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Abstract Extensive research and studies on con-
crete fracture and failure have shown that concrete
should be viewed as a quasi-brittle material having
a size-dependent behavior. Numerous experimental
techniques have been employed to evaluate fracture
processes, and a number of modeling approaches have
been developed to predict fracture behavior. A non-
destructive method based on the Acoustic Emission
(AE) technique has proved to be highly effective, es-
pecially to assess and measure the damage phenomena
taking place inside a structure subjected to mechani-
cal loading. In this paper, comparing AE frequency-
magnitude statistics in solids subjected to damage
processes with defect size distributions for disordered
materials, critical parameters defining instability con-
ditions for monitored structures are found. In addition,
an experimental investigation conducted on concrete
and RC structures by means of the AE technique is
described. Experimental results confirm the described
theories.
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1 Introduction

The AE monitoring technique is similar to the one
employed in earthquake control, where seismic waves
reach the monitoring stations situated on the surface
of the Earth. Though they take place on very different
scales, these two families of phenomena—damage in
structural materials and earthquakes in geophysics—
are very similar: in either case, in fact, we have a re-
lease of elastic energy from sources located inside a
medium. Characterizing the nature of AE sources is
an open and discussed argument in the scientific liter-
ature. Researches have been conducted on this subject
in the scientific community from the waveforms cap-
tured by the AE measurements systems. Though the
acoustic emission technique can be used also to detect
phenomena such as creep or shrinkage [1], here only
AE caused by an active mechanical loading is consid-
ered. It produces a stress field which is further aggra-
vated by defects causing the AE [2]. Accordingly, the
AE technique can be an effective method for moni-
toring the integrity of large-sized structures, such as
buildings, dams and bridges and other constructions,
by means of a limited number of sensors.

Another similarity between complex seismic phe-
nomena and damage processes in structures, as as-
sessed by means of the AE, is provided by the sta-
tistical distribution of earthquakes quantified by the
Gutenberg-Richter (GR) law [3]. By applying this law
to AE analysis, it is also possible to obtain a statistical
correlation between the number of AE events (N) and
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signal amplitude during the structural damage process.
Furthermore, in the analysis of these phenomena play
the statistical and theoretical models of fracture me-
chanics a very important role. These models permit to
find, through fractal laws, the critical exponents (scale-
invariant) related to damaged materials. Such parame-
ters identify the critical defect size distribution on all
scales [4-8]. Indeed it is generally true that, where a
critical phenomenon is imminent (e.g. material fail-
ure), not only the macroscopic defect size is relevant.
Other defect or energy scales must be considered to-
gether with the macroscopic one. They are interacting
to produce the macroscopic phenomenon. The AE per-
mits to find the defect dimension through the detected
released energy. By using these theories, we can gain
a better understanding of the relationship between mi-
crostructural events and macroscopic behavior and we
are in a better position to formulate predictive models,
about either laboratory scale effects or full-size struc-
tural performance and reliability.

Studies on the role played by the different mech-
anism of failure in different situations can be per-
formed, besides the AE waveform analysis, through
the Moment Tensor Analysis. This is a tool success-
fully exported from Seismology to AE technique,
which permits to determine orientations of cracks and
crack types [26]. The authors are working on this sub-
ject which, however, has been well settled by Ohtsu in
many international papers [9].

2 AE frequency-magnitude statistics

In AE monitoring, piezoelectric (PZT) sensors are
used, thereby exploiting the capacity of certain crys-
tals to produce electric signals whenever they are sub-
jected to a mechanical stress. The adopted equip-
ment in this investigation consists of many units
USAMB®, that can be synchronized for multi-channel
data processing. Each unit contains a preamplified
wideband resonant sensor sensitive at the frequency
range between 50 kHz and 800 kHz.

Acoustic emission is defined as the energy released
in the form of mechanical vibration from a material as
it undergoes stress. Such stress generates deformation
and fracture. The acoustic emission is an omni direc-
tional wave that travels from the source to the sensor
via the material itself.

In this way, AE sensors can be employed as strain-
meters, that is for an indirect measurement of strain,
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when used to evaluate the damage evolution in a struc-
tural element. In fact, the strain and the AE count gen-
erally increase in a proportional way.

