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ABSTRACT

ARTICLE INFO

Acoustic emissions (AE) released during the compressive fracture of cementitious
materials have been subjected to analysis using ‘AE based b-value’ to study the frac-
ture process. Identification of the ‘AE sources locations’ in three dimension is not al-
ways possible. With a minimum number of AE sensors mounted on the test specimen
and by using the AE based b-value analysis, it is possible to study fracture process
and the damage status in solids. The b-value of AE is calculated using the Gutenberg-
Richter empirical relationship (G-R law), which is available in seismology. The details
related to original G-R relation and it’s suitability for AE testing were discussed. In
this article it has been tried to look into the variations of the AE based b-value in
cementitious test specimens prepared with different cementitious mixture propor-
tions. Effect of (i) coarse aggregate size in cementitious materials (ii) loading rate
during compressive fracture process (iii) age of concrete on b-value variation were
discussed. The trend of variation in AE based b-value during fracture process in con-
crete and mortar was different. It was observed that when the compression tough-
ness of the cementitious material increases, higher b-values were observed. When
the loading rate was high, quick cracking occurred and lower b-values were ob-
served. As the coarse aggregate size in the cementitious material increases, the cu-
mulative AE energy was higher. The reason may be due to the compression tough-
ness of the cementitious material. The AE based b-value is useful to identify the dif-
ferent stages of compressive fracture process in solids.
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1. Introduction

Monitoring of crack development in concrete struc-
tures in-situ is required and also compulsory in case of
some structures. For example, in case of pressure ves-
sels, nuclear power plant structures, monitoring of
crack initiation, coalescence, propagation more or less
required continuously. Because, the potential loss in
concrete strength, cracking that might occur with
time. Therefore, structural health monitoring (SHM)
of concrete structures is necessary. Ageing of concrete
structures (residential buildings, public buildings),
heavy loads on bridges (due to increasing traffic vol-
ume), aggressive environment (acid rains, air-pollution,

and salts) are few causes behind the necessity for the
frequent health monitoring of concrete structures. It
would, therefore, useful to have available non-destruc-
tive testing (NDT) methods for monitoring concrete
structures that is sensitive enough to indicate sufficient
warning of an impending collapse of structures. Also to
know whether cracks are developed or not in concrete
structures under service loads NDT method are useful
(Nair and Cai, 2010; Kalayanasundaram et al., 2007;
Holford, 2000). Based on non-destructive testing ob-
servations repairs could be made before the damage
becomes rigorous.
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1.1. Brief introduction to acoustic emission testing

Acoustic emission (AE) testing is a NDT method to
monitor fracture process in real time and also to assess
the damage status in solids/structures. By using this pas-
sive NDT method the active cracks and their characteris-
tics can be studied. The entire concrete structure can be
monitored for cracks in a single inspection. The real time
progress of fracture process can be studied by mounting
minimum required number of AE sensors on the structure
(Gross and Ohtsu, 2008; Ohtsu, 1998). During fracture
process in solids the strain energy is released in the form
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of elastic waves (or stress waves) and reach to the surface
of the solid/structure. AE refers to the generation of tran-
sient elastic waves during the rapid released of energy
from localized sources within a solid (Kalyanasundaram
et al, 2007). By mounting the required number of PZT
sensors on the test specimen or structure these elastic
waves can be recorded. Subsequently, the PZT sensors
convert the elastic waves into electrical signals. A sche-
matic representation of a typical AE signal and corre-
sponding parameters are shown in Fig. 1. By using these
signals the fracture process occurred in real time can be
studied in solids (RILEM TC-ACD, 2012a; 2012b, 2012c).
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Fig. 1. Schematic representation of an AE signal and corresponding parameters (Datt et al., 2015).

1.2. AE based b-value

Researchers confirmed that there is a close analogy
exists between AE produced during fracture process
in solids and the seismic waves caused due to earth-
quake (Rao and Lakshmi, 2005). Analogous to the oc-
currence of earthquakes, during fracture process in

solids, higher amplitude acoustic emissions (stress
waves caused by internal material fracture or micro
seismic activity) released less in number and lower
amplitude AE more in number as shown in Fig. 2. It
can be observed that AE peak amplitudes greater than
60 dB are less when compared with lower amplitude
AE hits.

24000 A
20000 A

16000 -

AE hits

12000 +
8000 H
4000 A

0 -
S b Q &
BN N

| .

memame
@(\Qg\%%qq

Agg = 60 dB

N\
7 4 4 4 Q

Amplitude (dB)

Fig. 2. Distribution of the number of AE hits versus AE peak amplitude.
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Also, AE released during fracture process in solids are
similar to the P-waves that generated during occurrence
of earthquake. Because of similarities between occurrence
of earthquakes and happening of AE events during frac-
ture process in solids, researchers attempted to use Gu-
tenberg-Richter law available in seismology (Gutenberg
and Richter, 1954; Mogi, 1964). However, researchers
modified the Gutenberg-Richter law to study frequency
of occurrence-amplitude distribution of AE released dur-
ing fracture process in solids (Colombo et al., 2003).

log;oN(A) =a —b[32], 1)

In Eq. (1), Ads is the peak amplitude of the AE (hits or
events) in decibels. b is the AE based b-value. N(4) is the
number of AE hits of amplitude greater than A. ‘a’ is con-
stant. The details about Eq. (1) and the theory of “AE
based b-value” are discussed in Appendix-A.

