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Introduction

The use of corrosion resistant glass fiber reinforced
polymer (GFRP) reinforcement in lieu of steel bars is an
attractive option for non-prestressed concrete structures that
operate in aggressive environments, such as bridges,
parking garages, seawalls and docks [1]. Design
principles that reflect the peculiar properties of GFRP
reinforcement, including its rel-atively low stiffness and
linear elastic behavior in uniaxial tension up to failure, are
fairly well established. Guideline documents [2] followed
by codes of practice [3, 4] and mate-rials and construction
specifications [5, 6] have been pub-lished in the last
decade and are available to practitioners. The lower axial
stiffness of GFRP bars, as compared to steel, results in
wider cracks reducing the depth of the uncracked concrete
in compression and hindering aggregate interlock along
the inclined (shear) cracks, thereby reducing shear
strength [7, 8]. In addition, size effect, which is defined
as the decrease in shear stress at failure at increasing
effective depths of the cross section, becomes more of
concern [9-11]. In concrete beams, cracks are typically
classified as flex-ural cracks and shear cracks. Flexural
cracks generally occur due to the presence of direct tensile
stresses that exceed the tensile strength of the concrete.
Shear cracks occur due to a combination of tensile and
shear stresses where the principal



tensile stress exceeds the tensile strength of the concrete.
Under a typical four-point bending setup, flexural cracks
develop primarily in the constant moment region (between
the loading sections), whereas shear cracks develop in the
constant shear regions (between either loading section and
the adjacent support) in the form of inclined fractures that
grow towards either loading section. As a shear crack
grows, sliding may occur at the crack interface causing
friction between the crack surfaces, and shear force may
be transferred via aggregate interlock along the irregular
interface. Given the difference in the mechanism of flexural
and shear cracks, it is postulated that each crack type may be
associated with different characteristics of the transient
stress waves that are released.

Acoustic emission (AE) consists of transient stress waves (in
the kHz range) emitted as a result of sudden energy release,
such as cracks or friction [12—14]. The sensitivity of AE sensors
to these high frequency ranges enables the detection of micro-
cracks prior to the visual observation of the macro-cracks
resulting from the coalescence of micro-cracks. AE is primarily
used as a passive monitoring tool for structures made of rein-
forced and prestressed concrete, fiber reinforced polymer (FRP)
composites (e.g. bridge decks and pressure vessels), and steel.
Standard test procedures have been developed for quantifying
damage in FRP tanks and vessels [15, 16]. Several AE studies
have focused on both the quantification of damage and struc-
tural health monitoring purposes [17-19].

This study investigates the sensitivity of AE for the
determination of crack type. The results are intended to
improve the criteria and methodologies to validate assump-
tions associated with failure analyses in terms of crack
development and mechanisms. Five scaled GFRP RC beams
without shear reinforcement were tested under four-point
bending. Acoustic emission was used to investigate the
cracking mechanism. AE features enabled to discrimination
between different crack types (flexural and shear) and rec-
ognition of impending failure regardless of the failure mode.

Research Significance

The mechanics of crack development in concrete structures
is not well defined with conventional instrumentation. The

sensitivity of acoustic emission was exploited to investigate
and describe the differences in the AE signatures associated
with the mechanisms of flexural and shear cracks that de-
veloped in GFRP RC beams with scaled effective depth and
maximum aggregate size. The ability to characterize crack-
ing mechanisms is instrumental to understand the mechanics
of crack development and failure [20], including the much
debated role of aggregate interlock as the primary shear
force transfer mechanism and source of size effect [21,
22]. From a more practical standpoint, the implementation
of this knowledge into structural health monitoring and
prognosis systems will enable recognition of whether a
structure is nearing a brittle and thus catastrophic failure
(such as shear failure of a RC beam without shear
reinforcement).

This study aims to contribute to the definition of rational
criteria for the classification of crack type in large scale
specimens. The number of sensors used for AE data analysis
along with the data filtering techniques implemented can be
adapted to field testing of actual structures.

