
J. Acoustic Emission, 21 (2003) 1 © 2003 Acoustic Emission Group

IDENTIFYING ACOUSTIC EMISSION SOURCES IN AGING BRIDGE
STEEL

TAKAO KOBAYASHI and DONALD A. SHOCKEY
Center for Fracture Physics, SRI International, Menlo Park, CA 94025

Abstract

Specific microfracture events responsible for acoustic emission (AE) signals in a failing
bridge steel were identified.  Resonant AE sensors attached to tensile specimens of aged A7 steel
recorded signals as a function of applied strain. After the tests, an advanced fractographic tech-
nique, FRASTA, was applied to the fracture surfaces to determine the specimen strain, at which
individual microcracks nucleated. A one-to-one correlation between AE signals and cleavage
cracks was found for certain cases, identifying the microstructural origins of AE in this bridge
steel.  Such correlations improve understanding and interpretation of AE signals and promote
application of AE technology.
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1. Introduction

A long-standing goal of the Federal Highway Administration (FHWA) and bridge engineers
responsible for the integrity of bridge structures is a technique for reliably detecting early signs
of cracking in steel bridge members (NDE Conference, 1993).  Currently, periodic visual in-
spections or inspections using ultrasonic and other flaw detection techniques are conducted to
determine the presence of flaws that can grow slowly under service conditions to a critical size
and suddenly result in catastrophic failure of the member and even the entire structure.

Unfortunately, the current detection techniques are often not able to detect dangerous, integ-
rity-threatening flaws.  Moreover, these procedures are labor intensive and, hence, expensive to
implement.  To circumvent these drawbacks, researchers are attempting to develop acoustic
emission (AE) technology for monitoring bridges (Prine, 1997; Livingston, et. al., 1996).  This
technology uses transducers attached to bridge members to record the tiny bursts of sound emit-
ted by microfailure events at the front of a slowly growing crack.  The potential advantages of
acoustic emission are that monitoring is continuous, it is not labor intensive, and it indicates
when failure processes are occurring.

In its present state of development, AE technology can often indicate if something is hap-
pening, when it is happening, and, via triangulation from outputs of several transducers, ap-
proximately where it is happening.  However, workers knowledgeable in AE physics (e.g.,
Huang et al., 1998), know that AE is capable of indicating much more about what is happening
inside the failing material.  Emissions from nucleating microcracks are possibly distinguishable
from emissions from growing cracks, so that if the AE signals can be adequately detected and
analyzed, useful information regarding damage severity and rate of damage growth can be ob-
tained.  To this end, wideband sensors are being engineered to record AE waveforms (Hamstad
and Fortunko, 1995), high bandwidth digital signal acquisition and storage systems are being de-
veloped and software and strategies are being created to process and interpret the enormous
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quantities of data.  To detect AE signals, however, the current sensitivity of wideband sensors
must be increased by about an order of magnitude.

For AE to be practical, a way must be found to discriminate between irrelevant signals (sig-
nals associated with vibration from traffic and the like) and relevant signals (signals produced by
micro-failure events occurring within a bridge member), as well as to interpret relevant signals in
terms of micro-failure activity and macrocrack growth rates.  Moreover, ways must be found to
manage the very large amount of data generated by continuous monitoring.

Whereas the data management problem can be solved by online data processing and dis-
carding of irrelevant information, achieving a physical interpretation of AE signals requires a
mathematical description of the source and resulting surface motion.  For geometries where a
theoretical computation of Green’s function is impossible, an experimental transfer function can
be obtained (Fukaura and Ono, 2001).  These researchers used resonant sensors and a laser-
induced impulse to verify a crack-opening type AE source (carbide cracking in a tool steel) and
its resultant waveform.

The work reported here is aimed at solving the former concern; i.e., the interpretation of AE
signals produced by material micro-failure.  Although considerable effort has been directed at
understanding AE signals from resonant sensors, little success has been achieved in relating AE
signals to micro-failure events associated with flaw growth.  A significant limitation has been the
lack of a way to observe in detail micro-failures occurring in the interior of a specimen or com-
ponent.  This paper describes the application of state-of-the-art fracture analysis technology to
the problem of deducing micro-failure activity from AE signals.

