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Abstract This paper presents a study on the use of acoustic
emission (AE) to assess the structural soundness of concrete
reinforced with chemically bonded anchors. The results of
an experimental work based on six pullout tests monitored
using an AE instrumentation suite are reported below. In
every test one rebar was embedded in the hardened concrete
by means of polyester resin. The AE was adopted to moni-
tor the onset and progression of any structural damage. The
parametric analysis, the intensity analysis and the moment
tensor analysis of AE data were used to discriminate among
different sources of damage. The technique shows promise
for field application and may contribute to fully understand
the structural mechanism in the rebar/adhesive/concrete sys-
tems.
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1 Introduction

Epoxy adhesive anchor systems are widely used in civil
engineering to anchor both threaded rods and reinforcing
bars into hardened concrete. Common applications include
bridge widening, structure-mounted signs, luminaries and
light poles, concrete repair and rehabilitation, and tunnel-
ing finishing. The recent collapse of a section of a sus-
pended concrete ceiling of the Interstate 90 connector tun-
nel in Boston due to a poor creep resistance of the epoxy
resin and a general lack of understanding the effects of creep
in epoxy adhesive anchor systems [1] has demonstrated the
importance of develop an in-situ nondestructive method to
monitor such structural systems.

Anchors can be divided into two general groups: cast-
in-place and post-installed. A typical cast-in-place anchor
consists of a rebar in concrete with or without protective
coating. Instead a post-installed anchor is made of a rebar
installed in a hole and then bonded with a chemical or a
nonchemical agent. Bonded anchors utilizing nonchemical
agents are often called “grouted anchors”. To evaluate the
structural strength of anchor systems the destructive method
of “pullout test” is commonly used. Using this test, the force
needed to pull out an anchor is estimated.

To perform in-situ evaluation of epoxy bonded anchors,
nondestructive evaluation (NDE) methods are necessary. To
the best of the authors’ knowledge, no literature is available
about NDE of epoxy bonded anchor systems. Typically, pre-
vious works focused on rebar/concrete systems. Cheng and
Chiou [2] and Lin et al. [3] used pullout tests and impact-
echo method to estimate the bond-loss at the interface be-
tween steel bars and concrete. Ghandehari and co-authors
[4] used speckle laser interferometry to monitor the dis-
placements at the concrete/rebar interface and to measure
crack length and crack opening during a pullout test. Video
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microscopy was used by Soylev and Frangois [5] during the
pullout test of bars from concrete column elements. X-rays
are used to visualize the failure in a pullout test of cable
bolts and rock bolts [6]. Raman spectroscopy was applied
by Pisanova et al. [7] to monitor the crack length during the
pullout of glass fibers or aramid fibers from epoxy. The ac-
tive method of guided ultrasonic waves was numerically and
experimentally investigated by Beard et al. [8] and Beard
and Lowe [9] to detect the presence of damage in rebars em-
bedded in concrete. The passive method of acoustic emis-
sion (AE) was applied to pullout tests in the bar/concrete
systems [10-13]. For instance, Baldzs et al. [10] discussed
AE results obtained in monotonic loading, cyclic loading
and long-term loading of rebars embedded in concrete cubes
and also subjected to a pullout load.

In this paper, the results of experimental pullout tests
conducted on post-installed, chemically bonded anchors are
presented. Each anchor consisted of a rebar chemically
bonded to a hardened concrete cylinder by means of poly-
ester resin. The specimens were monitored using an AE suite
instrumentation. In the light of the previous researches, the
main objective of the present paper is to demonstrate the
use of AE for failure monitoring of adhesively bonded an-
chor rods. By attributing each emission to a particular source
type or failure mode, the resulting different sources of dam-
age can be discriminated.

Six pullout tests were performed. The AE data were an-
alyzed using the parameter analysis [14—16], the intensity
analysis [16, 17], and the moment tensor analysis [18-22].

It is demonstrated that by combining a few different AE
approaches, it is possible to discriminate between different
sources of damage in adhesively bonded anchor systems.

2 The Pullout Test: Generalities and Failure Modes

The pullout test measures the force required to pull an em-
bedded bar from a concrete specimen or a given struc-
ture [23].