If the AE sensors are actually employed to mea-
sure the propagation velocity of the ultrasonic signals
generated by microfractures inside the material, then
they work as accelerometers measuring changes in the
wave-propagation velocity per unit time.

Resonant sensors were used, since concrete atten-
uates strongly the emissions and maximum sensitivity
was required. The most relevant parameters acquired
from the signals (arrival time, amplitude, duration, and
number of oscillations) are stored in the USAMs mem-
ory and then downloaded to a PC for a multi-channel
data processing.

Extracting some parameters from the AE wave-
forms is usually referred to as parameter-based AE
technique. In Sect. 4, another kind of resonant sen-
sor is described, which simply counts the occurrence
of AE events. This procedure for signal processing is
called event counting technique. Both kind of sensors
filter out low frequency disturbances signals (below
50 kHz) coming from the environment. By means of
the parameter-based technique microcracks localiza-
tion can be performed and the condition of the spec-
imen is determined, while event counting technique
permits only zone location, where the general region
of an AE source is determined.

Along the lines of the earthquake seismology [3],
the magnitude in terms of AE technique is defined as
follows:

m=LogyyAp+ £(r), (1)

where A, is the signal amplitude, measured in micro-
volts, while f(r) is a correction taking in account that
the amplitude is a decreasing function of the distance
r between the source and the sensor. According to Uo-
moto [10], for large-sized structures, the amplitude re-
duction factor for AE signals in concrete is f(r) = kr,
where r is measured in meters and k is equal to five
magnitudes per meter.

In seismology, earthquakes of larger magnitude oc-
cur less frequently than earthquakes of smaller mag-
nitude. This fact can be quantified in terms of a
magnitude-frequency relation, proposed by Gutenberg
and Richter in an empirical way:

or N(=m)=10"""
(2)

LogigN(=m)=a — bm,
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where N is the cumulative number of earthquakes with
magnitude > m in a specified area and over a specified
time span, and b and a are positive constants varying
from region to region [3, 11].

The GR relationship has been tested successfully
in the acoustic emission field to study the scaling of
the “amplitude distribution” of AE waves [7, 12—-15]:
this approach substantiates the similarity between the
damage process in a structure and the seismic activity
in a region of the Earth’s crust and, at the same time,
it widens the scope of the GR relationship. From (2),
we find that the b-value is the negative gradient of
the log-linear AE frequency-magnitude diagram and
hence it represents the slope of the amplitude distribu-
tion. The b-value changes systematically with the dif-
ferent stages of fracture growth [7, 12—15], and hence
it can be used to estimate the development of fracture
process.

3 Damage size-scaling
3.1 The GR relation in geophysics and mechanics

The aim of the present section is to establish a theoret-
ical basis for taking as the critical parameter b, = 1,
as it being observed both in AE laboratory tests and
in tests performed on full sized engineering structures
[7, 13].

In order to give a reasonable characterization to the

microcrack opening in a damaged material, the fol-
lowing similarity conditions are introduced, as already
done in seismology for the faults [17, 18]:
w/L = c1 = const, B_/L = ¢p = const, 3)
where § is the relative displacement of the two lips of
the fault, L and w (length and width) are the dimen-
sions of the defect, whose area is thus S = wL ~ L2.

Let us consider again the GR relation, written in the
following form:

Logo(N > m) o« —bm. 4)

Another relation between the magnitude of an AE
event and L, valid in seismology for most common
cases of earthquakes [17], is assumed:

m x2Logo L. (®)]

Taking into account (3), a comparison between (1) and
(5) shows that the area of a microcrack is proportional
to the corresponding AE amplitude, as confirmed by
experimental results [19].

Furthermore, combining (4) and (5) gives:

Log;o(N > L) « Log;y L™, (6)

where N is the number of AE events generated by
source microcracks advancements with a characteris-
tic linear dimension >L.

Equation (6) can be rewritten as:

N(=L)=cL™?. (7

From (7) it results that the number of AE events gen-
erated by source defects with a characteristic linear di-
mension > L follows a power law, where 2b is the scal-
ing exponent of the length distribution and c is the total
number of AE events. Therefore, the GR frequency-
magnitude distribution is a power law with a fractal
exponent 2b [20, 21]. See Turcotte [21], where the
concept of seismic moment is recalled, for a more
extended derivation of (7) or, alternatively, Aki [20],
where basic concepts of fractal geometry are used.