2. Materials, Specimen Geometry, and Fracture Test Method

To investigate fracture mechanisms responsible for acoustic emission and identify AE
sources, we machined circumferentially fatigue-pre-cracked, round-bar tensile specimens (Fig. 1)
from modern bridge steels A36 and A572, and from an older A7 steel obtained from an I-bar of
the decommissioned Pasco-Kennewick Bridge built in 1922 across the Columbia River in Ore-
gon.  This specimen geometry produces a high three-dimensional constraint at the crack front
(Giovanola, et al., 1997) and encourages micro-fracture by cleavage.

Fatigue pre-cracking was accomplished by rotating the specimen in a lathe and applying a
bending moment.  Pre-crack depth was controlled by fatiguing in steps.  After a certain number
of load cycles, the stiffness of the sample was measured in tension and compared with a calibra-
tion curve relating stiffness with ligament diameter.  The stiffness of the sample was measured
by dividing the applied load of 11.12 kN by the displacement in a 25-mm gauge length.

To determine the point of origin of AE signals, two AE sensors were used.  Signals generated
at the pre-crack plane were analyzed; signals that initiated outside of this plane were not.  The
sensors (150-kHz Model R15 resonant type from Physical Acoustics Corp.) were attached to 45-
degree waveguides placed an equal distance from the plane of the fatigue pre-crack, as shown in
Fig. 2.  An AE couplant (Dow Corning 200 silicone fluid) was used to improve acoustic wave
transmission at the interfaces of the AE sensors and the waveguides and also at the wave-
guide/specimen interface. The preamplifier gain and LOCAN gain were 40 dB and 20 dB, re-
spectively.  The preamplifier bandwidth was 100-300 kHz and the threshold level was 60 dB (1
mV at the sensor) in reference to 0 dB as 1 µV at the pre-amplifier input.
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Fig. 1. Geometry of circumferentially notched and fatigue pre-cracked round-bar specimen (di-
mensions in inches).

Load and specimen elongation were recorded during the fracture tests.  The specimen elon-
gation was measured by two extensometers of 50 mm gauge length mounted on opposite sides of
the specimens. The displacement of the fatigue pre-crack faces was computed from the elonga-
tion of the gauge section by subtracting the elastic elongation of the test specimen outside the
notched section.  The J-integral value was calculated using the opening displacement of the fa-
tigue pre-crack face.

3. Test Results

Tests on the modern bridge steels A36 and A572 produced no acoustic emission, except at
very low temperatures (-50°C or below).  In contrast, clear AE signals were recorded in A7
specimens, even at room temperature.  Thus, we focused our analysis on A7 steel.

Three tests were performed on A7 steel specimens.  In all cases the loading rate was
4.17 x 10-6 m/s and the temperature was 23°C, and in each specimen AE signals were recorded
well before rupture.  Figure 3 shows the variation of load and J-integral with displacement for
one of these specimens.  The J-integral value at rupture was 30 kJ/m2.  The fatigue pre-cracked
ligament shape was elliptical (major axis of 5.056 mm vs. minor axis of 4.895 mm).
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Fig. 2.  Specimen setup and method of mounting AE sensors. (dimensions in inches).

Fig. 3.  Load and J-integral value as a function of fatigue pre-cracked surface displacement for
A7 steel specimen tested at 23°C.  The acoustic emission events are also shown.  (Size of the cir-
cles indicates magnitude of AE signals.)
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All A7 steel samples exhibited uneven fatigue pre-cracking around the notch circumference,
resulting in elliptical ligament shapes.  This suggests directionality in material properties not ob-
served in the other bridge steels A36 and A572.  Furthermore, the J-integral values at rupture
showed significant scatter (30 to 265 kJ/m2). A plausible reason would be non-uniform micro-
structure and variations in the micro-fracture features that generate acoustic emission.  Further
studies are needed to investigate material variability in A7 steel.

