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Evidence for the Role of Propagating Stress Waves during Fracture
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(Received 12 May 1998)

During the fracture of a brittle material, the breaking of a bond launches a propagating stress
which may trigger the breaking of other bonds. Such a process might be important just prior t
avalanche of bond-breaking events when there would be a relatively high density of bonds on the
of breaking. This paper reports experiments with a model brittle material where the time and loca
of individual bond-breaking events are measured during fracture. Evidence for the role of propag
stress waves has been found. [S0031-9007(98)07628-5]

PACS numbers: 62.20.Mk, 43.35.+d, 46.30.Nz, 81.40.Np
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The problem of fracture is an old one [1], posin
challenging and interesting difficulties such as an extrem
sensitivity of some macroscopic properties to the pre
ence of microscopic defects and disorder. For examp
disordered materials composed of bonds with a rando
distribution of strengths, such as concrete, ceramics, a
polycrystallines, exhibit a broad range of fracture streng
[2]. Recent advances in the statistical physics of diso
dered systems applied to the problem of fracture ha
generated theoretical and experimental interest amo
physicists [2,3]. In testing and extending many curre
theories, it would be clearly advantageous to be ab
to observe and record individual bond-breaking even
locating them in time and space. We present here e
perimental observations of bond-by-bond breaking a
evidence for the role of propagating stress waves duri
the fracture of an open cell carbon foam. This mater
may be considered as a large-scale version of syste
which consist of an array of elements with a rando
bond strength distribution. Although the carbon foa
may not be an appropriate analog of some materials, i
interesting in its own right as a brittle material and it doe
provide a model system for testing theories.

The glassy carbon foam is a commercial produ
produced from burning polyurethane foam in an inert ga
leaving behind a network of brittle struts which loosel
form unit cells in the approximate shape of pentagon
dodecahedrons [4,5]. An illustration of a thin slice o
the foam is shown in the inset of Fig. 1. The strut
of varying tensile strengths, play the role of the bond
The nominal distribution of bond strengths, measured
vertical loading of individual struts on the bottom of a
hanging bulk sample, is shown by the histogram in Fig.
The number of bonds represented is normalized to t
average count of the total number of bonds broken ov
the fracture surface of a sample. By fitting a Weibu
distribution [2,6] to the cumulative sum of the measure
bond strength distribution, a fit to the histogram wa
obtained. The solid line in Fig. 2 showsdnydS, the
number of bonds per unit area which will break when
stress betweenS andS 1 dS is applied to it, versusS.
0031-9007y98y81(20)y4428(4)$15.00
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Cylindrical samples of the foam with a diameter o
5.04 cm were fractured under tensile force while sus
pended in a1 m3 tub of water; the system is illustrated in
Fig. 1. The samples were suspended from large springs
the center of the tub, far from the sound-reflecting wall
and water surface. The water allowed acoustic signa
originating from breaking struts within the interior of the
sample to propagate, with only slight damping (e.g., rela
tive to air) through the millimeter-sized pores. The spring
ensured that for small changes in strain, the applied stre
would stay approximately constant. The applied stressF
(applied force divided by the cross-sectional area of th

FIG. 1. A schematic depiction of the apparatus, consisting o
a 1 m3 tub for water, two hydraulic jacks and a cross beam
which apply the tensile stress, a strain gage which measur
the applied stress, the cylindrical carbon foam sample whic
is suspended and immersed in water far from sound reflecti
walls and surfaces, and an array of transducers which colle
the acoustic signals generated by breaking carbon bonds. T
inset illustrates a thin slice of the foam.
© 1998 The American Physical Society
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FIG. 2. The measured distribution of bond strengths (hi
togram) for the open cell carbon foam material, measured
vertical loading of individual struts. Also shown (solid line)
is dnydS scm22 MPa21d, the density of bonds per unit area pe
unit stress, which fits the measured histogram.