2. Literature Review

The AE based b-value is a parameter to study damage
status and fracture process in solids (Colombo et al,,
2003). This b-value has been used for structure damage
evaluation by several researchers. Colombo et al. (2003)
studied the variation in the AE based b-values for a rein-
forced concrete (RC) beam subjected to incremental cy-
clic loading. The variation in b-values was compared to
the micro-cracking and macro-cracking observed during
the fracture process. It was concluded that, minimum b-
value indicates the formation of macro-cracks and maxi-
mum b-value denotes micro-cracking. The AE based b-
value analysis has been used for structural damage eval-
uation by several researchers Shiotani etal. (2001), Kurz
etal. (2006), Ko and Yu (2009) Schumacher etal. (2011).
Proverbio et al. (2011) assessed damage in post-tension
concrete viaduct using b-value analysis and concluded
that a decrease in b-value could be an indication of an
impending fracture. Schumacher et al. estimated the op-
erating loading on RC highway bridges with b-value
analysis. Carpinteri et al. (2006) observed that the AE
based b-value ranges from 1.5 to 1.0 when the fracture
process progress in the critical state to final collapse.
Vidya Sagar and Rao (2014) investigated the effect of
loading rate on b-values related to fracture processin re-
inforced concrete (RC) flanged beams.

Though, AE based b-value was accepted to be a suita-
ble parameter to characterize various stages of fracture
process in solids, the studies related to the influence of
(i) concrete strength (ii) coarse aggregate size in con-
crete (iii) rate of loading (iv) curing period of concrete
on b-value when concrete is under uniaxial compression
are minimum. Lack of complete understanding of AE
based b-value, when there is a change in cementitious
material mixture proportion, insufficient statistics of ex-
perimental data still keeps the AE based b-value analysis
problem opened for further discussion. The further work
done in this study is that the AE based b-value is used to
study fracture process in cementitious materials under
uniaxial compression and discussed this useful damage
assessment parameter in detail.

3. Research Significance

Characterizing different stages of fracture process in
concrete structures using AE testing provide an early
warning for any probable damage in concrete structures
(Grosse and Ohtsu, 2008; Uchida et al., 2011). [tis known
that concrete structures are no longer maintenance free.
For in-situ monitoring of damage in concrete structures,
the variation in b-values provides useful information re-
lated to micro-cracking and macro-cracking. Since it is
not easy to obtain 3-D source location data of high fre-
quency and low amplitude AE. With a minimum required
number of AE sensors the fracture process in a concrete
structures can be studied using AE based b- value. Con-
crete structures have many structural components asso-
ciated with it and the column is one of the most im-
portant compression members as it supports the whole
structure. In some cases short-columns are required for
construction. Uniaxial compression has been important
in studying behavior of short columns. The results of the
present study lead to understanding of the fracture pro-
cess in concrete subjected to uniaxial compression and
also may be further application of AE testing in struc-
tural health monitoring of concrete structures.

4. Experimental Procedure

Unconfined uniaxial compression tests were con-
ducted and monitored the deformation and failure be-
havior of a set of cement concrete and mortar cylindrical
specimens (150 mm diameter and 300 mm height) in
Structures Laboratory, Department of Civil Engineering,
Indian Institute of Science Bangalore, India. The tests
were carried out under displacement control at a con-
stant rate of 0.005 mm/s and 0.002 mm/s using a servo-
controlled testing machine (1200 kN capacity, MTS ma-
chine) and by recording the released AE simultaneously.
The rate of loading is assumed (not as per any standard)
to test the samples in the laboratory. This kind of MTS
machine is controlled by an electronic closed-loop servo-
hydraulic system. It is therefore possible to perform
tests under load or displacement control.

4.1. Materials

Three different cementitious materials namely, Con-
crete-I, Concrete-II and cement mortar were considered
in this study. Concrete-I consists maximum coarse aggre-
gate size of 20 mm and its mixture proportion per 1 cubic
meter (by mass) was 414:729:1143 (cement: fine aggre-
gates: coarse aggregates). The water/cement (w/c) ratio
was 0.46. Concrete-Il mixture proportion was
450:716:1100 and its w/c ratio was 0.526. For cement
mortar specimens 1343 kg/m3 sand, 285.5 liters water
and 543 kg/m3 cement were used. The difference be-
tween Concrete-I and Concrete-II is not the maximum
grain size of the aggregate alone. water/cement ratio, ce-
ment dosage are also different. However, the aim is to
study the influence of the coarse aggregate on AE peak
amplitude distribution.
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4.2, Test specimens