4. FRASTA Examination

To identify the fracture mechanisms responsible for acoustic emission, we applied an ad-
vanced fractographic technique, FRASTA, to the fracture surfaces (Kobayashi and Shockey,
1991a and 1991b or http://www.sri.com/poulter/frasta/fracture.html).  Topographic maps of the
surfaces were made with a confocal optics scanning laser microscope coupled with a computer-
controlled precision x-y stage.  The conjugate fracture surface topographs were positioned in the
relative configuration of the fracture surfaces during the fracture test and viewed at various crack
face displacements.  Local areas of surface mismatch are indications of differences in the amount
of inelastic deformation that occurred during crack growth, and this information is used to recon-
struct microfracture processes.

The results are presented graphically in three ways.  A series of fractured area projection
plots (FAPPs) was generated to identify locations of microcrack initiation and indicate how the
microcracks grew.  A series of cross sectional plots (XSPs) was generated to observe the crack
opening profiles.  Finally, the fractured area increase rate was indicated by plotting the fractured
area as a function of conjugate surface spacing.  This curve is useful for identifying the onset of
micro-fracturing, changes in crack growth rate, and initiation of rapid crack propagation.  The
curve is also sensitive to changes in loading conditions.  More detailed discussion of the FRA-
STA method and its results can be found in Kobayashi and Shockey (1991a and 1991b).

Fractography
Figure 4 is a scanning electron micrograph of the fracture surface of the specimen whose

load-deflection curve is shown in Fig. 3.  Three distinct zones are evident on the fracture surface:
(1) the fatigue pre-cracked area,
(2) a ductile fracture zone in advance of the fatigue pre-crack tip, and
(3) the interior area populated by cleavage facets.

In addition, a series of small cracks perpendicular to the fatigue pre-crack surface exist in some
areas of the ductile fracture zone.  The planes of these secondary cracks are parallel, suggesting
planes of weakness produced by the fabrication process.

Figure 5 shows gray-scale topographic images of the conjugate fracture surfaces.  Darker ar-
eas are lower; lighter areas are higher.  The image of Surface B was flipped horizontally to fa-
cilitate comparison with Surface A.

Fracture Reconstruction
We used FRASTA to show the evolution of micro-failures in the fracturing specimen.  Con-

jugate topographs were positioned in the configuration of the opposing fracture surfaces during
the fracture test and then displaced in the direction normal to the nominal surface.  Since the to-
pographs do not match perfectly when juxtaposed, gaps appear and grow and join one another as
the conjugate topographs are displaced.  Mismatches in the conjugate fracture surfaces occur be-
cause the surfaces are produced by nucleation, growth, and coalescence of micro-failures.
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Fig. 4.  Scanning electron micrograph of A7 steel fracture surface.

Fig. 5.  Grayscale topography images of fracture surface.

These processes require plastic flow around and between cleavage cracks as the specimen dis-
placement increases.  Thus the appearance, growth, and coalescence of gaps between conjugate
topographs portray the nucleation, growth, and coalescence of micro-failures.

Therefore, the FRASTA technique reconstructs the fracture process in microscopic detail.
Figure 6 shows a series of FAPPs, in which black areas indicate topograph overlap (representing
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intact material) and white areas are the gaps between the topographs and indicate fractured areas.
The figures show the evolution of micro-failures and the formation of the fracture surface.

 

 

Fig. 6. A series of FAPPs showing microfracture processes in A7 Specimen 6 and details of
fracture surface development.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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The resolution of FRASTA depends on the roughness of the specific surfaces.  The confocal
optical microscope determines the elevation to better than ±0.2 % of the full elevation range.  For
our specimen, the elevation range was 990 µm for one surface and 943 µm for the other; thus,
the FRASTA resolution was about ±4 µm.