3.2 Critical defect size distribution

In the framework of damage mechanics for disordered
materials, such as concrete and rocks, the random dis-
tribution of microcracks existing in a body can be
treated by a probability density function p’(L, ¥, @),
L, ¥ and ¢ being respectively the size of defect, the
latitude and the longitude of its orientation.

If AL, A9 =(0,7), Ap = (0, 2) are the ranges
of microcracks parameters, the following relation
holds by definition:

AL 2 T
/ dL/ d(p/ P(L,9, ¢)sinddd=1.  (8)
0 0 0

When in a disordered material it is reasonable to
assume an isotropic distribution of microcracks, the
probability density will take the form:

L
P(L..¢p)= y, ©
T

p(L) being the probability density of size distribution,
so that:

AL
f p(LYdL = 1. (10)
0
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Now, let us consider a body of characteristic linear
size s; we can compute the value L of the crack size,
such that, on average, one defect only (i.e. the largest)
exceeds it. Let the cracking in the body be uniform
over a fractal domain of dimension 2 < D < 3, so that
we may define p as the mean fractal density of defects.
Hence, the following relation holds:

ds2

1=Pr[L > L]ps® ,
4 4z

e8Y)
where d§2 = sind?dddg is the element of the solid an-
gle surrounding the direction (¢, ©). Integrations over
¢ and ¥ (i.e. over the solid angle of 47 sr subtended
by a unit sphere) have been carried out since L can
have any orientation.

It is of interest the particular size distribution p(L)
for which the maximum defect size Lpax in a body
is proportional to the linear size s of the body itself,
Lmax o s%, the condition § = 1 representing the case of
perfect self-similarity, which is illustrated in Fig. 1(c),
whereas, in general, § can be different from 1, entail-
ing simply self-affinity (see Fig. 2).

Assuming this hypothesis if a geometrically similar
body of characteristic size ks is considered (k is thus a
dimensionless size ratio), we impose that only one de-
fect only exceeds the threshold k® L; it is thus possible
to write:

1=Pr[sz5i],o(ks)D[1 %. (12)

Equating the right-hand terms of (11) and (12) we
readily obtain:

Pr[L > kK L1kP = Pr[L > L. (13)

The solution of (13) is [4-7]:

0

c
P(L)=1- m, VL > Ly, (14)
with:

_D (15)
V= 5

where ¢ is a constant of proportionality and Lg is an
upper limit for the intrinsic defects of the body. By
derivation of P, which gives the probability to find a
defect with size <L, we obtain the following proba-
bility density function:

€0
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It can be observed that Ly, is, in a body of size ks,
a random value exceeding the threshold k®L, and now
we also know that L is distributed according to the
probability function of (16), which will be referred to
as the defect size distribution of self-affinity. The num-
ber of defects with size > L expected from the distrib-
ution of (14) or (16) is [7]:

NEL)ox L. (7

The cumulative distribution of (17) is formally iden-
tical to the GR cumulative distribution of (7). There-
fore, if we now consider the defects as sources of AE
activity, we can equate distributions (7) and (17), ob-
taining [7]:

y =2b. (18)

From the literature on AE tests, it is well-known that
the b-value decreases as the body approaches impend-
ing failure [7, 12, 13]. It is common to observe a trend
of b to the critical value b¢rj; = 1 during final crack
propagation [7, 13]. In order to explain this experimen-
tal evidence, we exploit properties of the distribution
of self-affinity given by (16) [7]. Substituting (18) into
(15) we obtain the following expression for b:

D

= > (19)

The minimum of the b-value is obtained when D =2
and § = 1 and it is thus equal to 1.

In order to prove this, we note that the scaling re-
lation of self-affinity, Lmpax o s3 s equivalent to the
following relations:

s(k) ok, (20)
Lomax (k) o< k2, 21

where k is the previously introduced dimensionless
scaling factor.