While in the cast-in-place anchors the load is transferred
into the concrete at the anchor head, in adhesive anchors, the
load is transferred from the steel through the adhesive layer
along the bonded surface. The bond at the interface consists
of three mechanisms: adhesion, friction, and mechanical in-
terlocks.

In pristine conditions, the bond between steel and the ad-
hesive medium or concrete is due to the chemical adhesion.
Once the chemical connections fail and relative displace-
ments occur between the two surfaces the friction forces
would dominate. If debonding takes place around the re-
bar surface, the ribs govern the stress-deformation behav-
ior. When the resin between the ribs is subjected to a shear
force, its deformation creates a bar-resin mechanical inter-
lock dependent on the ribs’ geometry. The inclined shape of
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Fig. 1 Failure modes during a pullout test for unconfined concrete: (a)
steel failure; (b) concrete cone failure; (¢) bond failure; (d) combined
cone-bond failure

the ribs is therefore subjected to a force orthogonal to the
ribs’ surface which turns into a reaction acting on the resin
or concrete.

When the rebar is cast-in-place without coating, at the
early stages of a pullout test, inclined cracks (theoretically at
45°) start to appear due to pure shear stress in the concrete
which yields to tensile and compressive stresses along the
principal directions. When the load increases, the horizon-
tal component of the reaction force represents an increasing
radial force that, for large slip values, promotes the develop-
ment of longitudinal cracks. This mode of failure is usually
referred to as a splitting failure.

Rebars chemically bonded offer higher limit stress with
respect to the cast-in-place systems. Such systems are prone
to one of the following failure modes [24, 25]:

1) an anchor steel failure characterized by yielding or frac-
ture of the steel;

2) a concrete cone failure occurring when the embedment’s
depth is less than 50 mm and the concrete is unconfined;

3) abond failure at the bar/resin or resin/concrete interface;

4) acombined cone-bond failure usually in unconfined con-
crete and an embedment depth greater than 50-100 mm.

These failures are schematized in Fig. 1. The occurrence
is dependent upon boundary and anchoring conditions, the
bonding agent and the materials involved, the surface rough-
ness, the temperature, and the loading gradient [24, 25].

3 Acoustic Emission

AE method exploits the propagation of transient elastic
waves generated by the rapid release of energy from a lo-
calized source or sources within a specific material. The
elastic energy propagates as a stress wave (AE event) in the
structure and is detected by one or more AE sensors. AE
events may be generated by moving dislocations, crack on-
set growth and propagation, fiber breaks, disbonds, plastic
deformations, etc.
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The conventional parameter analysis of an AE event eval-
uates AE features such as counts, amplitude, rise time, en-
ergy, etc. These parameters are then correlated to the me-
chanical/structural event that generated the transient wave.

Closely related to the parameter analysis, the intensity
analysis (IA) evaluates the structural significance of an AE
event as well as the level of deterioration of a structure by
calculating two values called the historic index (HI) and
severity (S,) [16, 17]. The intensity is then found by plot-
ting the maximum of each value on a chart. The HI com-
pares the signal strength of the most recent emissions to the
signal strength of all emissions. Analytically, the HI and the
S, are defined as:

N J

N i— Soi 1

HI = (Zl—lf“ 0’>s,=_250m )
N - K Zi:l SOi J m=1

where N is number of AE emissions (referred to as “hits”)
up to time ¢; S,; is the signal strength of the ith event; K and
J are empirical constants based on the material under inves-
tigation. In the present paper, the following values for K
and J are used: for N < 100, K is not applicable; for 101 <
N <500, K =0.8N; and for N > 500, K = N — 100; for
N < 20J is not applicable whereas for N > 20, J = 20
[16, 17].

The presence of one or more peaks may reveal the oc-
currence of new damage or the propagation of damages, re-
spectively. The severity is the average of the J largest signal
strength emissions received at a sensor. As the severity is a
measure of structural damage, an increase in severity often
corresponds to new structural damage.