Tiny white spots in the FAPPs are noise that results from the topographic data fluctuation
within the error band, and from steep areas (insufficient reflection) or areas where significant in-
plane deformation occurred.  Since FRASTA considers only out-of-plane deformation and ne-
glects in-plane deformation, the in-plane deformation around the secondary cracks results in
permanent gaps and white islands in the FAPPs.  For example, the parallel secondary cracks evi-
dent in Fig. 4 appear in Fig. 6 as white islands from the beginning.  Thus, it requires care to dis-
tinguish white areas associated with cleavage cracks from areas resulting from errors in topogra-
phy data.

Since cleavage failure of a grain is expected to be sudden, cleavage cracks were identified by
careful examination of closely spaced FAPPs.  Areas in which a gap appeared within a small
displacement increment are circled in Fig. 6.  Further expansion of these areas is equivalent to
crack growth, and shows that growth is more gradual than nucleation.  Wideband sensors and
waveform analyses will allow more accurate location and size determination of cleavage crack
nucleation.  Since the fracture surface topography suggests that growth occurred by plastic flow
and void coalescence, AE technology may not be effective in monitoring macrocrack expansion.

Assistance with AE signal-microcrack correlation was obtained from the failure progression
curve shown in Fig. 7, which was obtained by summing the white (fractured) areas in individual
FAPPs in a series and plotting the data as a function of the conjugate surface spacing.  The curve
has four major segments.  The first linear segment with the steep slope (below a conjugate sur-
face displacement of 797 µm) corresponds to the fatigue pre-cracking phase.  The steep slope
indicates that the deformation involved in fatigue pre-cracking was small; the linearity indicates
that the fatigue crack growth rate was nearly constant.

Fig. 7.  Area increase as a function of conjugate surface spacing.
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The second region corresponds to the period from when monotonic loading began to the be-
ginning of microcracking.  Initially the slope of the curve is nearly flat and linear.  A small area
increase resulted from the blunting of the fatigue pre-crack tip and the associated small crack
extension.  At a conjugate surface displacement of about 869 µm, the curve deviates from linear-
ity, because of microcrack formation at the blunting fatigue pre-crack tip.  This corresponds to
the state shortly before the FAPP at 0.470 shown in Fig. 6c.  The displacement from the onset of
the monotonic loading is 72 µm.

Within Region 2 the fractured area increase gradually accelerated until at a conjugate surface
displacement of 922 µm the slope became steep and constant.  At this point the crack propagated
rapidly, leading to specimen rupture.  The total displacement from the onset of loading to onset
of rapid crack propagation was 125 µm.

The microcrack nucleation displacements determined by FRASTA can be compared with the
displacements at which AE signals were recorded.  Figure 3 shows that the first AE signal oc-
curred at a fatigue pre-crack surface displacement of 70 µm, which corresponds with the onset of
nonlinearity indicating the beginning of Region 3.  The white area developing at the 11 o’clock
position on the periphery of Fig. 6c was the first to rapidly expand and, moreover, occurs at a
displacement range consistent with the AE signal.  Thus, the cleavage crack responsible for that
white area is the source of the initial AE signal. Figure 3 also shows that the maximum load and
multiple AE signals occurred at the displacement of about 125 µm.  Since the maximum load and
intense AE activity correspond to the onset of crack instability and rapid crack propagation, the
end of Region 3 in Fig. 7 also agrees with the AE result.  The state of specimen during rupture is
shown in Figs. 6f and 6h.

The second and third AE signals in Fig. 3 agree with the FAPPs shown in Fig. 6d.  A consid-
erable increase in topograph displacement was required for the white areas to achieve the size of
a cleavage facet.  One would expect the white areas to develop more quickly, since cleavage
cracking occurs suddenly.  The neglect of elastic deformation by FRASTA may affect the rate
indicated by the reconstruction.  Despite the uncertainty, these findings show that FRASTA can
identify AE sources and begin to interpret the meaning of AE signals in terms of microcracking
behavior.

Local Fracture Surface Analysis
We obtained a detailed look at cleavage crack nucleation by applying FRASTA to a small

area of the fracture surface containing a cleavage facet.  Figure 8 shows a characteristic cleavage
facet: relatively flat, smooth, and planar, with a distinct boundary surrounded by a fibrous sur-
face characteristic of ductile void coalescence.