Specimens and Materials

Five scaled GFRP RC beams were cast. The beams were
divided into groups of large and small scale specimens that
included two and three beams, respectively, as summarized
in Table 1. Schematics of the cross sections are showed in
Fig. 1. The smaller scale specimens, herein denoted as GS1,
GS2 and GS3, were constructed with a length, /, width, b,,,
and depth, 4, of 2440, 230, and 180 mm, respectively. The
effective depth of the GFRP reinforcement, d, was 145 mm.
The larger scale specimens herein denoted as GM1 and
GM2 had a length, width, and depth of 3350, 115, and
330 mm, respectively. The effective depth of the GFRP
reinforcement was 290 mm, thus scaled up by a factor of 2
with respect to that of the GS specimens.

The average concrete compressive strength, ﬁ , for each
specimen was determined per ASTM C39 at the time of
testing and is reported in Table 1. A maximum aggregate
size, a,, of 13 mm was used except for specimen GS3,
where a, was also scaled by a factor of 1/2 to 6 mm with
respect to its larger scale counterparts.

Table 1 Specimens geometry

and relevant material properties Specimen name by, D a ald m ! fc, (MPa) ag (mm) Ey(GPa)
(mm) (mm)
GS1 229 146 457 3.1 305 610 41.1 13 493
GS2 40.8
GS3 46.8 6
GM1 114 292 914 3.1 305 610 40.1 13 49.3
GM2 41.6
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Fig. 1 Cross section of GFRP RC beam specimens: (a) smaller scale,
GS and (b) larger scale, GM (dimensions in mm)

Each specimen was reinforced in the longitudinal direction
with a single @16 mm pultruded E-glass/vinyl ester GFRP bar,
resulting in an effective reinforcement ratio (p.4; given by the
ratio of the cross sectional area of the reinforcement to that of
the effective cross section, b,,d, multiplied by the ratio of the
elastic modulus of the GFRP to that of steel) of 0.15 %, which
is a lower bound that is representative of real-case scenarios.
The average longitudinal elastic modulus, £ and average
ultimate strength, fj, of the GFRP bars was 49.3 GPa and
785 MPa, respectively, as determined per ASTM D7205. The
specimens did not include any shear reinforcement and are
thus scaled representations of a strip of a slab bridge, deck or
retaining wall (both wall and foundation slab).

The four-point bending test setup is illustrated in Fig. 2.
Table 1 summarizes the length of the shear span, a, the length
of the constant moment region, m, and the anchorage length of
the GFRP bars past the supports, /. For all beams, a constant
shear span-to-depth ratio, a/d, of 3.1 was used to minimize
arching action, thus yielding conservative values of strength
[23]. The load was imparted by means using hydraulic actua-
tors and measured with load cells. The specimens were instru-
mented with strain gauges to measure deformations in the

Fig. 2 Load test setup: (a)
schematic, (b) photograph of GS
specimen setup, and (¢) photo-
graph of GM specimen setup
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Fig. 3 AE sensor layout: (a) GS specimens, and (b) GM specimens
(dimensions in mm)

GFRP reinforcement and the concrete, and with displacement
transducers to measure vertical displacements.

Acoustic Emission

Acoustic emission sensors were mounted on each specimen.
The surface of the specimens was first cleaned and a two
part epoxy was used to attach the sensors. Pencil lead breaks
were used to determine wave speed and to check the atten-
uation associated with each sensor according to ASTM
E1316 [14]. Two types of AE sensors were used: resonant
sensors in the vicinity of the 55 kHz (R61), and wide band
sensors (WDi), each constructed with an integral 40 dB
preamplifier. An array of 10 AE sensors was mounted on
the small scale (GS) specimens, including eight resonant
and two wide band sensors. The number of AE sensors
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Fig. 4 Crack locations in speci-
men GM1 using unfiltered AE
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was increased to 16 for the medium scale (GM) specimens,
including 12 resonant and four wide band sensors. The AE
sensor layouts for each specimen size are shown in Fig. 3.
The resonant sensors were intended primarily for source
location whereas the wide band sensors were intended pri-
marily for crack classification.

