event amplitudes rather
than on the total number in that distribution, because, in
addition to varying with the amount of damage, the latter
parameter also depends significantly on other factors; for
example, it is different for bending and for tension.

To characterize the shape of the distribution concisely,
we have used an indicator based on the Gibbs formula [21],

5:= [ plo)in(1/pte)ax (1)
0

for the entropy of a continuous probability distribution with
density p. Let x denote the amplitude of an acoustic event,
measured on a scale where x = 0 corresponds to 35.5 dB
and x = 1 corresponds to 93.8 dB, so that in terms of x the
ten sub-intervals used by the detector are (0, 0.1), (0.1, 0.2),
..., (0.9, 1). Suppose that the (scaled) amplitudes of the
acoustic events are independent random variables
distributed on the interval (0, 1) with probability density
p(x); then the probability that one of these amplitudes,

chosen at random, lies in the ith sub-interval is p; :=
0.1i
0.1(i—1

by replacing p(x) on each sub-interval of the x axis by its

. L i
average over that sub-interval, which is p; := ol [0 (ie1)

)p(x)dx. We shall approximate the Gibbs formula

p(x)dx = 10p;. This gives the approximation

10

10
s~ > 0.1p0n(1/p) = piIn(0.1/p). 2)
i=1 i=1

After N acoustic events have occurred, the expected
number of events with amplitudes in the ith sub-interval is
Np; The observed number of events in that sub-interval,
which we denote by n;, is an estimate of Np; and so f; := n/
N is an estimate of p;. The corresponding estimate for the

above approximation to the entropy is Z}gl Siln(0.1/f3).
Thus, we have

10
Sxs:=3» fiIn(0.1/f)
i=1

We shall use s as our indicator of the shape of the
distribution. Its greatest possible value is zero, achieved
when the observations are equally distributed over the ten
sub-intervals (i.e. f; = 0.1 for i = 1, 2, ... 10). Its least
possible value is In 0.1 = —2.3, achieved when all the
observations fall in the same sub-interval.

Since acoustic data are obtained from fracture tests, the
elastic stress/strain waves released are due to the creation
of free faces of random damage crack formation and other
microscopic events. Thus, the proposed entropy ties
directly with the physical mechanisms of these waves. For
instance, the amplitudes and counts of these electronic
signals have been found to be proportional to the magni-
tude and quantity of the random microscopic events of the
material as a consequence to the applied stress [23-27].
These literature results [23-27] allow us to assume that,
statistically, each random damage mode would cover a
certain range of acoustic event amplitudes. The more the
different random damage modes are present, the more the
observed amplitudes will be spread out over the available
range, and so the larger will be the entropy. Thus, the
entropy, as a macroscopic quantity defined by Eq. (2) gives
a measure of the number of different modes that are acting,
and can be used to reveal: (1) the state of the randomly
generated damage modes; (2) the evolution of these modes;
and (3) the severity of random damage formation.

3 Results
3.1 Microstructural features

The microstructural features of an as-fabricated specimen
are seen in Fig. la. The dark circular shadows are the
PMMA beads and the white spots are the particles of ZrO,,
all embedded in the matrix.

The damage modes observed on the mist surface of a
fractured Group I specimen (Fig. 1b) are bead fracture and
pullout, crack growth, and loosening of agglomerates of the
ZrO, particles. The damage modes on the hackle surface of
a fractured Group II specimen (Fig. 1c) are the disinte-
gration of the matrix (through extensive void nucleation),
coalescence of voids, microfracture, and decohesion
between the beads and the matrix.

The microstructural features during the early stages of
bending of a Group II specimen, specifically at a location
where the tensile stress reached 12 MPa, are seen in
Fig. 1d. There is evidence of voids at the bead—matrix
interface, which may, in part, be the result of the
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Fig. 1 Microstructural features
of the fracture surfaces of the
specimens. a Microstructure of
an as-fabricated specimen.

b Microstructural features of the
fracture surface of Group I
specimen (mist zone). Note bead
fracture and pullout, loose
agglomerates, and the mixed-
mode fracture surface
topography. ¢ Microstructural
features of the fracture surface
of a Group II specimen (hackle
zone). Note bead/matrix
decohesion and void
coalescence. d Microstructural
features of a Group II specimen
at the early stages of bending
(12 MPa tensile stress). Note
the voids at peripheral
interfacial boundaries between
the PMMA beads and the
matrix, void coalescence, and
loose agglomerates

polymerization process and the acting stress. For other
PMMA bone cement specimens, subjected to bending, the
number of voids has been found to be directly proportional
to the applied stress [28]. For a Group II specimen, at
sections where the tensile stress was between 20 MPa and
the fracture stress, the microstructural features include
loosening of agglomerates and coalescence of voids.