From (20) and (21) in the case § > 1, the largest
defect (or crack) results to be larger than the body it-
self for sufficiently large scales (see Fig. 3), suggesting
a complete separation of the body. This paradox sets
to 1 the upper limit to the values of §, and then it the-
oretically accounts for b = 1 as a lower limit to the
b-values commonly observed in AE monitoring tests
on specimens loaded up to the failure. In fact, the con-
ditions D = 2, which is a lower limit reached when



Meccanica (2008) 43: 349-363 353

fG

/ \\/ : t
7 \ Ny — PR
- - / (a)

L; = constant

;N L !
7 rs> 7 /s N —
| \ AN /\\\
NN PR R
/s — | o~ - =,
/ I v

/
d —- —_— ~

/\ / N ;=
_ N . N /

— S 3

—~ N -~ .o - (©)

N T SN
N - = o - N

\ ] N ~
e . — U _ RN - \

(Li)max/3i= constant

S1

| | S2 S3
« > | —_— »
| | |

Fig. 1 Geometrically similar bodies with many random defects: constant defect size (a); defect size constant and proportional to the
body size (b); defect size distribution of self-similarity (c) [2]

damage concentrates over the through-going fracture to be proportional to the characteristic size of the body,
surface, and § = 1, i.e. the maximum defect assumed are both reached at the collapse [7].
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Fig. 2 In a portion k times smaller than the body B, the size L of its largest defect is statistically given by solving the equation

r
1
i 7 -
~ [P \
\ i El=
2 >
S
ka = L/Lmax
A
< Linax (k) ~ K°
5 o=—>1
< s(k)~k 4
T/J/ 1
0 kin k

Fig. 3 Trends of body size s and maximum defect size Lpax
as functions of the scale in the case of defect size distribution
with § > 1. This plot accounts for § = 1 as an upper limit to
the values of §. For suitably small scales (k < ky,) defect size
distributions with 6 > 1 have physical meaning

Till now no particular assumption has been made
about y, which in principle may take any value >1.
In reality, values smaller than 2 should not be allowed,
since b usually doesn’t drop below 1 (see (18)). Nev-
ertheless, for suitably small values of k, i.e. for suf-
ficiently small bodies, defect size distributions with
1 < y < 2 have physical meaning, since the inequal-

ity:
Lmax (k) < s(k), (22)

can be still satisfied even if § > 1, see Fig. 3. In fact,
loosing the limit condition § = 1 implies that y can be
smaller than 2, in accordance with (15).

In terms of b-value, the condition 1 < y < 2 reads:

1/2<b<1. (23)

Experimental results confirm the possibility that the
b-value reaches values comprised between 1/2 and 1,
which can be explained in terms of power-law defect
size distributions [12—15, 26].

An AE monitoring test may last beyond the crit-
ical limit of a structure. In fact, after breaking into
smaller parts, a body may be held together because
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of either boundary conditions or structural character-
istics. For example, triaxial tests, realized superim-
posing a confining pressure on a uniaxial stress, are
common on rocks in order to simulate the conditions
found in Earth’s crust. A compressive fracture occurs
by a shear fault along an inclined plane in a speci-
men held together by the imposed confining pressure.
The changes in the b-values with time show a mini-
mum as cracks interact to form an inclined shear fault
(Fig. 4) [12].

Another example is cracking in a reinforced con-
crete beam subjected to cyclic load, which finally leads
to breaking into several parts held together by steel re-
inforcement (Fig. 5) [13].

That would thus result in splitting the initial one-
body system in a multi-body system, characterized by
reduced scaling factors k', k”, K, etc. (see Fig. 5).
Scaling reduction below a threshold kg, makes mean-
ingful distributions with 1 < y < 2 (see Fig. 3),
corresponding to observed b-values between 1/2
and 1.