3.1 Source Localization

The location of AE sources can be determined by compar-
ing the differences among the time of arrival of the elastic
waves at the AE sensors. In bulk geometries the propagation
of longitudinal waves (p-waves) is exploited. Let us assume
that a bulk isotropic structure is monitored by using n AE
transducers. The time of arrival #; ; of the p-wave at sensor
(s) can be written as:

rs;—r
tyi= | s,1 | +T
Up
Vi =0+ i =0+ @i —2)? T @
Up
where rg; = (x5, Vs.i» Zs.i) 1s the position vectors of sen-
sor(i=1,...,n),r=(x,y,z) is the position vector of the

AE source, and v, is the velocity of the longitudinal bulk
wave. Equation (2) assumes that the wave velocity is inde-
pendent on the direction of propagation and that the wave is
not dispersive. T identifies the instant at which the release
of transient energy occurred.
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Fig. 2 Formation, propagation and acquisition of an AE event

In (2) the location of the sensors is known and the arrival
time f,; is measured. As (2) contains four unknowns, the
source coordinates and the instant 7', at least four sensors
are necessary. When more than four sensors are installed,
the problem is over-determined but the result is more ac-
curate. Moreover the problem is non-linear. In the present
work the Levenberg-Marquardt method was used to solve
the unknowns. The method is a non-linear least squares ap-
proach [26] that uses an iteration algorithm where the esti-
mation of the solution is computed by minimizing the errors
of the unknown parameters.

3.2 Moment Tensor Analysis

The Simplified Green’s function for Moment tensor Analy-
sis (SiGMA) proposed by Ohtsu [19] was applied to deter-
mine the orientation, direction and volume of cracks gener-
ated during the pullout tests.

Let consider a crack motion vector b(y, ¢), at a point y
and instant ¢, of a fracture surface ® with normal vector s as
depicted in Fig. 2. When b is parallel to s a tensile crack is
propagating. Conversely, when b is orthogonal to s a shear
crack is generated. Because vector b is time-dependent, its
variation with time generates the elastic wave u; (X;, t) de-
tected by the AE transducers [19]. If b(y, #) is decomposed
as:

b(y, ) =b(yIS() 3

with 1 the unit vector of the crack motion, b(y) the magni-
tude of the crack displacement at point y and S(¢) the source
time function of crack motion, the theoretical waveform at
sensor i can be written as:

ui(Xi,t)=/ Gip.qXi, ¥, )Cpqub(Mlkni * SdP  (4)
[

where G, , is the spatial derivative of Green’s function,
C gl are the elastic constants of the material, and the sym-
bol * represents the convolution integral. Assuming:

Mpg = Cpgrilini AV (®)]
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where (a) A 7 (b)
AV:/b@m¢ (6
)
is the crack volume, (4) can be rewritten as:
w; (X, 1) = Gipg(Xi, ¥y, )mpg x S(1) (7)
1170
where m p, is called moment tensor. The elements 1, of C o ™ \
the tensor are the product of a volume by a stress and there- T T
fore, they have the unit of a moment. '
In the SIGMA approach, only the amplitude of the first 305 4 356
cycle of the AE waveform is considered. Thus, (7) is simpli- 1y 254 | 25.4
fied as [21]:
1 I
C,Ref(t, ) i miz s -~ ) (_ .
Ax) = T(ﬁ ry r3) | ma myp my3 - - I
m3p  ms3sy m33 — 254 = — 254 =
r Fig. 3 Geometric characteristics of the tested specimens. (a) Rebar
x| rm (8) centrally embedded in the hardened concrete. (b) Rebar eccentrically
s embedded in the hardened concrete. Dimensions in mm

where A(x) is the amplitude of the first motion, Cy is the
calibration coefficient of the sensor, and Ref(t, r) is the re-
flection coefficient between vector t and vector r. As shown
in Fig. 2, the vector t is the direction of AE transducer sen-
sitivity, whereas the vector r represents the unit vector that
identifies the wave propagation direction from the source to
the sensor, separated by the distance R.

In (8), vector t and the waveform amplitudes recorded at
each sensor are known. If the AE transducers used for the
localization are identical, i.e., they possess the same sensi-
tivity, then the coefficient Cy can be neglected. The moment
tensor m , is symmetric and only six elements are indepen-
dent. The distance R and the vector r are known after source
localization. Therefore, (8) has six unknowns and at least six
sensors are needed to calculate the elements m .