Eleven specimens were cast using each cementitious
materials namely, Concrete-I, Concrete-II and Cement
mortar (total 31 specimens). Cement mortar specimens
were tested to study the coarse aggregate influence on
AE characteristics of cement concrete. All specimens
were cast in mild steel cylindrical molds with a diameter
of 150 mm and height of 300 mm. One end of the steel
mold was capped to form a cylinder. Concrete was
placed in nearly 100 mm thick layer and immediately
compacted. An internal needle vibrator was used to en-
sure proper compaction of the cementitious mixtures.

w
o

Test specimens were kept in the molds for the first 24
hours, with the top surface covered with a wet gunny
bag. At the age of 24 hours the specimens were removed
from their molds. Specimens were placed in a water tub
until the time of testing. Before testing, the specimens
were taken out from water tub and kept for drying. The
specimens were tested for different curing periods of 7
days, 15 days and 28 days for Concrete-I, 9 days, 17 days
and 28 days for Concrete-1I and 7 days, 15 days and 28
days for cement mortar. The uniaxial compressive
strength of test samples (cylinders) at various curing pe-
riod for Concrete-I, Concrete-II and Cement mortar is
shown in Fig. 3.
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Fig. 3. Compressive strength (cylinder) variation in the three cementitious materials with age.

4.3. AE recording system

The AE signal parameters were recorded via the AE
monitoring system during the uniaxial compression of
the cementitious materials because the time history of
the AE characteristic parameters reflect how fracture
process occur and evolve. For AE signal detection, two
resonant type differential AE sensors (57 kHz) with pre-
amplifier gain of 40 dB were used. The use of two AE sen-
sors is usual for monitoring the AE parameters in labor-
atory. In this study, recording of AE event locations is not
attempted. The AE monitoring system was manufac-
tured by Physical Acoustic Corporation (PAC) NJ, USA.
AEWIN SAMOS software and R6D resonant sensors were
used. Each AE sensor was attached to the surface of the
specimen at a height of 150 mm from bottom of cylinder
on either sides of the specimen. The sensor surface was
17.5 mm in diameter and 16.25 mm in height. The sur-
face of the test specimen was thoroughly cleaned and
vacuum silicon grease was used as a couplant to both
sensor surface and area of sensor location on the test
specimen. Brown color gum tape was used to attach the
sensor to test specimen and also to apply pressure on
sensor to maintain their contact with specimen’s surface.
A threshold of 40 dB was set to screen out surrounding
noise and the AE activity generated due to friction be-
tween the top and bottom surface of the specimen with

end plates. AE monitoring system parameters, namely,
PDT is 200 ps, HDT is 400 us, HLT is 500 ps and for max-
imum duration 1000 us were set. The AE data acquisi-
tion system was setup to acquire AE signal parameters
namely, hits, peak amplitude, counts, energy, duration,
signal strength, absolute energy, time, average fre-
quency. The experimental setup is shown in Fig. 4(a). In
this study, two AE sensors were mounted on the test
specimen as shown schematically in Fig. 4(b).

Fig. 4(c) indicates the optimal frequency response of
used AE sensor. [t can be observed that at 54.7 kHZ fre-
quency the sensors had highest sensitivityat 77.1 dB am-
plitude. In other words, sensitivity stands for least meas-
urable physical parameter. The AE sensor has a sensitiv-
ity and frequency response over the range of 35 kHz -
100 kHz. The peak load, rate of loading, age of concrete
and AE parameters namely, counts and energy recorded
for all test specimens were shown in Table 1.

5. Procedure to Compute AE based b-value

5.1. AE amplitude distributions related to concrete
under uniaxial compression

Fig. 5 shows cumulative number of AE hits on the Y-axis
(log scale) and amplitude of AE in dB on the X-axis. All the
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AE signals were found to fall in the amplitude range of 40 distribution graph is known as the “AE based b-value”.
dB to 100 dB. A large number of AE hits had smaller ampli- There is a marked change in the trend of the amplitude dis-
tudes and the distribution shows a descending gradient. tribution after the onset of micro cracking in the Concrete-I
The slope of the ‘linear descending branch’ of the cumulative ~ test samples at ~20% failure stress (oy) as shown in Fig. 5.

Table 1. Test specimen details, rate of loading and recorded peak load and AE parameters.