AE Data Filtering

Acoustic emission data was collected using a 16-channel
data acquisition system (Sensor Highway II, Mistras Group,
Inc.). The AE amplitude threshold was set at 50 dB for all
specimens. Raw AE data contain emissions generated from
noise, wave reflections as well as friction between the load-
ing apparatus and the concrete surface. General laboratory
conditions have been closely monitored to ensure the ab-
sence of electromagnetic noise. Friction was minimized by
inserting neoprene pads between the loading plates and the
concrete surface. The hit lockout time (HLT) was set to
1000 us in an effort to reduce reflections as the reflected
wave will have to travel a distance of at least 3 m before it is
recorded. Given the attenuation of AE signals in concrete
along with the travel distance and specimen size, the
reflected wave will be diminished. Reflections occurring at
time intervals smaller than the hit definition time (HDT) will
merge with the real signal causing long duration signals.
Since the elimination of false emissions, wave reflections
and friction between the loading apparatus and the concrete
surface is not possible, filtering of the AE data was a critical
task. To illustrate this point, Fig. 4 shows the result of source

Table 2 Rejection limits for data filters

Filter type Amplitude (dB) Duration (us)
Amplitude <60 -
Duration-amplitude 60-67 >2,000
68-75 >4,000
76-83 >6,000
84-91 > 8,000
92-100 >10,000

location from a representative beam specimen test (GM1)
utilizing unfiltered AE data.

Proper filtering of AE data can be accomplished using
waveform analysis performed for individual hits. Although
this method is the most effective, when large amounts of
data are present the time needed to perform the analysis
becomes unpractical. As such, the AE data from these tests
were filtered using amplitude and waveform-based filters.
The amplitude filter level was chosen such that noise was
minimized while retaining data pertinent to the results of the
test. The waveform based filters are combinations of data
having particular duration-amplitude characteristics, and are
referred to as D-A filters (Swansong II filters). These filters
were developed based on the observation that waveforms
associated with noise generally have relatively low ampli-
tude and high duration. The D-A filters were previously
implemented for filtering data from full-scale specimens
and are suitable for being applied to both laboratory and
field data [24, 25]. The D-A filters therefore exclude data
having particular amplitude and duration characteristics and
were developed based on visual inspection of waveforms.
The same filters were applied to all specimens to enable
comparison. Both filter limits are shown in Table 2.

Waveform Based Parameters

Each AE hit comprises a large number of parameters that
can be calculated from its waveform including, but not
limited to: amplitude, duration, rise time, average frequency,
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Fig. 5 Schematic of crack classification based on relation between
average frequency and RA value



Table 3 Summary of test results

Failure mode

Nominal flexural load®, Vy

Specimen Loads (kN)
Failure load, V.,
GS1 442
GS2 46.0
GS3 252
GM1 2.7
“Theoretical load associated with GM2 17.8

nominal bending moment

43.8 Flexure (GFRP bar rupture)
43.8

459 Shear (diagonal tension)
434

44.0

peak frequency, counts, RMS (root mean square of voltages
in the AE waveform), and signal strength (definitions pro-
vided in ‘AE terminology’). Most of these parameters have
been previously investigated for the determination of dam-
age in concrete structures [16—18]. However, limited re-
search has been performed on the nature of the AE
waveform signature associated with different types of cracks
[20, 26-31]. This study focuses on AE parameters of am-
plitude, peak frequency (PFrq), and rise time for classifica-
tion of crack types.

Existing Crack Classification Methods

At least two methods have been proposed for the clas-
sification of cracks: average frequency versus RA value
and moment tensor analysis [26—-31]. The first method is
parameter based and uses rise time, maximum ampli-
tude, counts, and duration to calculate two indices: RA
value and average frequency as shown in equations (1)
and (2). It has been reported that tensile cracks tend to
have low RA value and high average frequency while
shear cracks tend to follow the opposite trend. The

Fig. 6 Photographs of repre-
sentative beams after failure: (a-
b) specimen GS1 (GFRP bar
rupture), (¢) GS3 (shear failure),
and (d) GM1 (shear failure)

proportional limit for this empirical relation has not
yet been fully determined [27]. The relationship hypoth-
esis is shown in Fig. 5.

RA (in ms/V) = Rise time(in ps)/Maximum amplitude(in mV)

(1)

Average frequency = Counts/Duration(in ms) (2)

Moment tensor analysis can be used to determine crack
locations and orientations [28]. The method classifies cracks
quantitatively in three categories; (2) tensile cracks, (b)
shear cracks, and (c) mixed mode cracks. This method is
carried out based on arrival time and amplitude of the first
motion. The method is not easily implemented in field tests
as it requires at least six sensors located at three different
planes in the vicinity of a known crack or expected crack
location. A study has recently been conducted to classify
cracks using both of the listed methods with the results of
each being compared. Good results were achieved from the
parameter based method, however the events were first
located and determined based on a moment tensor analysis




[28]. The sensor layout utilized in this study is not suffi-
ciently dense to reliably perform a moment tensor analysis.