Once the elements m, are determined the eigenvalue
analysis of the moment tensor is performed. This analysis
yields to the determination of the crack type, orientation,
and direction. From the tensor eigenvalues A1, A and A3,
with A1 > Ay > A3, the values of the shear ratio X, devi-
atoric tensile ratio Y, and isotropic tensile ratio Z can be
calculated by solving the following system

A

L=1=X+Y+Z
%=0—05Y+z 9)
%:—X—QW+Z

When X > 60% the crack is referred to as a shear crack;
when X < 40% and contemporary Y + Z > 60% the sources
are referred to as tensile cracks; finally, if 40% < X < 60%
the source is considered as a mixed crack [19, 21].
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The computation of the eigenvectors ej, e; and e3 yields
to the determination of the unit crack motion vector and the
unit crack normal vector by means of the following system:

ej=Il+s
erx=1xs (10)
e3=1-—s

where X is the vector product.

4 Experimental Setup

Six concrete cylinders were cast using water/cement ratio
equal to 0.4. The cylinders were 254 mm in diameter and
356 mm high (Fig. 3).

Two rebar sizes were considered, namely rebar #5
(197.93 mm?) and #6 (285.02 mm?) section. Each rebar was
1170 mm long. The nominal yielding and ultimate forces for
rebar #5 were of 84.4 kN and 126.6 kN, respectively, and
117.5 kN and 176.2 kN, respectively, for rebar #6.

After curing, each cylinder was drilled to create a
25.4 mm diameter hole, 305 mm deep. Every hole was
flushed with water to remove the dust. Once the holes were
dry, a rebar was anchored in the concrete by using Minova
Lokset Polyester Resin. The bond length /5 and the geomet-
ric characteristics of the six specimens are schematized in
Fig. 3 and summarized in Table 1.

The pullout test was performed after 24-27 hours of resin
curing time using a universal Baldwin servo-hydraulic ma-
chine operated in displacement control. A schematic view of
the entire test arrangement is shown in Fig. 4.
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Table 1 Geometric characteristics and main pullout tests’ data

TestNo [, (mm) Rebar size/centric (C)  Disp rate time (mm/s)  Peak load (kN)  Failure type Notes
or eccentric (E)
1 152 #5/C 0.091 71.30 debonding /
2 152 #5/C 0.120 110.80 debonding Rebar and cylinder are the same
of Test 1
3 305 #5/E 0.082 87.89 concrete splitting ~ /
4 184 #6/C 0.013 146.55 concrete splitting ~ /
5 152 #5/C 0.053 84.52 debonding /
6 102 #5/C 0.039 59.11 debonding Rebar is the same of Test 5
Z R15-alpha/WD
Z AE sensor ch #7
. , grips
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Fig. 4 Schematic view of the test setup

The cylinders were clamped to the fixed lower crossbeam
of the machine. Two squared steel plates were positioned be-
tween the cylinder and the crossbeam in order to center the
bar and provide a uniformly distributed stress on the top sur-
face of the concrete. The relative displacement between the
two crossbeams was measured by a DWT transducer with
0.1 mm resolution. The applied displacement rate time, the
peak load, and the observed failure are given in Table 1.

The AE instrumentation consisted of: 1) broadband AE
piezoelectric transducers (Physical Acoustics R15-alpha and
WD transducers) used in conjunction with preamplifiers set
at a 40 dB gain; 2) an eight-channel high-speed Physical
Acoustics pDiSP data acquisition board; 3) laptop with ded-
icated AEwin v2.11 software for signal processing and stor-
age.

Prior to the tests, transducer positioning, signal threshold
settings, and sensor sensitivity were determined using the
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Fig. 5 Pullout test results: load—displacement curves

pencil lead break test. The threshold level was set at 40 dB.
The sampling rate was 5 MHz. One WD sensor was attached
on the cross-section end of the rebar for Tests 1-5, while an
R-15 was used in Test 6. Six R15 transducers were glued on
the concrete cylinders to monitor Tests 5-6.

5 Experimental Results: Parametric and Intensity
Analysis

During a pullout test, AE can be generated in the rebar, due
to its deformation, at the rebar/resin or resin/concrete inter-
faces due to debonding, in the concrete or in the resin, due to
micro or macro-cracking, in correspondence with the grips
due to the frictional effects, or at the steel plate/concrete con-
tact surface due to concrete crushing.

