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The study of fatigue crack behavior in welded structures using AE technique during crack initiation and
propagation is discussed in this paper. This was achieved both theoretically and experimentally using
four point bending testing. A new averaging index known as AE intensity was used to analyze the
fatigue crack initiation conditions in the specimen. A theoretical model based on acoustic emission
energy rate was developed to determine the critical fatigue level and crack extension. The results were
compared with fatigue crack growth using a non-contact non-destructive testing method known as the
digital imaging correlation. It was realized that, AE technique was able to detect the unset of a crack at a
length of 8 pym in welded connection and 10 um in the base metal, this proved that, crack initiates faster

in welded connection than base metal.
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INTRODUCTION

A major setback in engineering structures is the early
detection of an emerging crack to prevent progressive
damage, monitoring the progress of a detected crack and
predicting remaining useful life of the structure.
Maintenance cost can be severely reduced in civil
engineering structures if cracks are detected earlier and
necessary remedies taken. Several methods have been
used to determine how a crack starts, when it starts and
how long it takes for a cracked structure to finally
collapse. Acoustic Emission (AE) is discussed to be the
most effective non-destructive testing (NDT) method for
monitoring fatigue crack growth in civil engineering
structures because of its real time monitoring system
(Pullin et al., 2005; Boris et al.,, 2012; Rabiei and

Modarres, 2013; Grosse and Ohtsu, 2008; Aggelis et al.,
2011; Khamedi et al., 2010). No universally accepted
definition of a “small” crack, has been defined, however
several researchers have proposed cracks less than 1
mm long (<0.001 m) as small (Anderson, 1995; Schijve,
1967). In this paper, the AE technique is applied in the
detection of crack development, fatigue crack initiation
and monitoring the propagation of structural steel and
butt welded specimens designed from lowly stressed
areas of a collapsed steel bridge. This was carried out
experimentally under two peak loads.

Acoustic emission technology has been successfully
correlated with linear elastic fracture mechanics (LEFM)
parameters such as crack length, crack growth rate and
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stress intensity for the evaluation and the assessment of
remaining fatigue life in relation to load cycles (Nykanen
et al., 2005; Biancolini et al., 2006; Han et al., 2011). In
related literatures, the AE count rate, with respect to
loading cycles has also been represented by a power law
similar to the Paris—Erdogan crack propagation law
(Singh et al., 2007; Harris and Dunegan, 1974; Shigeishi
et al.,, 2001). These power laws provide a natural link
between non-destructive acoustic emission monitoring
and qualitative fracture mechanics methods for predicting
the rate of crack propagation (Roberts and Talebzadeh,
2003). A model describing the relationship between AE
count rate and stress intensity range by relating the
energy released rate during crack extension to AE counts
was presented by Harris and Dunegan (1974). In other
literatures, cumulative AE counts were used in predicting
remaining life of steel specimens with notch (Carpinteri et
al., 2007). The purpose of this paper is to apply AE
technique in the early detection of cracks in real time to
reduce maintenance cost and unforeseen catastrophe in
civil engineering structures.

ACOUSTIC EMISSION
Crack initiation

Acoustic emission parameters such as count, rise time
and amplitude are used to characterize the crack
initiation behavior of the specimens. The sudden release
of high peak AE counts corresponds to crack initiation;
however this might also be due to plastic deformation,
micro-cracking and background noise. A new averaging
index called AE-intensity is proposed to combine multiple
features of an AE signal for detecting the onset of cracks
to reduce uncertainties and determine the early abrupt
jumps in AE events, which correspond to crack initiation
as shown in Equation 1. Noise signals are characterized
by higher rise times; however when the sensors are close
to the crack, faster rising times are recorded (Aggelis et
al., 2011). In addition, crack-related signals also comprise
higher amplitudes as well as higher counts. Therefore, it
can be concluded that the signals with lower rise time,
higher amplitudes and higher counts correspond to crack
growth rather than noise. Estimation of crack initiation
time can be implemented by simultaneous evaluation of
these AE features. The first appearance of a high
amplitude, high count, and low-rise time AE signal
corresponds to crack initiation.

AE _ Intensity(t) = i(wlc:(t) FW,A) + %"(’i)j @D

where

c (t) is the normalized AE count at a time t, A (f)
represents the normalized amplitude of the signal and R
() is the normalized rise time of the signal at time .

Weights were subjectively selected as:

Wy, W2:1/3, W3= -1/3 (2)

Crack propagation

The AE absolute energy (U) released is proportional to
the energy released (J) during crack propagation and
fracture events within the plastic zone. The energy
released rate during cracking can be expressed as:

K?
— max 3
G = (©)
J=G-t-a

where E” is equal to Young’s modulus E under plane
stress conditions and to E’/(1—Vv?) under plane strain
conditions. V is Poisson’s ratio, t is the specimen

thickness, and a is the crack length.
A relationship proposed by Yu is:

du AK da ( 4)

=t- -B-
dN E@A—R)?  dN

where B represents a proportional constant for a specific

material, N is the number of load cycles, and du
dN

represents the AE absolute energy rate and 92 s the

dN

crack growth rate.