sample) was measured with a calibrated strain gage a
was increased, using hydraulic jacks, by small increme
tal steps until, at a final applied stressFf , there was a
large avalanche of bond-breaking events and the sam
ruptured in half. After each small change in stress, th
stress was kept constant until precursor bond-breaki
events had ceased. A 0.79 cm notch was scored into
cylindrical samples, forming a waist at the sample mid
section, so that the samples would preferentially clea
in the plane of the notch; it was found that out-of-plan
deviations were limited to65 bond lengths (a few mm).
Surrounding the sample in the plane of the waist was
array of wideband 35 MHz piezoelectric acoustic tran
ducers (1 mm diameter) [7]. The transducers were a
ranged symmetrically at a distance of 1 cm from the samp
and collected the acoustic signals, typically consisting
50 6 20 ms bursts of,1 MHz sound, generated by iso-
lated single bond-breaking events within the carbon foa
These signals could be well characterized by deliberate
breaking single struts and observing the resulting acou
tic burst after it had propagated through some thickness
foam, and comparing with similar signals observed durin
the fracture process. Single bond-breaking events could
recorded and counted up to a relatively short instant befo
the final rupturing event. From the recorded signals, th
relative timing and location of successive bond-breakin
events could be found with a straightforward geometric tr
angulation procedure using the arrival times of the acous
signals at three different transducers in the array. Figure
shows the triangulated position of a number of such si
gle bond-breaking events on one sample. Events occ
ring early in the fracture process are indicated in Fig.
with diamonds, squares, and triangles (corresponding
FyFf of 0.70, 0.90, and 0.97); as will be discussed late
these occur as individual events, widely spaced in tim
Events occurring later, as the externally applied load i
creases towards the rupturing stress, are indicated w
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FIG. 3. The location of bond-breaking events, deduced from
acoustic triangulation, near the fracture plane of one samp
Early stages of fracture are represented by diamonds, squa
and triangles, as discussed in the text. The events recorded
prior to the sample rupturing are indicated with circles. Th
transducers recording the acoustic bursts are indicated with t
labels (1), (2), and (3).

circles in Fig. 3 (corresponding toFyFf of 0.99); also dis-
cussed later, these tend to be closely spaced in time. T
final rupturing catastrophe, where typically about90% of
the bonds were broken, produced a larger amplitude bu
lasting several milliseconds. The results presented in th
paper are based on the observation and spatial-tempo
location of over 220 single bond-breaking events whic
occurred before the final rupturing event of five sample
It should be noted that the value of the applied stress at t
final ruptureFf was different for each sample.

The ratios of the relative separation in space and th
separation in time, or the “speed,” between successive p
cursors are shown in Fig. 4 with the sequence of letters (a)
to (d) indicating the approach of the applied stressF to
Ff . Early in the fracture process, withF far from Ff ,
the timing between precursors is large, peaking at abo
300 ms, which is set by the rate of the manual chang
in stress. When combined with the distance betwee
the sites of successive precursors, this produces a pe
at an effective “speed” of about0.03 mys in Figs. 4sad,
4sbd, and 4scd. Figure 4sdd shows that as the fracture
process continues, with the applied stress approachi
Ff , the timing between successive precursors becom
small, shifting the peak in effective speed by 4 orders o
magnitude to about103 mys, which is on the order of the
average speed of sound in the carbon foam material itse
A separate measurement of the average speed of soun
the foam was done by deliberately breaking single bond
in a bulk sample and recording, with an acoustic transduc
pressed against a strut some distance away, the arriva
the resulting impulsive stress wave. This measureme
is shown in Fig. 4sed for comparison with Figs. 4sad, 4sbd,
4429
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FIG. 4. The ratio of the spatial separation and time delay b
tween successive bond-breaking events for increasing extern
applied tensile stress [sad–sdd]. Also shown is the measured
speed of sound within the carbon materialsed. At low stress
[sad–scd] successive bond-breaking events occur at low spee
while at high stresssdd they become correlated with the spee
of soundsed. The number of events used to generate the curv
sad throughsed were 19, 34, 6, 165, and 200, respectively.

4scd, and 4sdd. Since the material is disordered, the stres
wave originating at the break site must travel a tortu
ous route through the material. This produces a spre
in the measured sound speed, with the average sp
(,1000 mys) somewhat less than the maximum spee
(,2000 mys) set by the true speed of sound through th
carbon material. There is a clear overlap between the pe
in Fig. 4sdd with the stress wave average speed show
in Fig. 4sed. This overlap suggests that as the fractu
process reaches a high density of bonds about to bre
(e.g., prior to an avalanche), stress waves generated by
breaking of bonds play a role in the subsequent breaking
bonds. This is a key form of evidence for the role of propa
gating stress waves during fracture, involving their spee
The question arises as to why the typical time betwe
bond breaking events changes when the applied tens
stress approaches its maximum value. The answer le
to supporting evidence for the role of propagating stre
waves during fracture, which involves their amplitude an
attenuation, as discussed next.

The stress released when a strut breaks was observe
consist primarily of a leading impulsive oscillation, whos
positive excursions exceeded the eventual static stress
the new equilibrium state. From the observed maximu
amplitude of acoustic signals generated by breaking str
4430
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in the surrounding water, about 0.003 MPa, the amplitu
of the stress waves in the carbon material itself may
estimated. Approximating the carbon struts as cylinde
with radiusa , 0.03 cm [5], the break site along the stru
will radiate primarily as a dipole source, for which th
ratio of the acoustic power emitted into the waterPw

to the acoustic power emitted within the carbonPc is
estimated [8] with

PwyPc , sayld4, (1)

where l , 0.19 cm is the typical wavelength of the
emission. Thus, the measured amplitude of sound in
the water gives the maximum amplitude of the impulsiv
portion of the stress waves in the carbonS0 as about
0.12 MPa. This impulsive change in stress travels at t
sound speed in the foam and acts only on nearby bon
where its amplitude is large. The outwardly spreadin
stress pulse undergoes significant acoustic attenua
since it must propagate through the highly disordere
tortuous network of struts, enhancing the effects
ordinary acoustic damping mechanisms. The acous
attenuation occurs over a characteristic length scalela,
which was determined experimentally (by breaking
bond manually and measuring signals in the carbon w
transducers located at varying distances) to be0.85 6