Figure 9 is a series of FAPPs portraying the evolution of the fracture surface area.  Little in-
dication of the impending cleavage crack is given in Figs. 9a through 9d.  The first sign is in Fig.
9e, where a few isolated gaps appear within the facet area at a topograph separation of 0.500.  At
a separation of 0.510, Fig. 9f, the gap area is continuous over most of the facet area.  Thus, this
cleavage facet formed at a displacement increment of 13 µm.  Figures 9f through 9h show the
cleavage crack joining the fatigue crack and penetrating into the specimen interior. Figure 10 su-
perimposes a FAPP at 0.515 on the micrograph of the fracture surface and shows the correspon-
dence of the gap generated by FRASTA with the cleavage crack.
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Fig. 8.  SEM image of cleavage facet in A7 fracture surface.

5. Discussion

The modern structural steels, A36 and A572, obviously more homogeneous and clean, did
not generate AE at room temperature.  Acoustic emission could be detected only when these
steels were tested at extremely low temperatures.  A7 steel, on the other hand, generated AE eas-
ily even at room temperature, suggesting that the microstructure possesses internal weak spots
that initiate micro-failure.  The large variation in toughness measured on the three specimens of
A7 steel (J-integral values ranged from 30 kJ/m2 to 265 kJ/m2) is consistent with a non-uniform
microstructure.  Thus, bridges made from older steels are more likely to crack and fail, and are
therefore more in need of monitoring.

More precise definition of the microcracks (white areas in Figs. 6e and 6f) can be achieved
with a higher resolution microscope system.  The confocal optics scanning laser microscope used
to characterize the elevation was an 8-bit system, which divided the elevation range of about 1
mm (for the samples we analyzed) into 256 divisions.  Thus, the elevation data step increment
was large (approximately 4 µm spacing).  Since the microscope determines the elevation at each
step with the accuracy of 0.2% of full range, the error band of each step was about ±2 µm on one
surface.  This broad error band was responsible for the fuzziness of the micro-fractured areas in
the FAPPs.  A 16-bit confocal optics scanning laser microscope would improve the capability of
FRASTA significantly and might permit the determination of microcrack initiation sites even in
A36 steel tested at -50°C.

To achieve AE monitoring capability for bridges, further studies should be carried out on
steels such as A7 to develop AE detection and signal interpretation methods and to develop
alerting protocols for impending failure of aging bridge components.  Because bridges are sub-
jected to cyclic strains, as opposed to the monotonically increasing strains of the tensile tests per-
formed here, the studies should be carried out under fatigue loading conditions.
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Fig. 9.  A series of FAPPs showing sudden appearance of a cleavage crack (circled) near the fa-
tigue pre-crack front.

To assess remaining life and to develop active strategies for preventing catastrophic failure,
more needs to be known about damage accumulation kinetics.  Information on microcrack coa-
lescence and crack growth rates should be sought in the shape of AE signals.  Needed are
broadband sensors with improved sensitivity capable of recording acoustic waveforms and high
bandwidth digital signal acquisition and storage systems.

6. Summary

Tensile tests were performed on three bridge steels.  AE transducers were attached to record
AE signals as the steel strained.  The more modern bridge steels, A36 and A572, did not produce
AE at ambient temperatures.  However, specimens of older A7 steel taken from a decommis-
sioned bridge produced AE signals well before the maximum load was reached.
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Fig. 10.  FAPP at Sep = 0.515 superimposed on the SEM photograph, showing that the gap cor-
responds to the cleavage facet.

Details of the microcracking occurring in the interior of the A7 specimens were determined
with an advanced fractographic procedure.  In certain cases individual cleavage crack events
could be correlated with AE signals, thus identifying the source of AE and enhancing the pros-
pect of using AE sensors to monitor the structural integrity of older bridges.  Additional investi-
gations are needed to confirm these findings and to extract mechanisms and rates of damage
from AE waveform data.  A7 steel is an attractive material for further studies because of its
practical importance and the opportunity it provides to advance interpretability of AE signals.
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