CementiFious Age S Peak load Rate pf loading Total AE Total AE energy Time duration
material (days) (kN) (micron/s) counts (Volt-s) of the test (s)

C1.7A 401.1 5 730

7 C1_7B 438.9 5 542457 3301627 354

C1.7C 424.2 5 874633 6630822 804

C1.15A 435.3 5 383468 2708549 860

15 C1.15B 587.1 5 355480 1870588 708

Concrete-I C1_15C 439.1 5 416198 4379934 804

C1.29A 456.3 5 502290 4877430 460

C1.29B 523.1 5 479272 4612799 780

29 C1.29C 337.3 5 985818 8059748 1265

C1.29D 640.9 5 360657 3359106 540

C1_29E 606.3 5 257030 3221477 470

C2.9A 378.1 5 327670 870482 863

9 C2. 9B 378.6 5 694363 2464721 1112

C2.9C 377.5 5 583085 2934222 954

o C2_11A 385.4 5 599407 3794971 830

Concrete-II C2_11B 471.6 5 348349 3195094 710

. C2_17A 407.1 5 90567 2254411 860

C2_17B 498.7 5 114719 3294762 840

= C2_30A 461.9 2 225574 2385511 2238

C2_30B 452.6 5 89919 1654119 876

M_7A 336.8 5 216273 854441 624

7 M_7B 299.0 5 300999 1178567 714

M_7C 341.3 5 276197 1074503 642

M_15A 408.8 5 395938 2495569 774

15 M_15B 346.75 5 360429 2307427 684

(Ii/[e:r‘i;rt M_15C 367.4 5 378386 2433103 684

M_28A 438.6 2 465076 1932337 1788

M_28B 346.2 2 398123 1192909 2550

28 M_28C 349.9 5 304666 1283757 805

M_28D 406.7 5 348197 1011627 730

M_28E 459.6 5 262887 1370554 790

],

Fig. 4(a). Experimental setup in Structures Laboratory,
Department of Civil Engineering, Indian Institute of Science Bangalore, India.
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Fig. 4(b). Schematic diagram of the test specimen in isometric view (S1&S2 indicates AE sensors).
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Fig. 4(c). Frequency response of the used AE sensor as given by the manufacturer of AE system.
Resonant type AE sensor’s frequency characteristics, maximum amplitude 77.1 dB
recorded at peak frequency 54.7 kHz (PAC, AE WINSAMOS user manual, 2005).
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Fig. 5. AE cumulative frequency of occurrence-amplitude distribution graphs corresponding to different stress ranges.
The graphs were obtained from the AE recorded during deformation and progressive failure of
Concrete-I test specimen under uniaxial compression (Rao and Lakshmi, 2005).
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The change of slope of the line plotted between AE cu-
mulative hits and amplitude (also known as b-value) in-
dicates the occurrence of fracture process in the solid.
From Fig. 5, it can be observed that as the external force
applied on the test specimen increases the slope of the
line changes as observed in lines (a)-(j) in Fig. 5.

5.2. AE magnitude variation with external stress

Plot between AE frequencies of occurrence-amplitude
distributions does not show a single straight line, and
different ranges of amplitude indicated different lines.
This can be observed in Fig. 6, where a three sets of ‘cu-
mulative AE magnitude distribution’ graphs are shown
after applying the necessary correction to convert AE
amplitude to magnitude. In the initial stages of compres-
sive fracture process when the stress range is low (0-

20% of oy) the AE population is less, the cumulative AE
hit-magnitude distribution plot is almost linear.
Whereas in the higher stress ranges, the cumulative AE
hit magnitude distribution graph shows a ‘fairly good lin-
ear relationship’ in the magnitude range from 2.90 to
4.40, although the polynomial fit yields better correla-
tion (Fig. 6). AE frequency of occurrence-magnitude dis-
tribution is linear during early stages of loading and ap-
pears polynomial curve at stresses near failure as shown
in Fig. 6. However, the distribution graph shows a ‘fairly
good linear relationship’ in the magnitude range from
2.7t04.4.

By following Colombo et al. (2003), the AE based b-
value was computed. Using Fig. 7 number of hits for
group was determined. The cumulative frequency of oc-
currence - amplitude distribution graphs have been ob-
tained using a Matlab program.

4 | | | | |
Concrete (maximum C.A 12.5 mm)
354 (a). 20% stress © r
Linear Fit : logEN =-1.8547Tm+8.5241 9th day-specimen b
(b). 30% stress
34 Linear Fit : logEN =-1.5498m+7.6292 -
(€). 100% stress :E% (b)
Linear Fit : logEN =-1.9512m+9.6718 **\g%
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Fig. 6. Cumulative frequency of occurrence-magnitude distribution plots of
AE corresponding to three stress ranges (Rao and Laskhmi, 2005).
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Fig. 7. AE based b-value variation with time. b-value was calculated using (i) group of 80 hits,
(ii) group of 90 hits (iii) group of 100 hits, and (iv) group of 110 hits (Colombo et al, 2003).
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6. Results and Discussion

6.1. AE based b-value variation related to
cement concrete under uniaxial compression

The variation of b-values versus load and time is
shown in Fig. 8. It is observed that a sharp changes in b-
value corresponding to the various stages such as for-
mation and growth of stable cracks, crack coalescence
and unstable cracks during fracture process. During the
early stages of loading (stage-I), AE released due to the
closure and rubbing of pre-existing micro-cracks in the
concrete began to show a high b-value. A sudden dip in
b-value indicates the dominance of AE events of larger
amplitude at that time.