Parameter based analysis with limited amount of sensors
was also used to characterize fracture process. Results
showed that AE parameters during and after crack forma-
tions are different from AE parameters prior to cracking [30,
31]. Additionally, most of the specimens used in the litera-
ture measured 100x100x400 mm [28, 30, 31]. The work
presented herein deals with large scale specimens. In speci-
mens such as these cracks are visible after the occurrence of
the first flexural crack. As the load is increased, additional
flexural and shear cracks develop. Therefore classification
methods implemented in previous studies may not be appli-
cable in this study.

Results and Discussion
Failure Mode

Table 3 summarizes the experimental shear force in the
shear span at failure, V,,,, the nominal force associated with
flexural failure, V; computed per the ACI 440.1R-06 guide-
lines [2], and the failure mode. The contribution of self-
weight at a distance d from the loading section is accounted
for, assuming a concrete density of 2,320 kg/m’.

SpecimensGS1 and GS2 failed due to a flexural crack
developing until the FRP strain reached the ultimate value,
leading to the rupture of the GFRP bar [Fig. 6(a-b)] at a load
similar to the nominal value, V; (Table 3). The remaining
beams failed in shear. In particular, in the case of specimen
GS3, the scaling of the maximum aggregate size from
13 mm to 6 mm led to a shift in the failure mode from
rupture of the GFRP bar (flexural failure in GS1 and GS2) to
shear failure, as shown in Fig. 6(c), consistent with the
behavior of the larger scale (GM) counterparts, as shown
for GM1 in Fig. 6(d).

From a practical standpoint, it is noted that experimental
evidence from small scale specimens where the maximum
aggregate size is not scaled may be very misleading if the
results were extrapolated to large scale specimens having
similar maximum aggregate size. More details regarding the
size effect in GFRP reinforced concrete beams can be found
in Matta et al. [9, 11].

Crack Mapping

Results related to crack mapping are presented for representa-
tive scaled specimens that failed in shear (GS3 and GM1). The
AE source location technique was used to generate crack maps.
The method is similar to that used to determine the epicenter of
an earthquake, and relies on the difference in the arrival time of
recorded hits for different AE sensors to determine the location

of a given AE source using the wave speed. Two-dimensional
AE source location was performed since all the sensors were
mounted on one side of the specimen.

For specimen GM1, the load history was divided into
four stages as shown in Fig. 7(a). A nonlinear behavior due
to the decrease in flexural stiffness following the opening of
the first flexural crack was observed in Stage 2 as shown in
Fig. 7(b). Figure 8 illustrates the crack development at the
different load stages. Visually observed cracks were plotted
using high resolution photographs taken at various times
and load levels as shown in Fig. 9. The AE activity is plotted
with visually observed cracks following a particular loading
phase presented with a black line. In Stage 1, flexural
cracking is observed near the center line of the beam. In
Stage 2, additional flexural cracks are detected. AE activity
was also detected at the right side of the beam centered near
a space approximately 560 mm away from the centerline of
the beam. In Stage 3 the inclined shear crack at the right side
began to grow. Additional AE activity was detected in the

(a)

30 0 500 1,000 1,500 2,000
[C T T T \|‘ T T L ‘ T T T T ‘ T T T T ‘ T ]

" Stage . Stage | Stage | Stage 16
~BF 1203 0 4 1~
Z C 1 1 1 45 =
< 20F I - : 1. =2
= . : l?omt2 ! 14 =
g 15 } |. 1 1 B 3 g
- F Point1 | ' T -
SR SRR T o 12 §
s : : 1" &

5 } 1 1 41
O E " \: L ol R ] 0
0 500 1,000 1,500 2,000
Time (sec)
(b) Midspan deflection (in)
0 0.5 1 1.5 2
50 T T ‘ T ‘ T T ‘ T T :

i Specimen GM1 - 10
>0 a,=05in. (127 mm) | o 2
€ | Point3 i 5815psi(40.1 MPa) | © £

30 |- / ]
3 16 F
2 r Point 1 ] °
5200 14§
7 1 &

10 7 > point 2 42

0 L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘7 0

0 10 20 30 40 50
Midspan deflection (mm)

Fig. 7 Specimen GMI1: (a) load history, and (b) load-deflection
response



Fig. 8 Crack development in (a) =
specimen GM1 during load
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proximity of the inclined crack, which was also observed
through visual inspection. In Stage 4 AE events continued to
increase in the area where the inclined crack was propagat-
ing. The location of these events together with the progres-
sive increase in applied load indicate that the AE events are
associated with friction and aggregate interlock along the
interface of the inclined crack.