3.2 Acoustic observations

The acoustic parameters measured included the quantity,
amplitude, rate, and distribution of acoustic events as they
evolve under increasing stress. For each value of the stress,
these observations can be presented as the graph of the
cumulative number of acoustic events per unit volume (cm3)
observed in each sub-interval up to the stated values of the
applied stress ¢ plotted against the amplitude of those
events. Figure 2a shows such graphs at selected stress levels
for Group I specimens (under pure tension). When
o < 12 MPa, the cumulative number of acoustic events is
low and nearly all have low amplitudes. At these stress
levels, the main damage events are the nucleation and coa-
lescence of voids. Since the amplitude of the acoustic signal
is directly proportional to the energy released by the trig-
gering damage event [29-32], it is inferred that the damage
events releasing the least energy are in the modes of the
nucleation, coalescence of voids, and initiation of other
microscopic events. The continuously increasing occurrence
of acoustic events with increasing amplitude corresponds to
the increasing occurrence of damage modes as the local
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stress becomes critical at more and more places. At
~ 12 MPa, acoustic events in the highest-amplitude sub-
interval (near 90 dB) are observed for the first time.

When 12 MPa < g < 18 MPa, the proportion of
acoustic events having large amplitudes increases, with an
increasing number of them occurring in the highest-
amplitude sub-interval. As a result, there is a change in the
shape of the acoustic event amplitude distribution. It is
inferred that many of these new acoustic events arise from
new types of damage mode, which release more energy
than the ones that occur below 12 MPa. Figure 1b shows
(when compared with Fig. 1d) that the acoustic events
taking place when ¢ > 12 MPa are bead decohesion, mi-
crocracks, crazing, and, eventually, widespread micro-
cracking, leading to fracture of the PMMA beads and the
matrix. Within the stress range 12 MPa < ¢ < 18 MPa, the
shape of the acoustic event amplitude distribution changes
from monotonically decreasing to one with a minimum at
the sub-interval with second highest amplitude.

When ¢ > 18 MPa, the acoustic event amplitude dis-
tribution transition is completed. Consequently, the curve
in Fig. 2a shifts upward without any obvious change in
shape. That is to say, although the number of acoustic
events increases significantly, the distribution of their
amplitudes stays the same.

It is reasonable to infer that for 18 MPa < ¢ < 35 MPa,
no new damage modes appear, the new damage instead
having a microstructure similar to that which has already
occurred (though, perhaps, at a different location in the
material). In other words, in this stress range, there is no
new damage formation mechanism.