Micro cracks are present in a concrete specimen.
These cracks may be present due to differential temper-
atures from hydration, differential drying, and excessive
bleeding of water near aggregates. Even before the ap-
plication of load on the specimen micro cracks are pre-
sent in the interfacial transition zone (ITZ) between
mortar matrix and coarse aggregate (Neville, 2011; van-
Mier 1997). Cracks in ITZ are formed at boundary of
coarse aggregate and mortar matrix due to flow of soft
matrix around coarse aggregate. Lateral deformation in
matrix is much higher than that in aggregate. This une-
venness causes development of shear stresses on top
and below of coarse aggregates. In stiff aggregates these
stresses lead to formation of shear cones, whose occur-
rence has been confirmed by many researchers. In case
oflight weight aggregates instead of going around the ag-
gregates cracks go through them, so tensile splitting pre-
vails (vanMier, 1998).

According Mehta (2006), in the Ist stage, from start of
the test to till 30% of peak stress (oy) interfacial cracks

remain stable. However, until about 50% of oy, a stable
system of micro cracks appears to exist in the ITZ. This
is Stage -1l and at this stage the matrix cracking is negli-
gible. At 50% to 60% of oy, cracks begin to form in the
cement matrix. With further increase in uniaxial stress
to 75% of gy, not only does the crack in the ITZ becomes
unstable but also the creation and propagation of cracks
in the cement matrix increases, causing the stress-strain
curve to bend considerably toward the horizontal. This
is Stage-III.

At 75% to 80% of oy, the rate of ‘strain energy release’
seems to reach the critical level necessary for crack
growth under sustained stress, and the concrete mate-
rial strains to failure. In short, above 75 % of oy, with in-
creasing stress very high strains are developed. This in-
dicates that the crack is becoming continuous due to the
rapid propagation of cracks in both the cement matrix
and the ITZ. This is the final stage (Stage-1V).

In near peak region the cracks are large and remain
stable only when certain conditions are met. At around
80-90% of oy, there comes a point where the volume of
the specimen becomes minimum. It is because till this
point crack opening in lateral direction is less. Beyond
this point volume starts to increase; lateral cracks open-
ing becomes so large that effect of axial compression is
overcome. Early researchers believed this point of mini-
mum volume as onset of global failure. This is where
cracking becomes unstable and collapse is endemic. At
the ends of specimen a triaxially confined region is de-
veloped due to end platen restraint. For specimen with
height to diameter ratio less than 2 this effect is domi-
nant. For ratio greater than 2 this effect is less. For such
specimen the specimen can fail along inclined shear
crack (high end friction) or through tensile splitting both
(vanMier, 1998).
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Fig. 8. AE based b-value variation with uniaxial compression load (Specimen; C1-29D, Ch-5).

The presence of sudden decrease in variation in b-
value is because of the cracks had started to develop.
There could be higher amplitude events in less number
occurred. From stage 1 to stage-lI, AE based b-value

started to decrease due to high amplitude events oc-
curred at the end of that stage-], inelastic volume change
begins due to the formation of a large number of new mi-
cro-cracks. Ataround 80% of ay, the test specimen’s volume
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is minimum (vanMier, 1998). In other words, the sum of
axial stains and lateral strain will decrease. It is observed
that at ~80% of oy, b-value decreasing sharply to 1.15.
With further increase is stress, the b-value increased
slightly, marking the transition from ‘formation’ to
‘growth’ stage of the newly formed cracks. After 80-90%
of oy, the test specimen dilated and the lateral cracks has
become large that the specimen’s volume started to in-
crease. Then it was followed by the onset of unstable
cracking as a result of which the b-value decreased until
the stress reached a value of 98% failure stress. The coa-
lescence of cracks commenced at this stage. Then the b-
value began to decrease sharply due to crack coalescence

and the accompanying stress relief, and at the final fail-
ure they had fallen to as low. The newly formed cracks
began to grow stably in number and size and the b-value
is decreased further until 100 % failure stress. The vari-
ous stages of compressive fracture and the correspond-
ing b-values are summarized in Table 2. Fig. 9 shows the
variation of AE based b-value at different curing days. It
can be observed that the ‘sudden decrease’ occurred in
b-value at different percentage of peak compressive
stress (oy. By the chosen displacement rate as shown in
Table-1, the specimen failed in a brittle manner, where
the linear branch extends over almost the entire dura-
tion of the test.

Table 2. Various stages of compression fracture process and corresponding b-values.

Stage Stress range Compression fracture process AE based b-value
I 0-30% or Due to short term loading the micro cracks present in ITZ are undisturbed. 1.4
11 30-50% or Micro cracks starts appear in the ITZ, cement-matrix cracking negligible 1.2

Micro cracks begin to form in the cement matrix
- 0,
n Sy The crack system becomes unstable in ITZ. 13
50-75% of
60-75% o7 Cracks in ITZ becomes .unstable, pI‘Ollf'(-‘!I'fitl()l’l and propagation of cracks 17
in cement matrix increases
v 75-80% o Release of strain energy reach critical state and cracks becomes unstable. The stress 17
ocy level equals and greater than 75% oy is called critical stress. ’
Volume of the specimen becomes minimum,
o 0, )
v R o onset of global failure of a test specimen e
VI 90-100% or Stress remains constant and strain starts increasing 0.6
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Fig. 9. AE based b-value variation with time at age: (a) 7 days; (b) 15 days; (c) 28 days
[Concrete-I specimen] (b-value was computed for the total AE data recorded by both channels).