It is possible therefore to conclude that usually
y =2 is a lower limit for power-law defect size distri-
butions [4-7], from pre-critical to critical conditions,
in agreement with the minimum values by, = 1 ob-
served experimentally both in AE laboratory tests and
in tests performed on full sized engineering struc-
tures [7]. It is worth noting that b-values in the range
(1/2,1) have been observed in Tectonics as well
[21, 26]. An explanation of these values in terms of
defect size distributions leads to a post-critical regime,
which regulates bodies under particular conditions.
The fragmentation of a structure into a multi-body
system seems to reproduce, on strongly reduced scale,
the outline proposed by the Theory of Plate Tecton-
ics, where the Earth’s surface is broken into large
plates moving against each other (Fig. 6) [21, 26].
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Fig. 4 Triaxial experiment for rock deformation. a Triaxial test-
ing cell. The rock sample is jacketed in a multiple-instrumented
plastic sleeve to keep out the confining fluid. b Triaxial defor-
mation experiment on air-dried sandstone at 50 MPa confining

The b-value analysis emphasizes the analogy between
these two multi-body systems, since in both cases b-
values smaller than 1 can be observed. In Tectonics, it
has been shown that the b-value varies systematically

for different modes of faulting [26].

(b)

pressure. Acoustic emissions are measured concurrently with
deformation. The b-value exhibits a single minimum (reprinted
from [12])

4 Calculation of AE energy

Besides the magnitude and the seismic moment, the
third important characteristic is the measured energy
of a single AE event. The total energy W released by
an AE event is estimated by Harris et al. [27],
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Fig. 5 Fracture process developments during different stages
of loading. Dotted line outlines steel reinforcement (reprinted
from [13])

1 n At )
W=— A;(1)“drt, 24
R;fo 0 (24)

where A;(¢) is the output voltage of the sensor S;, At;
is the event duration, i.e., the time from the first to the
last threshold crossing of the signal A;(¢), R is the re-
sistance of the measuring circuit, and the sum is ex-
tended over all the n detecting sensors.

In order to calculate the integrals in (24), a decaying
sinusoid for the voltage is assumed [19]:

Ai(t) = Ap ;sin(2m ft) exp(—t/7), (25)

where A, ; is the signal amplitude, tis the decay con-
stant, and f is the signal frequency.

The energy is related to the magnitude by the sec-
ond GR relation [3, 21]:

Log,gW =com +dy, or W o109, (26)

Obtaining AE information according to the above-
discussed theoretical approach needs a quite sophisti-
cated data acquisition and analysis system. Therefore,
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in long-term tests, such as creep tests, the recording
and interpretation of gigabytes of data becomes a prac-
tical limitation.

A second approach, which uses less sophisticated
hardware and software to perform acquisition and cal-
culation, is the ring-down counting. Such approach is
simply counting the number of times n¢ the threshold
voltage Ay, is exceeded over a determined time win-
dow by the oscillating transducer output. The whole
burst of oscillations in each time window are counted
as one event. Although some features of the original
AE signal are sacrificed, this method preserves some
weighting in favor of events of larger energy, and an
estimation of the energy released W; in one AE event
J is given by the ring-down count ng; [28, 29]:

Wj X noj. (27)

In the framework of damage mechanics an internal
variable called damage parameter n was defined to
measure the accumulated state of damage in a material
[4, 30, 31]. The damage variable 7 is related by defini-
tion to the total area of the cracks and can be analyzed
in terms of acoustic emissions through the following
relation [32]:

n=KY» Liocy 10M, (28)
j j

where m ; is the magnitude of the AE event j, the sum
is extended over all detected events [29], and K is a
renormalization constant.

Equation (27) can be linked to (5), which says
that the magnitude is proportional to the logarithm of
source rupture area.

The total ring-down count N for the test is given by
the sum of the partial ring-down counts ng; over all
the time windows:

N =Y ngjocy Wjocy 109m oc Y LA, (29)
J j J j

where (26-28) and (5) are inserted.

Since the last summation is extended over a myriad
of damage microsurfaces for which the usual concepts
of Euclidean geometry may no longer be appropriate,
(29) seems to be consistent with the following fractal
scaling law:

NoW o vP/3, (30
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Fig. 6 Similarity in fragmentation of a structure into multi-body system on different scales, from laboratory specimen (a) to Earth’s

crust (b)

where V is the specimen volume, W is the total re-
leased energy by AE, and D is the dimension of the
fractal domain whence AE energy radiates. Equation
(30), which is referred to as fractal scaling law, takes
into account the principles on the energy dissipation
also shown by other researchers [22-25], and derives
from experimental observations carried out by the au-
thors from the scale of laboratory specimens (with size
~ cm) to the full-size structures (~m), both on quasi-
brittle materials (i.e. concrete) and composite materi-
als (i.e. masonry). This equation is valid for prediction
of stability conditions of structures with size ranging
over several orders of magnitude, and in particular for
large structures, and the fractal exponent D turns out
to be comprised between 2 and 3, showing that dam-
age takes place in a fractal domain comprised between
a surface and a volume [29].