0.2 cm. Assuming that the propagating stress wave c
trigger other bonds in the fracture plane only over an ar
given bypl2

a, and that the density of bonds which may b
triggered by a stress wave of amplitudeS0 is sdnydSdS0,
then the number of bonds which may be triggered by t
attenuated stress wave is

N 0 ­ pl2
asdnydSdS0. (2)

The triggered bonds will be the source of stress wav
which may in turn trigger other events, as in an avalanc
of bond-breaking events. The threshold for such trigge
ing is set by the requirement thatN 0 $ 1, which gives a
minimum valuesdnydSdmin of the density of bonds per
unit area per unit stress:

dnydS $ 1ypl2
aS0 ; sdnydSdmin . (3)

From the measured acoustic attenuation lengthla and
the estimated amplitude of the impulsive stress pul
S0, the threshold value ofsdnydSdmin is determined as
3.6 6 1.5 cm22 MPa21.

At this point we must consider the fact that the stre
is not uniform over the sample midsection; becau
of the notch cut around the sample, the stress is hig
on the outermost bonds of the midsection (i.e., at the
of the notch). We have calculated the static stress dis
bution for our samples using a finite element analysis [
(appropriate for our network of discrete bonds), and ha
found that the very outermost bonds get a stress wh
is seven times that of the bulk of the bonds in the mi
section, the next outermost bonds get a stress which
twice that of the bulk, and the rest do not differ appre
ciably from the bulk. As the external stress is increas
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TABLE I. The final rupturing stressFf and the cumulative
number of bond-breaking eventsN for five carbon foam
samples.

Sample no. Rupture stress (MPa) Number of bond

1 0.819 63
2 0.459 65
3 0.604 57
4 0.898 54
5 0.649 32

from zero, the high stress value at the tip of the not
moves through the peak in the bond-strength distributi
curve (Fig. 2), and bonds preferentially break at the tip
the notch. This is demonstrated in our experimental da
by the diamonds, squares, and triangles in Fig. 3. As t
external stress reaches a value just below that of the
nal rupture, the situation is quite different. Now the hig
stress value at the tip of the notch is well into the tail o
the distribution (around 35 MPa in Fig. 2), and the stre
value for the bulk of the bonds (with stress around 5 MP
has moved toward the peak of the distribution in Fig.
Now bonds which are on the verge of breaking may b
found anywhere in the sample midsection; this is demo
strated in our experiment by the more uniform distributio
of the circles in Fig. 3. Because the bulk of the bond
with uniform stress occupy 90% of the sample midsectio
just prior to the final rupture, considering just these bon
in our analysis will incur an error no greater than that o
our estimate ofsdnydSdmin determined in the preceding
paragraph.

If a minimum threshold value exists forsdnydSd, then
there must also exist a cumulative numberN of bond-
breaking events which may occur before stress waves m
trigger other bonds which are on the verge of breakin
The cumulative number is given by

N ­
Z Z Sf

0

dn
dS

dSdA , (4)

whereSf corresponds tosdnydSdmin for the bulk of the
bonds, and the integral with respect to areadA is over
the sample midsection. Thus, our samples will be ab
to withstand a characteristic number of precursor brok
bonds before stress waves begin to play a role (just bef
the final rupture for our samples). Table I shows the stre
at the final rupture as well as the cumulative number
precursor single bond-breaking eventsN occurring before
the final rupture for five similar carbon foam sample
which were fractured under similar conditions. For th
fifth sample listed, the number of detected bond-breaki
events is an undercount due to an initial misalignment
the transducer array during the early stages of fractu
The average tensile stress required to rupture the fo
samples was0.70 6 0.20 MPa, with or without the fifth
sample included, varying by 25%. By contrast, the avera
s
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number of precursor broken bonds detected, excluding
anomalous low count, was60 6 5, varying by only 8%.
The number of bonds broken before the final rupturin
event may be measured more easily than the final str
on the bulk of the bonds. Using Eq. (4), this cumulativ
number of bonds corresponds to a value for the minimu
density of bonds per unit area per unit stresssdnydSdmin

of 2.35 6 0.1 cm22 MPa21, which is within error of our
estimate above. It should also be noted that the str
corresponding to this value in Fig. 2 is close to the stre
predicted by the finite element analysis for the bulk of th
bonds near the final rupture. These results give signific
support to the evidence for the role of propagating stre
waves in fracture.
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