A similar analysis was performed for specimen GS3 as
shown in Fig. 10. The load-deflection curve for GS3 is
shown in Fig. 11(b). The load history was divided into four
stages. Only flexural cracks developed during stage 1, 2,
and 3. In Stage 4, the critical shear (inclined) crack that will
lead to failure initiated at the right side of the specimen.

Fig. 9 Photographs with
marked cracks in specimen
GMLI: (a) area covered by cam-

(a)

Another shear crack started to grow at the left side of the
specimen. The shear crack at the right side propagated into
the uncracked concrete above the neutral axis, rapidly lead-
ing to a brittle (sudden) failure. From Fig. 11(b), it can be
seen that during the propagation of the shear crack in Stage
4 no increase in the load was observed.

Crack Classification

The load-deflection curves for specimen GS1 and GS3 in
Fig. 11 show that the behavior of the two specimens devi-
ated at a specific bifurcation area at a shear load of about 25
kN. At this load, the critical shear crack in GS3 rapidly

era, (b) Stage 3, (¢) prior to peak
load, and (d) after peak load
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Fig. 10 Crack development in (a) ~
specimen GS3 during load Y St |
stages: (a) Stage 1, (b) Stage 2; age
(¢) Stage 3, and (d) Stage 4. o
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Fig. 11 Load versus deflection: (a) GS1, and (b) GS3. Arrows indicate
load—displacement region for selected points for analysis

developed and led to brittle shear failure without noticeable
increases in the load. Conversely, the load increased in
specimen GS1 until flexural failure occurred due to rupture
of the GFRP bar. A similar behavior was observed in GS3’s
larger scale counterpart GM1 as shown in Figs. 6(d) and 7
(b). The AE waveform parameters were analyzed for AE sig-
natures associated with each cracking mechanism. The data
acquired through the wide band sensors located in the vicinity
of the crack locations (within 250 mm from the source) of
interest were used as shown in Figs. 8 and 10. This was done
to reduce the effect of the source-to-sensor distance and to
ensure the absence of cracks in the path between signals and
sensors. Only wide band sensors were used for this purpose
since they have a wider frequency range compared with the
resonant sensors, and can therefore acquire signals closer to their
original frequency [30]. All hits recorded by the selected wide
band sensors, shown in Figs. 8 and 10, were used in the analysis

Three points in the load history of specimen GM1 were
chosen such that during the first two points only flexural
cracking occurred. The third point was chosen for the rep-
resentation of shear cracking. The crack types at these points
were verified using high resolution pictures taken at various
times and load levels. Cross plots of peak frequency (PFrq)
versus AE amplitude are plotted at each of the three points
as shown in Fig. 12(a). The AE signature associated with
flexural cracks consistently differs from that of shear cracks.
At flexural cracking points, two clusters of AE data appear
at peak frequencies of 50 kHz and 100 kHz. The average
peak frequency at both points was less than 80 kHz. At the
point of shear cracking peak frequency was clustered at an
average value of 97.5 kHz with a significantly lower stan-
dard deviation (10.8 compared to 29.8 and 29.3 for flexural
cracking).
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(b) GS1: smaller scale, 13 mm maximum aggregate size
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(c) GS3: smaller scale, 6 mm maximum aggregate size

Three points (short intervals) in the load history of small
scale specimens GS1 and GS3 were chosen (Fig. 11(a) and (b),
respectively) and a similar analysis was performed. The time
duration of these points as well as the number of hits and crack
type are shown in Table 4. Specimen GS1 failed in flexure
without formation of shear cracks. This behavior was reflected
in the cross-plots where no increase in the average peak fre-
quency occurred [Fig. 12(b)]. In the case of specimen GS3,
shear cracks formed at Point 3 in the load history [Fig. 11(b)].
This specimen had a trend similar to that of its larger scale
counterpart GM1, which also failed in shear, where the peak
frequency formed two clusters when flexural cracking was
taking place at Point 1 and 2, while the peak frequency clus-
tered at a higher average value when shear cracking took place.