Besides the released energy, through the ring-down
counting it is possible also to estimate the b-value of
the GR law.

An estimation b* of the b-value is obtained by for-
mally applying the GR distribution (see (2)) to the
ring-down count in a specified time window (here the
subscript j is omitted for the sake of simplicity):

Log,on(=mo) =a* —b*mpy, or
. . (1)
n(= Ag) =10 A",

where: mo = Log;, Ao.

Identifying A with the threshold voltage Ay, (31)
is used to find an expression for the number ng of the
ring-downs counted in a specified time window:
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The parameter a* is obtained by formally setting
A = 1 uV; in this case the ring-down count saturates,
and (31) takes the form:

Log;onmax =a* —Log;g1 =a", (33)

where nyax is the counting capacity of the transduc-
ers. Inserting (33) in (32) gives:

NMAX
np= X (34)
A
Solving (34) with respect to b* gives:
br — Log;onmax — Logyo o 35)

Loglo Ath

Therefore, the b*-value is a sort of saturation index of
the counting capability of the transducers, and it de-
pends on the adopted transducers and the fixed thresh-
old. Low values of b* correspond to high values of
no indicating a large amount of AE activity, i.e. a large
damage amount, whereas high values of b* correspond
to low values of ng indicating a small amount of AE
activity, i.e. a small damage amount. In this sense b*
offers an estimation of the b-value.

When AE Atel® equipment is adopted [29, 33],
considering a threshold level of Ay = 100 pV, the
oscillation counting limit is fixed at 255 oscillations
every 120 s. With this equipment nyax = n X 255
is obtained, where n is a positive integer defining the
time window amplitude during the monitoring.

In this case the b*-value is given by:

1

where ng is the number of ring-downs counted during
a time window of n x 120 s.

5 Damage time-scaling
The authors have also shown that energy release W, as

measured with the AE technique during the damaging
process, follows this time-scaling law [7]:

W (1) x N(r) o tPt, (37)
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where ¢ is the monitoring time, N is the total num-
ber of AE events relating to a certain predetermined
magnitude, mg, and taking place over a certain time
period, and B stands for the time-scaling exponent of
the released energy.

Equation (37) describes—as Omori’s law does
[11], but in simpler, more intuitive terms—the se-
quences of foreshocks and aftershocks characterizing
the failure of a structural member during a loading
test. In effect, power laws similar to (37) for the tem-
poral evolution of AE rate, including the Omori’s law,
drawn without considering the geometry of the struc-
tures are largely present in the literature [34, 35]. By
working out the B; exponent from the data obtained
during each observation period, we can make a pre-
diction as to the stability of a structure. If 8; < 1, the
damaging process slows down, because energy dissi-
pation tends to decrease; if 8¢ > 1 the process becomes
unstable, and if B¢ = 1 the process is metastable, i.e.,
though it evolves linearly over time, it can reach ei-
ther stability or instability conditions indifferently. By
introducing (2) into (37) we get the experimental re-
lationship between the b-value of the GR law and the
time-scaling exponent S:

N mo, t) = 109D =2@Omo o b (38)

During the application of the load to a structural mem-
ber, whether on a laboratory or a full size scale, the
critical condition (mainshock) can be identified as
the condition in which AE signal amplitude is great-
est. Accordingly, from (38) it is possible to deter-
mine the a(t), b(t) time-dependent coefficients and
the B parameter for each interval in the time succes-
sion analysed. In general, we find that in the sequences
of signals preceding the critical condition (foreshock)
B¢ > 1, and in those that follow (aftershock) g; < 1.
The parameter b, on the other hand, in keeping with
experimental observations [7, 13], and theoretical pre-
dictions [4-7], decreases continuously until it reaches
its critical value b, = 1 when the structure reaches
the collapse condition.