The load-displacement curves obtained for all the tests
are shown in Fig. 5. A small nonlinear curve is visible at the
beginning of every test, due to the start-up of the machine
and to the grips’ adjustment.

5.1 Test1

Test 1 was characterized by an elastic regime up to about
60 kN, followed by a partial loss of bond until the peak load
of 71.30 kN was reached (Fig. 5). At the peak micro-cracks
started to coalesce in macro-cracks and a softening branch
took place until a complete debonding at the rebar/resin in-
terface was obtained. Therefore, the system failed due to
shear pullout.

Counts, amplitude, and duration are plotted as functions
of time in Fig. 6. The plot of load versus time is superim-
posed in Fig. 6a. As for Tests 2, 3 and 4, only one sen-
sor on the top of the rebar was used. The activity observed
during the elastic regime is mostly generated by the elas-
tic deformation on the rebar and at the grips, and in part by
micro-cracking at the rebar/resin interface and crushing and
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Fig. 6 Test 1—parametric analysis results: (a) counts and applied
load, (b) amplitude and (c) duration as a function of time

friction associated with the contact forces between the con-
crete and the steel plate. Lesser activities were visible be-
tween 200 and 300 seconds. As in this range, the load was
slightly lower, and the Kaiser effect took place. The Kaiser
effect is the irreversible phenomenon of AE according to
which, if a load is released on a structure and then gradu-
ally reapplied, no additional AE will be generated until the
load exceeds the previous maximum value. Therefore, the
phase comprised between 200 and 300 seconds was charac-
terized by transient energy released at the bond interface. It
can be noted that these emissions presented a lower duration
and rise time (not shown), typical of an impulsive source.
When the load exceeded the previous peak, new AE were
detected until the debonding took place. After the debond-
ing, because of the Kaiser effect the acoustic activity was
mainly generated at the rebar/resin interface and related to
a combination of debonding and frictional effects. Overall,
less frequent events can be correlated with activities at the
bond interface; more frequent events with longer duration
can be associated with activities on the rebar. The longer
AE duration is, the longer the consequence of the multiple
reflections and the low energy attenuation occurring in the
rebar would be.

Figure 7 shows the HI, the cumulative signal strength
(CSS) and the severity as functions of time. The load curve
is also superimposed on the severity plot. Both the CSS and
the severity show patterns very similar to the load curve.
Two knees can be noted at around 200 seconds and 400 sec-
onds respectively, when the debonding takes place. More-
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Fig. 7 Test 1—intensity analysis results: (a) HI and CSS plots; (b) severity
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tuations are correlated to the emissions in the rebar, while
shorter variations are attributed to the emissions at the bond.
Thus, the HI can be considered as an analytical method of
estimating the changes of slope in the CSS against time by
comparing the signal strength of the most recent hits to all
the hits for a given AE channel.

5.2 Test2

In order to exploit the Kaiser effect, avoid the events associ-
ated with the contact forces between the plate and the con-
crete top surface, and isolate the sources at the rebar/resin
interface up to the load of 71.30 kN, the same rebar and
cylinder used in Test 1 were reused for Test 2. From Fig. 8
it is visible that the rebar reached its yielding load at about
85 kN. Yielding was followed by hardening until 110 kN,
until the debonding initiated the softening branch. The sys-
tem failed for shear pullout failure at the rebar/resin inter-
face.

Counts, amplitude, and duration are plotted as a function
of time in Fig. 8. The plot of total applied load is also super-
imposed on the plot of acoustic count history. As expected,
fewer AE events with respect to Test 1 were detected dur-
ing the initial elastic range. These events were generated at
the grips and by transient energy released mainly by micro-
cracking at the bond interface.

Once the previous peak load of 71.30 kN was exceeded,
large amount of activities were sensed until the hardening
phase began because of the new events occurring in the re-
bar. Higher values of counts, amplitudes, duration, and rise

Duration (usec)

0 300 600 900
Time (sec)

1200 1500 1800

Fig. 8 Test 2—parametric analysis results: (a) counts and applied
load, (b) amplitude and (c) duration as a function of time

time (not shown) are visible in Fig. 8. The frequency of the
events instead dramatically decreased during the softening
branch, when macro-cracks are forming and no more activ-
ity from the rebar can be generated due to the Kaiser effect.