The peak frequency data was further analyzed by calculating
P-value for each data set in Fig. 12. The P-value is defined as
the difference between the centroid of the peak frequencies
above the average peak frequency and the value of the average

peak frequency. For the GM1 data sets, a significant difference
in the P-value was found between AE waves (hits) associated
with flexural cracking and shear cracking hits. The P-values for
specimen GS1, especially points 2 and 3, were relatively similar
as the specimen did not exhibit shear cracking [Fig. 12(b)]. In
specimen GS3, the difference in P-value between flexural
cracking hits and shear crack hits is less significant when
compared to specimen GM1. For flexural cracking, the P-value
ranged from 7.1 to 24.6 while for shear cracking the P-value
ranged from 4.0 to 5.7. Therefore a limit for the P-value may be
set at 7 to distinguish between shear and flexural cracking
where values smaller than 7 are indicative of shear cracking
and values greater than 7 are indicative of flexural cracking.
The results point to the potential for the use of peak
frequency as a damage descriptor in relation to the crack type.
This parameter was independent of specimen size. Amplitude
distribution did not vary considerably for the different loading
stages and specimens; however higher AE amplitude events



Table 4 Summary of properties of chosen points for analysis

Specimen Point 1 Point 2 Point 3
Duration (s) Hits Crack type Duration (s) Hits Crack type Duration (s) Hits Crack type
GM1 50 79 F 50 96 F 50 90 S
GS1 70 78 F 90 53 F 100 66
GS3 50 107 F 100 80 F 70 55 S

were recorded for the shear cracking stage of specimen GM1
than for the other specimens and stages.

The AE waveforms for the three selected points in each
specimen were further analyzed. Cross plots of rise time
versus amplitude were compared to investigate differences
between flexural and shear cracks as shown in Fig. 13. For
specimen GS3, when shear cracking took place a significant
decrease in rise time occurred when compared to the rise
time associated with flexural cracking. It is also noticed that
the data are more clustered when shear cracks took place,
with an associated drop in standard deviation. No significant
differences were noticed from the plots for specimen GS1
(only flexural cracking occurred in this specimen). The
average rise time decreased slightly toward the end of the
test; however no clustering was seen in the data.

The analyses of the AE data after the bifurcation point in
both specimens indicates that shear cracks were developing
in specimen GS3 while flexural cracking was observed in
specimen GS1. This is reflected in plots for GS1—point 3
and GS3—point 3 in Figs. 12 and 13.

Point 1 - Flexural cracking

Damage Detection

The acoustic emission method is well known for its ability
to detect distributed damage in different materials [17] and
is a potential candidate for use during load testing to pre-
clude collapse [32, 33]. To investigate this potential, AE
waveform based analysis was performed on hits recorded
prior to failure. Figure 14 shows cross plots for RMS (root
mean square of voltages in the AE waveform) versus AE
amplitude at Point 1 and 2 and prior to failure (Point 3) in
specimens GM1, GS1, and GS3. RMS increases by one
order of magnitude prior to failure, and provides a promis-
ing means to recognize impending failures. Of particular
interest, this phenomenon was observed in AE data recorded
with either the wide band or the resonant sensors and was
independent of specimen size and failure mode.

b-value Analysis

The b-value analysis is based on a seismological magnitude-
frequency relation that was developed by Gutenberg and

Point 2 - Flexural cracking Point 3 - Flexural cracking
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Fig. 14 Cross plots of AE Point 1
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Prior to failure
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Richter [34] to describe the fact that events of larger mag-
nitude occur less frequently than those of smaller magni-
tude. This method calculates the frequency of earthquake

magnitudes occurring during a certain period of time. The b-
value has been adopted in acoustic emission analysis in the
area of rock mechanics and was applied to concrete
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structures [17, 31, 35-38]. The relation used for b-value
analysis is shown in equation (3):

logN =a—blogAd (3)

where: N is the number of hits with amplitudes greater than
A, A is the amplitude in dB, a is an empirical constant, and b
is the b-value. The concept of the method is to measure the
frequency of the magnitude of hits and relate it to cracking.
This can be related to cracking by considering that micro
(non-visible) cracks release low amplitude AE hits, whereas
and macro (visible) cracks release high amplitude AE hits.
Therefore a lower b-value will contain higher numbers of
large amplitude hits and serves as an indication that macro-
cracks are forming; i.e. major damage has occurred. It has
been reported that h-values below 1.0 indicate that a macro-
crack has taken place [17].