6 Experimental observations

6.1 In situ retrofitted RC beam test

Utilizing the AE technique, we have monitored and
analysed a retrofitted RC beam with non-rectangular
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cross-section (Fig. 7). To improve its load carrying ca-
pacity and attenuate the effects of microcracking, the
beam was externally reinforced with FRP sheets after

100

120 ¢cm

Fig. 7 In situ retrofitted RC beam test. Scheme of the beam
cross-section

the prior removal of the existing overload [33]. Then,
an in-situ loading test of the retrofitted beam was car-
ried out.

The entire loading test lasted approximately 3
hours. During the test, five transducers (S;) were ap-
plied to one of the lateral faces of the beam. The
AE source points were determined and are shown in
Fig. 8(b) with black dots. In the loading range consid-
ered, micro-slips between the FRP sheets and concrete
were not high enough to cause delamination. AE trans-
ducers, in fact, detected the onset of debonding only.
The time evolution of the AE counting numbers, as
detected by the AE transducers, is shown in Fig. 8(c).
Transducers 3 and 4 were close to flexural cracks and
began to detect AE events from the beginning of the
loading test. At the end of the test, they had detected
the highest number of AE, followed by transducers 1
and 2, which were close to the beam supports.
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Fig. 8 In situ retrofitted RC beam test. a Photo of a flexural
crack in between transducers 3 and 4 (using an optical mi-
croscopy with magnification 100X). b Scheme of the beam in-

dicating localized AE sources. ¢ AE counting number for each
sensor S; during the loading test. d b-value during the loading
test
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This result is in agreement with the typical pro-
gression of cracking and collapse in retrofitted beams.
Flexural cracks propagate upwards as loading pro-
gresses, but remain very narrow throughout the load-
ing history. Delamination of the FRP sheets together
with a thin layer of concrete takes place only when
shear cracks develop in the proximity of the supports.

In addition to the crack localization, the cumulative
number of AE events with magnitudes greater than m,
as a function of m, was plotted on a semi-logarithmic
scale. The final determination for the magnitude of an
AE event is based on the average value of the results
recorded by all the sensors. The reading of a single
sensor is found using (1). From Fig. 8(d) a good agree-
ment with the GR relationship is observed: the b-value
is approximately equal to 1.47.

6.2 Three-point bending test

The behavior of a specimen subject to a three-point
bending test was investigated. To determine the frac-
ture process zone, AE generation was monitored. The
specimen was a prism measuring 8 x 15 x 70 cm?,
with a central 5 cm notch cut into it beforehand to
ensure a central crack. Five AE transducers were fit-
ted to the specimen at points shown in Fig. 9(a). Dur-
ing the loading test, the source location procedure was
successfully applied to identify the fracture process
zone, as shown in Fig. 9(a). Nucleation in the fracture
process zone might be correlated with the AE clusters
zone, and AE clusters are seen to propagate with in-
creasing load [33, 36, 37]. The load vs. time curve for
the specimen, characterizing the AE activity, is shown
in Fig. 9(b). In order to assess the ability of the AE
technique to monitor the microscopic damages occur-
ring inside the material and obtain information about
the fracture processes, the load-time diagram, plotted
for each second of the testing period, was broken down
into three stages: a first stage (#g, f1) extending from
the initial time to peak load, a second stage (¢1, t2) go-
ing from peak load to the peak of AE activity, or main-
shock [13-15] , and a third stage (#2, #f) going from
the mainshock to the end of the process. In accordance
with the GR law, b-values are shown for each stage in
Fig. 9(c). In this case too the b-values are seen to be
in good agreement with the GR law: they range from
1.49 to 1.11. The minimum value is obtained in the
softening branch of the load-time curve, and it is very
close to 1, as suggested in [7, 13].