The results of the intensity analysis are shown in Fig. 9.
The CSS clearly shows a sudden change of the slope at
about 200 seconds, which is due to the occurrence of a dam-
aged mechanism. The HI curve shows a dense area of high
value spikes. Such spikes are related to rebar yieldings. In
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Fig. 9 Test 2—intensity analysis results: (a) HI and CSS plots; (b) severity

the range interval between 230 and 400 seconds the spikes
are associated with rebar hardening and formation of new
micro-cracks. Finally, above 400 seconds the constant value
of CSS, severity, and HI denotes that structural failure had
already occurred.

5.3 Test3

In Test 3, the rebar was fully bonded into the concrete,
76.2 mm away from the center of the cylinder. The load-
displacement curve is reported in Fig. 5. The development
of longitudinal cracks in the concrete (splitting) due to the
stress concentration in the outer portion of concrete occurred
during the rebar’s hardening phase.

Figure 10 shows counts, cumulative energy, duration, HI
and CSS reported as functions of time. The applied load is
superimposed on the counts’ plot. The first portion of the test
is dominated by grips’ adjustment and friction between the
grips and the rebar. Overall, five different zones can be iden-
tified. In the first zone, the elastic behavior of the structure is
accompanied by events associated with the rebar elongation
and development of micro-cracks at the bond interface. This
is confirmed by the rapid fluctuations of the HI (Fig. 10d).
At the yielding phase, the plastic deformation of the rebar
induces the generation of more events. The slope change in
the plot of the cumulative energy and the CSS is visible. The
HI shows more frequent spikes as well. The third zone is
characterized by the beginning of the hardening and the on-
set of longitudinal cracks visible along the concrete surface.
A higher number of counts and duration are detected, and
bigger fluctuations of the HI are present. The fourth zone is
characterized by the propagation of concrete splitting. Lon-
gitudinal macro-cracks gradually developed within and on
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Fig. 10 Test 3—parametric analysis results: (a) counts and applied
load, (b) cumulative energy, (c¢) duration, and (d) historic index and
cumulative signal strength as a function of time

the concrete surface. The result is a softening branch asso-
ciated with the smaller amount of concrete able to sustain
the pullout. A lot of AE activity is visible, but with shorter
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duration and lower numbers of counts. Both the slope of the
cumulative energy and the CSS changes gradually until a
plateau is reached. The plot of the HI shows short fluctua-
tions.

6 Experimental Results: Moment Tensor Analysis

The moment tensor analysis was applied on AE data moni-
tored during Tests 5 and 6. As shown in Fig. 4, channels 1-3

and 4-6 were placed at 25 mm from the bottom and 100 mm
from the top of the concrete cylinder, respectively.

The load—displacement curves of Fig. 5 shows that dur-
ing Test 5 the rebar reached its yielding and suddenly the
softening branch initiated. This indicates that debonding oc-
curred at the rebar/resin interface.

Figure 11 shows the results of the moment tensor analysis
at three separate time intervals for Test 5. By applying the
known relationship between the longitudinal wave velocity
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and the elastic properties of the bulk material [27]:

_|E I—v 1
o=\ (o) "

where p is the material’s density, the p-wave velocity of
v, = 3133 m/s was used.

Shear, tensile, and mixed cracks are identified: a preva-
lence of shear cracks is present. The arrows indicate the unit
crack motion vectors. Overall, the largest amount of cracks
is localized around the interface close to sensor 4. Local-
ization errors are mainly related to the approximation of the
wave velocity. No significant events were detected during
the first 200 seconds. This confirms that the activities de-
tected were mainly associated with the interaction between
the grips and the rebar. Diffused activity above the inter-
face was recorded in the 200-450 sec range (5—13 mm) due
to the formation of micro-cracks. Any transient wave gener-
ated in the rebar propagated in the steel waveguide and leaks
through the interface into the concrete. Such wave was con-
verted into a p-wave and into an s-wave and then detected
by sensors 1-6. The activities clustered near the plane made
by sensors 4, 5 and 6 may also be associated with the waves’
energy leaking from the rebar.