The b-value analysis works as a sliding window. For
specimen GS2, 50 AE hits were used to calculate a single
b-value [31, 37]. The number of hits included in the b-value
analysis is dependent on the amount of data collected and
the type of test. The b-value as compared to load for spec-
imen GS2 was calculated as shown in Fig. 15. The loading
protocol consisted of four load cycles increasing in magni-
tude from 6.7 to 45.9 kN. The rate of loading also varied
between cycles since the load was imparted using a
manually-operated hydraulic jack. The formation of cracks
increases the attenuation in AE signal which in turn may
increase the b-value between the drops. Therefore, in order
to better visualize the relevant data, the local minimum
values attained by the b-value during the test are also indi-
cated in Fig. 15. The b-value decreases to 0.77 after the
opening of the first crack at 290 s, which is in agreement
with previous studies [17, 31].

Conclusions

The conclusions of this study are summarized as follows:

1. Experimental evidence from small scale specimens
where the maximum aggregate size is not scaled may
be misleading both in terms of strength and failure
mode, when used to validate the design of larger mem-
bers without shear reinforcement.

2. Acoustic emission has the ability to locate cracking
provided that proper filters are applied to minimize
noise and reflections in the AE dataset.

3. Differences in the AE signature associated with flexural
cracks and shear cracks were found. The peak frequency
tends to increase and cluster when shear cracks are
present. This finding was verified from other specimens
with different size which indicates that the parameter
may be independent of size. Flexural and shear cracks

were also identified in small scale specimens based on
the AE rise time.

4. The RMS enabled recognition of impending failure of
the specimens regardless of size, failure mode, and
sensor type.

5. b-value analysis likewise enabled recognition of
impending failure during the load test.

It is noted that using AE to discriminate crack type in
specimens with relatively large size is challenging. In such
specimens multiple cracks typically develop prior to failure
which leads to a constant change in the source to sensor
distance. Furthermore the attenuation increases as a result of
deterioration in the specimen. Also cracks developed in the
source-to-sensor path may prevent the AE waves from
reaching the sensors or at least get distorted. Nevertheless,
results from tests on large-size specimens are more applica-
ble to the field testing of actual structures.

The results achieved from this study, as well as similar
previous studies, are based on experiments. Understanding
and modeling the underlying physics from different crack
sources is an important topic for further investigation. The
classification methods discussed in this study are empirical.
Future work should investigate the effects of source-to-
sensor distance on the parameters used for classification of
cracks [39] Appendix.
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Appendix A
Relevant terminology related to Acoustic Emission [40]

Each of the below listed parameters were calculated and
given by the data acquisition program.

Amplitude: The largest voltage peak in the AE signal
waveform; customarily expressed in decibels relative to
1 pV at the preamplifier input (dB) assuming a 40 dB
preamp.

dB: A unit of measurement for AE signal amplitude A,
defined by 4 (dB)=20 log V,; where V), is the peak
signal voltage in 1V referred to the preamplifier input.
Duration: The time from the first threshold crossing to
the end of the last threshold crossing of the AE signal
from the AE threshold.



Signal Strength: The measured area of the rectified AE
signal with units proportional to volt seconds (the pro-
portionality constant is specified by the AE instrument
manufacturer).

Rise time: The time from an AE signal’s first threshold
crossing to its peak.

Counts: The number of times the AE signal crosses the
detection threshold.

Peak Frequency: The point in the power spectrum at
which the peak magnitude occurs. The peak frequency
is a 2 byte value reported in kHz.

RMS: The root mean square is a measure of continuous
varying AE voltage. It is defined as the rectified time
averaged AE signal measured on a linear scale and
reported in volts.

RA value: The ratio between rise time and maximum
amplitude in Volts from an AE signal.
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