Fig. 10 shows the variation of b-value with time. The
b-values were computed at curing periods of 7 days, 15
days and 28 days respectively. It is observed that b-val-
ues are low for concrete-I at age of 28 days, when com-
pared with b-values of concrete with 7 days age. It can be
observed from Fig. 3, that the compressive strengths (cyl-
inder) range varies from 18 MPa to 22 MPa for cement

mortar, 21 MPa to 25 MPa for concrete-II and 23 MPa to
29 MPa for concrete-1. The rather high variability in com-
pressive strengths may have been due to variations in
the concrete mixture proportions. Therefore, as the
strength of the concrete is increasing high amplitude AE
events are occurred. The number of high amplitudes
events are less, hence the AE based b- values is low.
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6.2. Variation of AE based b-value
with sensor location

It is observed that b-value is varying from channel to
channel as shown in Fig. 11. This is due to different
mechanisms or different degrees of deterioration pre-
sent in the different zones or locations in the test speci-
men. The zone or area with the most advanced deterio-
ration to have the lowest b-values.

6.3. Influence of loading rate on AE based b-value
related to uniaxial compression of cementitious
materials

From Fig.12 itis observed that the AE b-values are low
for the specimen tested with high rate of loading. This
may be due to release of high amplitude AE events.
Higher AE activity such as large number of AE events per
time and higher intensity events are observed around
the peak load. These observations further prove that the
instance of damage initiation is predicted by the lowest
b-value. Low b-value may be due to initiation of micro-
cracks and cracks opening. Rate of loading can accelerate
the micro crack damage which is accompanied by the re-
lease of AE. If the rate of loading is too fast (more than
what is suggested by the ASTM), there can be a surge or
heavy rush of AE. The fluctuations in the b-value varia-
tion is more when the rate of loading is high.

AE signals experience attenuation during fracture
process in concrete structures, and for that matter in any
other imperfect or quasi-brittle materials. Attenuation of
AE may be due to heterogeneity of the material as well
as micro cracking. A change in the volume of the speci-
men causes a change in the propagation path length from
the crack to the AE sensor, which may affect the recorded
AE amplitude. Both the AE amplitude and AE energy as
well as the number of AE would be affected uniformly be
it weak or strong. In this present study authors invaria-

bly use the number as well as AE amplitude for compu-
ting the b-value. Therefore, it should not an issue since
both low amplitude and high amplitude of AE are consid-
ered to study the fracture process.

When the loading rate is faster, quick cracking devel-
opment lead to sudden fluctuations in the b-value at
higher loads. Since the concrete behaves relatively more
brittle at higher loading rates (or at higher strain rates),
the b-values are lower in an average as a few and
stronger cracking AE events are created, in contrast to
more and weaker cracking events for low rate of loading.

6.4. Influence of coarse aggregate size on released AE

Fig. 13 shows the variation of AE based b-value with
time for concrete-Il and cement mortar specimens
cured for 28 days. When compared b-values of concrete
with mortar, low b-values are observed forconcrete.
The reason could be during fracture process in con-
crete, high amplitude events in less number are re-
leased. A decrease in b-value is seen due to material
damage (micro-cracking and macro-cracking) while b-
value show a rising trend due to toughening mecha-
nisms like coarse aggregate interlocking, tortuosity of
crack path. It is known that AE events are related to
cracking. These events are recorded by PZT sensors as
electrical signals. And these signals are decayed sinus-
oidal waves by nature. The number of cycles occurring
in unit time in the signal is known as frequency of AE.
The “frequency range of the source event” is dependent
on its “event duration” (inverse relationship). That is,
the source event has a ‘broadband spectrum’ extending
upwards from zero frequency, and starting to decline at
a frequency that is inversely proportional to its time
duration. This source event duration (te) is different
from the resulting signal duration (tsq). During fracture
process tea could be different in cement mortar com-
pared with concrete.
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XSource event duration (tes) could be on the order of
(=) where ‘X’ is the distance moved by the crackand Ve’
thé velocity with which crack is moving. In case of ce-
mentitious materials, cracks propagate at several meters
per second, giving ample spectral content up from zero
and up through the ordinary AE frequency range. The
documented cases for the velocities of fast-running

cracks are generally for metals, glass (Pollock, 1981). But
given the nature of the stiff and brittle constituent mate-
rials (or coarse aggregates), velocities on this same order
would be the case for cracks in concrete also. To illus-
trate this, curves of cumulative hits versus AE energy
during the compressive fracture process are shown in
Fig. 14a - Fig. 14c respectively.
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Fig. 11. Variation in AE based b-value with time and load

: (a) Ch-5; (b) Ch-6.
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From Fig. 14, it is observed that the number of AE
hits recorded is different in the three cementitious ma-
terials. The energy released also different. As the tough-
ness of the material is increasing the energy released is
decreased. Because the coarse aggregate size in concrete

mightinfluence the AE released as shown in Fig. 14. The
fracture process of coarse aggregate might be different
from cement matrix cracking because of the higher
compressive strength and homogeneity of the aggre-
gate.
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Fig. 15. Variation of AE cumulative energy released with uniaxial compressive load:
(a) Concrete-I; (b) Concrete-II; (c) cement mortar.