J Mater Sci: Mater Med (2010) 21:2915-2922 2919
a 0.0
& 10° . -=-Tension
o | S -£3-Bending
pus Wy -E T-K - e
8 | | T 05 I i .
£ Eog- 5 e =
> - S iy “E._
g it | B ? M Sy ~gE : ‘ :g-:w [ﬁ@@@[ﬁ@@@@@@@@mm
G N g SR Ny SN w 1.0} o SRR 1
3 SNETTE. ey [ ;"--. 5 s [ Q&\y
3 g e £ _ED z = h @\I_‘ v
S 10° [=aMpa | T~ I Peeg TEESA S LA
‘s <=8 MPa N ‘\f_‘ i NN L = b @ ; ! Transition zones
& L =*-10MPa \i\\“\ L =m0 i | W A5p-y @ ! H indicated by the
§ 1§ <-12mPa I""“i\ BNt N jz g© 1 | shadedaress
o *-14 MPa RANES SNC @ i :
£ 10%}| +-16 MPa =1 % 200E : : 1
E 18 MPa i i
3 1ot lL2-35MPa i i
; . . ) i ; H i
25 ; il j ; i
A o =0 P i = 0 10 20 30 40 5 60 70
Amplitude of acoustic event , dB Applied stress o, MPa
b . : Fig. 3 Variation of the approximate probabilistic entropy (s) with
‘% —-4 MPa | applied stress under tension and under three-point bending. Standard
T L2 -+-8 MPa deviations are shown. In the first zone, s increases steadily; in the
a 10° + B L. . . .
P —*-12 MPa second (transition) zone, the rate of increase slows down; in the third
5 =-20 MPa zone, s is roughly constant
o *-24 MPa
B =_ -=-40 MPa . . . . .
R e v-80 MPa the increasing presence of acoustic events in sub-intervals
r S _-i-..____ S | . . . .
8 = ‘!H“I“““inni‘“-i with higher amplitudes. When detected acoustic events
5 ,: : __; 3 *—-_.E_____-I‘:::§*-._, begin to occur in all ten sub-intervals, the s—o curve curve
E i :--,;I - ~:::%j:i‘i bends downward, denoting the beginning of the transition
; N Eeew ~—<F. % . g
2 107t N T N Y $-- s " zone (the second zone). This transition zone corresponds to
W . S Y % e . . . .
= ~ -3 5 e change in shape of the curves in Fig. 2. In the thir
g s the change in shape of th Fig. 2. In the third
o ol e N R i I e s e . .
= L “H%___if ~if zone, s is approximately constant (ds/de =~ 0), although
3 1g* , , , , with a slight downward curvature (d>s/de” < 0).
40 50 60 70 80 90

Amplitude of acoustic event , dB

Fig. 2 Distribution of the cumulative number of acoustic signals in
each of the sub-intervals under pure tension (Group I specimens)
a and under three-point bending (Group II specimens) b Standard
deviations are shown

The results for Group II specimens are shown in Fig. 2b.
The results are similar to those in Fig. 2a, but the total
number of acoustic events is lower (presumably because
the damage is confined to a thin layer of the specimen) and
its dependence on the stress level is much weaker than
under tension.

3.3 Use of s to quantify randomly generated
microscopic events

Using the probabilistic entropy, the main features of the
data shown in Fig. 2a or Fig 2b can be reduced to a single
curve giving the empirical relationship between s and the
stress ¢. This is done in Fig. 3, both for tension and for
bending.

Three distinct zones are seen in the s—o relationship. In
the first zone, s increases approximately linearly with
applied stress ds/de = constant > 0). This corresponds to

For the Group I specimens, the stress at the center of the
transition zone (the left shaded area in Fig. 3) is ~12 MPa
(corresponding to ~30% of the cement’s tensile strength
[33]). This stress, herein denoted the “knee-point” stress, is
the stress above which, according to the foregoing results
of Fig. 2, all of the damage modes become present, and
below which only the less severe ones are present. For the
Group II specimens, the transition takes place in a much
wider acting stress level than for Group I specimens. The
knee-point stress for this group is ~23 MPa (correspond-
ing to ~35% of the cement’s bending strength [34]).
Whether under pure tension or bending, the completion of
the shape change of the acoustic event amplitude distri-
bution is indicated by the near maximum value of s.

4 Discussion

4.1 The characteristics of randomly generated
microscopic events

For bone cement, the detected acoustic signals include
characteristics of nucleation of voids, crazing, micro-
cracking and decohesion of the beads from the MMA
matrix, transgranular fracture, and pullout of beads, as well
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as the order of occurrence of these damage modes, which
characterize the failure mechanism of this material. These
characteristics are features of the probability distribution of
acoustic events which can be determined by a set of stan-
dard quasi-static tension or bending tests. The purpose of
applying the stress fields in the tests is to reveal these
characteristics by exciting all the possible random damage
modes. One implication of these characteristics is that they
could possibly foreshadow the failure of the material.

4.2 Evolution of randomly generated microscopic
damage and entropy

In Fig. 4, we summarize schematically the evolution of the
microscopic damage under increasing stress. The first three
panels correspond to the three “zones” in Fig. 3, while the
last panel represents the microstructure immediately before
fracture. In the first panel, the damage is mainly sparsely
localized (nucleation of voids) and the acoustic signals are
mainly of low amplitude; thus, the value of s is also low.
The second panel illustrates the microstructure near the
knee-point stress: new and more severe damage events,
such as microcracking and decohesion of the beads from
the matrix, begin to take place. The amplitude distribution
now includes a significantly larger proportion of high-
amplitude signals and the value of s is significantly higher.
The third panel illustrates the microstructure when o is
between the knee-point stress and the fracture stress. There
is now widespread random damage in all of the afore-
mentioned modes, but, possibly, no new modes are created,
since the shape of the distribution, as shown in Fig. 2, stays
roughly the same and the value of s also stays roughly the
same. Note that the stress levels for both pure tension and
bending at this stage, estimated according to Fig. 3 to be
>20 and >30 MPa, respectively, agree well with the stress
level that was theoretically predicted, by Marshall et al.