The Paris Law, as in Equation 5 characterizes crack

growth behavior for a material under a given set of

loading condition for stable and unstable crack growth:

da m
aN c(AK) 5)

herein, ¢ and m are Paris material constants.

The relationship between AE absolute energy rate and
stress intensity range is obtained by combining Equations
4 and 5

du .
T = B(AK)”, ®)

where
B _ (B-t-c)
e —m ,and p = (m+1)

herein B, is a material constant for component under
specific loading. In engineering applications p is less than
(m+1) as a result of attenuation of the AE signals in
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Table 1. Mechanical property of Q345 steel and weld.

o, (MPa) o,(MPa)

Parameter S5(20) E (MPa)
Q345 360 560 37 206000
Weld 294 441 31 206000
Ob - yielding stress, s = ultimate tensile stress, o =

=Young’s modulus.

place of the stress intensity range, Equations 5 and 6 can

be combined to directly relate d_Uandﬁ and the
dN dN

results could be expressed as:

q
dau _ D[d_U] , @)
dN dN

herein, D =c/(B¢),q=m/ pn other to obtain the

values of the constants; of ¢, B, and P, fatigue test
combined with AE monitoring using standard specimens
are required.

q
By replacing G(N) for D(g_LNJJ in Equation 7,

integration during (Nus2, — N;) can be performed
numerically using Simpson’s rule expressed as:
N2 —N; )

A= 6

Equation 8 is used to estimate the crack extension in the
specimen using Acoustic emission energy rate.

[6(N,)+4G(N;)G(N,..)| @

EXPERIMENTAL DETAILS
Specimens design

The standard four point bending (4PB) specimens were designed
from Q345 (Chinese code) steel and butt weld in accordance with
ASTM E647 standards. An initial pre-crack length of 0.5 mm was
created at the bottom of the specimen. The mechanical properties
of the materials used for the specimens are shown in Table 1. The
specimens had dimensions of the width (W) = 40 mm, thickness (B)
=16 mm. A pre-crack length (a) of 0.5 mm was notched using the
MTS machine at a frequency of 10 Hz. The E50 electrodes were
used for welding specimen by shield metal arc welding method. The
weld types were full penetration butt welds. The specimens’
surfaces were mechanically polished by grinding and buffing to
ensure their smoothness.

Experimental methods

Fatigue tests were carried out on a servo-hydraulic testing machine
with maximum load capacity of 250 kN at ambient temperature
(300K). All specimens were tested under sinusoidal cyclic loading at

percentage of elongation, E

a frequency of 8 Hz and load ratio (R) of 0.1 at two peak loads of 16
and 20 kN respectively to study the effect of peak loads on fatigue
crack propagation. The AE signals were detected by using two
broad band piezoelectric sensors with frequency range of 10 kHz to
2 MHz. Vaseline was used at the interface between the sensors and
the specimen surface to obtain proper signals. A preamplifier of 40
db gain was used to capture the AE signals. AE signals generated
during the fatigue tests were recorded by SWAES full-
waveform acoustic. In order to make sure that the signals were
obtained from the cracked area, the linear source location was
applied using the pencil lead break method (Nivesrangsan et al.,
2007; Hamstad, 2007).

Ordinary paints (black and white) were sprayed on the
specimens’ surface as speckle patterns in a sweeping motion. DIC
images were captured using charged couple device (CCD) cameras
which were symmetrically positioned at a stereo angel of 30°. The
Images were taken after every 10 s during the fatigue loading
period. The images were analyzed using commercially available
image correlation software Vic-3D from Correlated Solutions
Incorporators (Singh et al., 2007), by capturing a reference image
from a reference cycle and deformed images at the same load level
in later cycles. All experimental systems were triggered at the same
time for effective comparison of results.

RESULTS AND DISCUSSION
Crack initiation

Quantitative analysis of the data proved that, there was
no AE event believed to be caused by crack initiation
during the first 10,000 cycles of monitoring the tests,
even though some AE signals were recorded due to
background noise. For experiment of the base metal
specimen at peak load of 16 kN the first jump in AE
intensity (sudden increase of 62%) was detected at
approximately 18700 cycles, which is an indication that
crack initiation was taking place. Similar observation
achieved for other tests. The numbers of cycles for crack
initiation were 10,400 experiments for the welded
specimen at peak load of 16 kN. Results from the crack
tip opening displacement gauge represented a crack
length of 8 um. Cumulative AE intensity was calculated
for the time of crack initiation and for the entire crack
growth duration. A linear correlation was observed
between the cumulative AE intensity and crack sizes. As
shown in (Figure 1), linear correlation between AE
Intensity and small crack growth exists in the entire crack
length range (Figure 2).