Fig. 15, shows the AE energy released during the com-
pressive fracture process in the three different cementi-
tious materials. First observation is a very small AE ac-
tivity occurs before peak load. From Fig. 15, one can ob-
serve that the jump in AE energy release occurs at or
near peakload in Concrete-I. Itindicates the onset of crit-
ical crack growth. Second observation is, AE energy re-
lease rate (the slope of the cumulative AE energy plots of
Fig. 15) is greatest at the peak load, perhaps indicating
that the strain energy released is maximum at this point.
Also there is a taper in the AE energy release rate that
occurs at before the pre-peak. While the mortar exhibits
less, itis very evident in both in concrete-1 and concrete-
II specimens. Perhaps this suggests that the AE source
mechanisms are different between the mortar and the
concretes in the pre-peak region (Landis and Baillon,
2002). The reason might include the mobilization of fric-
tion, bridging, and other energy dissipation mechanisms
in cementitious materials. When observed the ‘AE fre-
quency spectrum’ as opposed to the ‘AE source spec-
trum’, the effects of attenuation come into it. The fre-
quency spectrum of an electrical signal is the distribu-
tion of the amplitudes and phases of each frequency
component against frequency. AE are the transient elas-
tic waves within a material, caused by the release of lo-
calized strain energy. An event source is the phenome-
non which releases elastic energy into the material,
which then propagates as an elastic wave. The spectrum
of the “AE wave energy” change as it propagates, with
‘material absorption’, away from the source. This will
certainly be important when it comes to working up pro-
cedures for using AE testing on large concrete structures
in-situ. Because it assumes that the frequency (f) de-
pendent attenuation will be due to material absorption
and thus proportional to AE signal frequency (f). Consid-
ering the inhomogeneity of cementitious material (ag-
gregate-related), that this proportionality relationship
will apply. Rayleigh scattering may also come into it at
higher frequencies. The relationship between attenua-
tion coefficient and frequency is likely to be different de-
pending on whether the wavelength (A) is greater than
or less than the coarse aggregate size. The relation be-
tween wave frequency and velocity is given in Eq. (2).

V=FfA. 2)

In Eq. (2), Vis the velocity, fis frequency and A is wave
length. Generally AE due to fracture process in cementi-
tious materials is in the range of 100 kHz to 1000 kHz
(Landis and Baillon, 2002). For a typical AE velocity in
concrete of 4,100 m/s, a wavelength of 20 mm would
correspond to a frequency of 205 kHz, which is within
the frequency ranges of AE signals in concrete. For a fre-
quency range of 100-500 kHz, the corresponding wave-
lengths are 40 mm-8 mm, respectively. Thus both con-
crete-1I (coarse aggregate size 12.5 mm] and concrete-I
(coarse aggregate size 20 mm) have aggregates in this
regime of ultrasonic scattering. This ultrasonic scatter-
ing causes additional signal attenuation. Also material
absorption takes place. Therefore reduce the total elastic
wave energy that reaches the AE sensors. Due to the at-
tenuation of AE reaching the AE sensor will be different
in cementitious materials. Because, when compared
with concrete-I, the coarse aggregate size is different in
concrete-II and cement mortar. Hence the material ab-
sorption of the AE is different. Therefore the release of
AE energy is different as shown in Fig. 15.

7. Conclusions

Based on the above experimental results, the given
below major conclusions can be drawn:

e Determination of b-value using the G-R relationship is
useful to study the fracture process in cementitious
materials. The AE based b-value is closely related to
the formation and propagation of cracks in the dam-
age process of concrete and it decreases rapidly be-
fore the test specimen is reaching to peak load.

e AEbased b-value at stresses close to failure clearly indicated
the onset of ‘unstable cracking’ as well as ‘crack coalescence’
leading to dynamic failure of the cementitious materials.

e Since the AE peak amplitudes influences AE based b-
value, it will be useful to examine the link between at-
tenuation, propagation distance, frequency of sensor
and b-value. Such an attempt is required for the stud-
ies on cementitious materials.
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¢ When the compression toughness of the cementitious
material increases, higher b-values are observed.

e Quick cracking occurred and lower b-values were ob-
served, when the loading rate is high.

o As the coarse aggregate size in the cementitious ma-
terial increases, the cumulative AE energy is higher.
This may be due to toughness of the cementitious ma-
terial.