@ Springer

6.3 Concrete specimen in compression

Laboratory tests also analysed the behavior of cylin-
drical concrete specimens in compression [21]. One of
the 59 mm diameter specimens, with a height/diameter
ratio h/d = 2, is shown in Fig. 10(a). The compres-
sion test was performed in displacement control, by
imposing a constant rate of displacement to the up-
per loading platen. A displacement rate equal to 4 x
10~* mm/s was adopted to obtain a very slow crack
growth. The role of driving rate has been analysed in
a recent study on scaling characteristics of fracture in
rocks [38] and apparently it doesn’t influence the evo-
lution of the b-value. Compressive load vs. time, cu-
mulated event number, and event rate (for each sec-
ond of the testing period) are reported in Fig. 10(b).
Also in this case, the load vs. time diagram was subdi-
vided into three stages. The b-values obtained for each
stage are shown in Fig. 10(c); they range from 1.63
to 1.19. The minimum value, close to 1, was again
obtained in the softening branch of the load vs. time
curve. Finally, for the three loading stages, Fig. 10(d)
gives the values of the 8¢ parameter. The values, be-
tween 1.62 and 0.58, were determined by best fitting
the cumulating count of the AE events divided by the
total count for each loading stage. These results con-
firm that, during the sequence of signals preceding the
critical condition (foreshock), §; > 1, whereas, during
the sequence following the critical condition (after-
shock), B¢ < 1, energy dissipation being exhausted. It
should be noted that a comparative reading of b-value
and B parameter makes it possible to assess the evolu-
tion of the entire damage process: B, defines the rate of
damage growth, whereas b defines the current state of
damage. B parameters, in fact, have a predictive func-
tion relative to the reaching of the critical condition,
whereas b-values have a descriptive function relative
to the damage level reached.

7 Conclusion

The acoustic emission (AE) technique has the poten-
tial for performing an effective monitoring of the in-
tegrity of large-sized structures, such as Civil Engi-
neering structures, by means of a limited number of
sensors. By applying the AE technique to structural
members monitored during the damaging process,
a statistical correlation between the number of AE
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Fig. 9 Three bending point test. a Identification of the fracture process zone. b Load vs. time curve and AE activity. ¢ b-values during
the loading test

events and their amplitude was established by quan-
tifying the b-value for each loading stage; at the same
time, the time-scaling was determined through the 8

parameter. Moreover, by utilizing the statistical mod-
els of damage mechanics, it has been possible to pro-
pose a theoretical explanation of the lower limit of the

@ Springer



362

Meccanica (2008) 43: 349-363

6 - — 5x10° 8 300
5 | Peak load g  '«—Main shock ' £ E
. ! 2 §
h/d =2 = 4 ' a8 )
(a) = | s & (b)
AE - 3 1 25x10°g [150 2
i . g, @ . L
sensor 9 4 ' @ <
: & =
' : 4 3| E
Steel . o | £ o :’j
= ] T Ov=x
platen 0 1 21 4 15x10° 5
T to t b &
P
Load 1 — Event rate 2 — Cumulated events number 3
35 (to, t) 40 (t1, &) . (t2, &)
3.0 3.5 3.0 1
(c) 25 gg 1 05
2 2.0 1 pvalue =1.63 2 2:0 .b-value =1.33 = 2.0 | p-value =1.19
8’1.5 - 8’1.5_ ] 8’1.5'
= 1.0 1y =-1.63x+6.74 =10 y=1.33x+6.47 = 1.0 ly=—1.19x+5.72
05 M 054 0.5 -
0 | — T T 0 T T T r T 0 — T
0 1 2 3 4 0 1 2 3 0 1 2 3 4
m m m
(to, t) (t1, &)
1.0 1.0
(d) 05 08
: 1.62 ’ 0.89
=x =x
S 0.6 y 0.6 y
S 0.4 ®\ S 04 2
0.2 4 1 0.2 1
0 e T T T T 0 T T T T O T T T T T
0 02 04 06 08 1 0O 0204 06 08 1 0 02 04 06 08 1
t/to t/t12 t/tos

Experimental values 1 - Fitting curve 2

Fig. 10 Cylindrical concrete specimen in compression. a Testing set-up. b Load vs. time curve and AE activity. ¢ b-values during the

loading test. d Variation in 8; parameter during the test

b-value characterizing the critical defects size distri-
bution emerging at the structural collapse. From the
values of these two coefficients we can get a better
understanding of the relationship between microstruc-
tural events and macroscopic behavior and we are in a
better position to formulate predictive models, about
either laboratory scale-effects or full-size structural
performance and reliability.
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