The slopes of the lines from those three experiments
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Figure 1. Cumulative AE count and amplitude versus observed crack length.
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Figure 2. Correlation between AE intensity and crack size for different experiments.

are apparently similar to within £10%. The length of initial
crack at the estimated initiation time could be quantified
using the linear relationship between the cumulative AE
intensity and crack length. Back extrapolation method

was used to estimate the actual crack initiation length at
the time of observation of the first jump in AE-Intensity
event for each experiment. The results show that
cumulative AE counts as well as cumulative AE
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Figure 3. Crack length vs. Number of cycles.

amplitude have increasing correlation with the measured
crack sizes. Obviously there is a remarkable similarity
between the correlation of AE amplitude and AE counts
with the small crack size. The total crack initiation length
studied was 0.5 mm AE signals were detected at a crack

length of about 8 um.

Crack extension

Based on the LEFM principles, the crack length vs.
number of fatigue cycles were plotted in Figure 3 using

Equation 9.
V% =0.999748—-3.9504U,, +2.981U,,% —3.21408U,

9
+51.51564U, * —113.031U, ° )

1 g _BEV

where U, = 4z W ’ P
T"+l

V =crack —mouth —openening — displacement

The experiments were carried out till final fracture. As
discussed earlier, the AE absolute energy could be
related to the energy released by the specimen during

fatigue cracking.
The AE energy accumulates as crack propagates. In

order to predict crack extension and remaining fatigue
life, the AE parameters like absolute energy rate,
cumulate absolute energy and count rate are related to
stress intensity factor, crack growth rate and crack length.
As reported earlier by Roberts and Talebzadeh (2003),
AE characteristics are correlated with parameters of
fracture mechanics whose logarithms are taken as:

da
log (mj =mlog(Ak) +log(c)
(10)

log (3—3) = plog(Ak) +log(B,)

In order to determine crack growth and AE constants, AE
data were picked below the critical level of fatigue crack
growth. The critical levels of crack growth in the
specimens were determined from the cumulative
absolute energy and crack length versus load cycles
plotted at the various peak loads (a = 16 kN, b = 8 kN) for
both welded specimen (Figure 4) and base metal (Figure
5) respectively. As seen from the figures, the critical level
of fatigue crack growth for the weld at 16 kN occurred at
crack length of 29.1 mm, for welded specimen at 8 kN the
critical level occurred at a crack length of 29.9 mm. The
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Figure 4. Critical fatigue level for welded specimens at peak loads (a) 16 kN and (b) 8 kN.
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Figure 5. Critical fatigue level for base metal peak loads (c) 16 kN and (d) 8kN.

critical fatigue levels for base metal were also recorded at

crack length of 30.6 and 31.8 mm for both 16 and 8 kN
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peak loads respectively.
Figures 6 and 7 show the plot of crack growth rate and

absolute energy rate versus stress intensity factor range
for the welded specimens (aand b). The linear least
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Figure 9. (a) DIC strain and (b) displacement images welded specimen.

square regression method was applied to obtain the
logarithm of the above named constants, where after, the
constants ¢, B,, were estimated. The constants m, and p
indicates the slope of the line while the logs of (¢ and,
B.,) determines the location of the straight line. It is
evident from the above results that, AE absolute energy
rate is an efficient means of determining the critical level
of fatigue cracking in steel structures. Critical fatigue
crack level in the welded specimen is reached earlier
than in the base metal and at a lower AE energy rate, this
suggest that, crack propagates faster in the welded

specimen than in the base metal.

Using the theoretical model developed, the remaining
fatigue life was predicted from the critical fatigue level to
fracture using Equation 7.

The theoretically predicted extension was compared
with experimental results from digital imaging correlation
(DIC) for verification. Thorough discussion of the DIC
technique has been reported by (Mathieu et al., 2012;
Luo et al., 1993; McNeill et al., 1987; Carroll, 2011; Roux
and Hild, 2006). Figures 8 and 9 show DIC strain (a) and
displacement (b) images for base metal and welded
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Figure 11. Experimental (DIC) and theoretically predicted life welded specimens.

specimen respectively during critical fatigue cycles at base metal and welded specimens at two peak loads are
peak loads of 16 kN. The plots of experimental (DIC) and shown in Figures 10 and 11 respectively. It is observed
theoretically predicted fatigue crack extension for both that crack propagated faster in the welded specimens
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under higher peak loads than the base metal specimens.

Conclusion

As discussed earlier on, crack propagates faster in the
welded specimen than in the base metal specimen due to
micro-structural differences. It is also evident that, AE
absolute energy rate is a convenient way of determining
the critical fatigue levels as compared to AE count rates
(Roberts and Talebzadeh, 2003). Slight deviations were
found between the AE results and the DIC results close
to the point of fracture due to DIC image distortions at the
point of fracture. For the DIC analyses, deviations
possibly resulted from inappropriate application of
speckle pattern, possibilities of dust on the specimens’
surface after application of patterns, and calibration
errors. The presence of back ground noise disturbed the
AE signals detected during crack initiation stage,
however, AE technique was able to detect cracks at a
length less than 8 um.
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