The present study, is related to the influence of the
coarse aggregate size in cementitious materials on AE
peak amplitude distribution. Although water/cementra-
tio and cement quantity are different in the mixtures, the
present study is limited to only coarse aggregate size in-
fluence of AE based b-value. Future work should investi-
gate the variation of AE based b-value for changes in
toughness and ductility of cementitious materials under
uniaxial compression.

Appendix A.
A.1. Gutenberg-Richter (G-R) empirical relation

It is known from the principles of seismology that the
earthquake events of larger magnitude occur less fre-
quently than the events of smaller magnitude. This ob-
servation in seismology is known as the Gutenberg-Rich-
ter (G-R) law (Gutenberg and Richter, 1954).
log;,N(M) =a—bM. (A1)

G-R law given in Eq. (A1) is an empirical relation be-
tween the magnitude and total number of earthquakes
occurred in a given region during a specific time interval.
G-R law represents the cumulative distribution function
(CDF) of seismic events using a frequency-magnitude re-
lation. In Eq. (A1), M is the Richter magnitude of earth-
quakes. Itis the logarithm of the integral of slip along the
fault during an earthquake. N(M) is the total number of
earthquakes of magnitude greater than M.
NM) = [ n(M)dM . (A2)

In other words, N(M) is the number of earthquake
events having a magnitude M occurred during a specific
time interval in a particular region. ‘a’ and ‘b’ are empir-
ical constants. The constant 'a' is dependent on the seis-
micity rate which varies from region to region. The con-
stant 'b' is the b-value. In fact, b-value is the slope of the
amplitude CDF. In Eq. (A1), the b-value is the negative
gradient of the log-linear plot of earthquake occurrences
and the corresponding magnitudes. In Eq. (A2), n(M) is
the number of earthquakes of magnitude M. N(M) can be
found by integrating n(M) with respect to M over a range
of M to <°.

A.2. Analogy between earthquake occurrences and
acoustic emissions released during fracture in solids

Similar to the occurrence of earthquakes, during frac-
ture process in solids, higher amplitude AE events occur
less in number, and lower amplitude AE events occur

more in number. Researchers implemented G-R law to
the AE peak amplitude distribution data to study the
scaling of AE.

A.3. Decibel

Generally, decibel (dB) describes a ratio. The dB is a
logarithmic way of describing a ratio. If the ratio is re-
lated to voltage

2
dB = 10log,, [vv—pf] , (A3)

where V, is the peak signal voltage in micro-volts refer-
eed to the pre-amplifier input. In general, (dB)ac is used
for measurement of AE signal peak amplitude A. From
Eq. (A3) AE peak amplitude in decibels can be written as

Agg = 10 logy, [‘X“f]z (A4)
Agp = 200Gy, [‘X‘r‘:] . (A5)

A.4. Earthquake magnitude and amplitude

From Eq. (A1) one can write

M = 200D, (A6)

From Eq. (A6) and Eq. (A2), it can be observed that the
earthquake magnitude is proportional to the logarithm
of the maximum amplitude. Because Richter magnitude
scale assigns a magnitude number to quantify the size of
an earthquake. Therefore earthquake magnitude (M) is
determined by measuring the amplitude of the largest
wave (Amax) recorded on the seismogram. Hence

M gc loglOAmax ’ (A7)

where c refers to the time constant of the transducer and
the associated circuitry. Substituting Eq. (A7) into Eq.
(A1). Here earthquake magnitude M is analogous to AE
signal peak amplitude, Amax. AE magnitude, which has no
units is computed using the amplitude data (units: dB or
volts).

log;o N(M) = a — bpg[20 log oAmax]  [Are=1]. (A8)

A.5. Comparison of M and amplitude of AE event

Comparing M values both in case of earthquake phe-
nomenon and acoustic emission phenomenon.

In case of earthquakes, M value for Eq. (A1) is given in
Eq. (A7).In case of acoustic emission: M value is given in
Eqg. (A8).

From Eq. (A1) and Eq. (A8).

2
20 baglogipAmax = b 3 clogioAmax » (A9)
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Considering AE transducer is a velocity transducer
(Colombo et al., 2003) and assuming ‘c’ is equal to 1.5.
Eq. (A9) becomes

20bss = b=c, (A10)
b

bAE = %, (All)

log;oN(A) = a —bpg[Agg] . (A12)

Therefore, G-R law given in Eq. (A1) is modified to im-
plement for AE testing is given below.
log;oN(A) =a— b [222]. (A13)
where Agpis the peak amplitude of the AE hits (or events)
in decibels. b is the AE-based b-value. N(A) is the number
of AE hits of amplitude greater than or equal to A. ‘@’ is
constant. The constant 'a’ is determined mostly based on
surrounding noise of the test area. Therefore to use the
same G-R law given in Eq. (A1), one should divide ac-
quired AE peak amplitudes by 20. Because AE peak am-
plitude recorded is in dB units and Richter magnitude of

earthquakes defined in terms of logarithm of maximum
amplitude.
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