After 450 sec, one main cluster is visible around the
bond. At this stage of the experiment, this activity is associa-
ble with macro-cracks’ formation and the friction between
the ribs and the surrounding materials.

Figure 12 shows the position, type, and direction of
cracks at three separate time intervals as a result of the mo-
ment tensor analysis applied to Test 6. During this test, the
same rebar used for Test 5 is utilized and the bonding length
is 102 mm, less than for Test 5. Because of the Kaiser effect
no activities can come from the rebar and the acoustic emis-
sions detected by the six sensors attached in the concrete are
attributable to activities at the rebar/resin interface. As ex-
pected, cracks are mainly located around the rebar. From the
plan view presented in Fig. 12 a and ¢ most of the activities
are clustered in the region near sensors 2, 5, and 6. As for the
Test 5, shear cracks are predominant. Comparing the results
of the moment tensor analysis occurring at the three time
intervals, it is evident that during the softening branch most
of the activity is localized at the interface and therefore, it
is associated with frictional activities and further onset and
propagation of macro-cracks.

7 Discussion and Conclusions

In Fig. 13, the load as a function of time and the AE cu-
mulative energy registered by the sensor on the top of the
rebar for all the tests are reported. By observing the data
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associated with systems failed due to pullout shear, it is ev-
ident that the cumulative energy associated with Test 2 was
higher than Tests 1, 5 and 6. Although not verified by vi-
sual inspection, it can be argued that the effective length of
the bond was higher than 152 mm. This hypothesis is con-
firmed by Fig. 13a where the load shows clear indication of
yielding and hardening. Such behavior can be attributable to
bond length longer than the 152 mm designed for the test.

As expected, the structural response and the AE behavior
of the system in Test 3 differ from the others (or from each
other). Such a behavior was the response to gradual concrete
splitting.

The sudden failure of concrete during Test 4 determines
the sudden drop of the pullout strength visible in Fig. 13a.

Figure 14 reports the intensity chart for all the six tests
in the logarithmic scale. The general pattern suggests that
low values of the HI are typical of shear pullout failure hap-
pened. The arrows in Fig. 14 denote a movement towards
higher values of AE data associated to the reused rebars.
As these rebars must conform to the Kaiser effect, it can be
argued that the values associated with Tests 2 and 6 are at-
tributable to main events in the bond. The datum associated
with the #6 rebar has the highest values of HI and severity.
Such a behavior is the result of a simultaneous occurrence of
higher rebars strength, bond strength, and concrete failure.

In this paper, the AE method was used to monitor the
pullout test of concrete reinforced with chemically bonded
anchors. The test simulated the structural response of adhe-
sively bonded anchor systems used in many structural engi-
neering applications.

The experimental study presented here consists of six
pullout tests where single rebar was embedded in hardened
concrete cylinders by using polyester resin. Different bond
lengths and rebar’s sizes were also considered. For one test,
an eccentric position of the rebar was considered as well.
Tests were carried out in displacement control. Two failure
phenomena were observed: shear pullout failure and con-
crete splitting failure.

Acoustic emission was used with the objective of detect-
ing the onset and propagation of damage and to discrim-
inate the different damage mechanisms. The main causes
of possible damage were micro and macro-cracking at the
bond interface, grain dislocations in rebar, rebar yielding or
hardening, macro-cracking in concrete. The AE events were
analyzed using the parametric analysis, the intensity analy-
sis, and the moment tensor analysis. By using the parametric
analysis and the intensity analysis, a qualitative discrimina-
tion between AE sources and understanding the structural
soundness were obtained. Using the intensity chart areas as-
sociated with different dominant events was observed. How-
ever, the limited number of specimens studied could not es-
tablish a general rule yet and further testing is necessary. In
addition, as the intensity analysis is closely related to the



J Nondestruct Eval (2010) 29: 49-61 59
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parameter analysis the calculation of the HI and Sr may add
redundancy to the AE measurements. The simultaneous use
of CSS, severity and cumulative energy, as they are related
to each other, would imply more knowledge about the source
mechanisms than necessary. The moment tensor analysis,
instead, provided information both in terms of source local-
ization and damage propagation orientation.

For field testing, it must be pointed out the moment tensor
analysis would require the employment of at least six AE

sensors and the configuration adopted in this study could
not be always possible.
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