o< 10 MPa
&/ do>0

Fig. 4 Schematic presentation
of the evolution of random
damage, under tensile stress.

o~12 MPa
sl do=0

[35], at which crazes begin to form in a single-phase
PMMA material, a type of self-similar meso-, micro-
damage.

The fourth panel shows how the microstructure might
look just before fracture occurs. New types of damage
event are now taking place, including severe transgranular
fracture, pullout of beads and fast microcrack propagation,
leading to larger and more weakening cracks in the mate-
rial and, eventually, a major fracture event. Moments
before final macroscopic failure occurs, there is a small
decrease in the value of s (Fig. 3). This decrease is asso-
ciated with a small tendency of the acoustic events to
concentrate in higher-amplitude sub-intervals (Fig. 2),
suggesting an increase in the proportion of very severe
damage events.

Taken together, Figs. 3 and 4 show how information
about the severity of the damage may be obtained from the
slope of the s—o curve, even when the value of the applied
stress is not known; specifically, the smaller the value of
ds/do, the more severe the damage.

4.3 The transition in the s—o curve

Note that a transition in the s—¢ curve takes place when
acoustic events begin to occur in all ten sub-intervals, as
indicated by a decrease in the slope of the curve. The
transition is complete when the shape of acoustic event
amplitude distribution becomes relatively constant. Our
results suggest that the underlying physics of this transition
is that, within the transition zone, all possible modes of the
randomly generated microscopic events are present. The
presence of these modes prepares or facilitates widespread
randomly generated microscopic events without the sig-
nificant occurrence of new damage modes.

Interestingly, the knee-point stress, under pure tensile
loading (~ 12 MPa), is approximately the fatigue limit of

oz 12MPa
&/ do~0

o =M stress
sl do<0

The black dots represent voids;
the red circles represent PMMA
beads firmly attached to the
matrix; the pink circles are
beads partly separated (along
the black arcs) from the matrix.
The thick black lines represent
fractures of the matrix or of the
beads

PRE-KNEE POINT
AT THE KNEE POINT

POST-KNEE POINT
FAILU RE

S

Void nucleation,
localized random
damage

Bead decohesion,
microcracks, void
coalescence

Bead fracture, matrix

damage and fracture, bead pullout

microfracture

‘ Widespread random ‘
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bone cement brands with compositions similar to that of the
VersaBond™, as estimated from results obtained under
fully-reversed tension—compression loading; specifically,
10 MPa for CMW ™ [34], 9.2-16.0 MPa for Cemex® [36—
38], and 8.8-13.8 MPa for Palacos®R [13, 38]. The fatigue
limit of CMW™, under three-point bending, has been
estimated to be 20 MPa [39], a value that is again approx-
imately the knee-point stress under three-point bending
(~23 MPa). It is not yet clear whether these agreements
exist in other materials, but it explains the effect of RGME
on material fatigue performance. This finding has a great
practical potential and deserves further investigation.

5 Conclusions

(1) We characterized the randomly generated microscopic
events under pure tension and under three-point
bending based on the measurements of acoustic events
from specimens of a quasi-brittle biomedical polymer
(VersaBondTM bone cement), and determined the
probability distribution of the event amplitudes.

(2) According to RGME amplitude distributions, proba-
bilistic entropy was computed, from which an
empirical relationship between s—¢ was established.
This relationship summarizes the activities of ran-
domly generated microscopic events under Mode I
stress and reveals that the number of different damage
modes present increases with stress when ds/de > 0,
whereas that number decreases when ds/do < O.
When ds/de =~ 0, no new random damage modes
occur.

(3) In the s—o curve, there exists a transition zone, with
the stress at the center of that zone (the “knee point”
stress) corresponding to ~30 and ~35% of the
cement’s tensile and bending strengths, respectively.
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