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Temporal Evaluation of ASR Cracking in Concrete
Specimens Using Acoustic Emission
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Abstract: The effect of steel reinforcement on the distribution of alkali-silica reaction (ASR) damage in concrete blocks is studied by
leveraging acoustic emission sensing with a data-driven approach. The innovation lies in deriving damage contours caused by ASR based
on a minimal sensor array. Through this approach, damage progression can be traced in time and event distribution can be visualized.
A gap in the current literature, namely evaluating ASR progress in concrete structures with different internal restraint using acoustic emission
(AE), is addressed. Unsupervised pattern recognition is utilized to study the effect of the temporal damage condition. In the confined speci-
men, the distribution of AE events in the midwidth region of the specimen is concentrated and close to the normal distribution. The surface
cracks are mostly oriented along the specimen length and in the midwidth region. However, in the unconfined specimen, the distribution of
AE events is more uniform, and cracks are randomly distributed. DOI: 10.1061/(ASCE)MT.1943-5533.0003353. © 2020 American Society

of Civil Engineers.
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Introduction

Alkali-silica reaction (ASR) is one source of damage in concrete
structures. The reaction occurs between the alkali hydroxides
(NaOH, KOH) in the pore solution, mainly from the cement,
and certain siliceous minerals present in some concrete aggregates
(Barbosa et al. 2018; Rajabipour et al. 2015; Villeneuve et al.
2012). The result of the reaction is a hygroscopic alkali-silica gel
that tends to absorb water and expand. The reaction and subsequent
swelling are accelerated by high temperatures and humidity over
approximately 80%. The gel expands and exerts pressure on the
cement matrix and aggregates (Garcia-Diaz et al. 2006). This
pressure causes microcracks and macrocracks in the concrete
components. Different structures have been affected by ASR such
as concrete dams (Blanco et al. 2019; Campos et al. 2018;
Plusquellec et al. 2018), bridges (Barbosa et al. 2018; Lahdensivu
et al. 2018; Schmidt et al. 2014), and nuclear structures (nuclear
power plants and nuclear waste containments) (Hariri-Ardebili and
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Saouma 2018; Saouma and Hariri-Ardebili 2014; Soltangharaei
et al. 2018; Tcherner and Aziz 2009).

Several methods have been used for monitoring ASR prog-
ress in structures. Some common methods include visual in-
spection, coring (Barbosa et al. 2018; Islam and Ghafoori 2018),
petrographic analysis, including the Damage Rating Index (DRI)
(Abdelrahman et al. 2015; Barbosa et al. 2018; Rivard and Ballivy
2005; Rivard et al. 2010; Sanchez et al. 2015, 2020; Taylor et al.
2012), demountable mechanical strain gauges (DEMEC gauge)
(Allard et al. 2018; Hayes et al. 2018; Sinno and Shehata 2019),
relative humidity or moisture content measurement, and crack in-
dexing (Hayes et al. 2018; Thomas et al. 2013). Despite the sim-
plicity of these methods, they have some drawbacks. For instance,
visual inspection is not efficient for the early detection of ASR
damage because ASR damage initiates internally in the concrete
and then extends to the surface. This is more critical in thick shear
walls (e.g., nuclear structures), where most of the expansion hap-
pens out-of-plane due to in-plane confinement and the damage
on the surface appears in the latter stages of the ASR reaction. Fur-
thermore, visual inspection is time-consuming and often operator-
dependent, especially for large-scale structures, although advances
in drone inspection and image analysis could improve visual in-
spection (Seo et al. 2018; Yang et al. 2015; Zink and Lovelace
2015). Crack indexing is also time-consuming and not easily ap-
plied for evaluating very large and complex structures. Although
DEMEC gauges are generally useful for some structural compo-
nents such as piles and columns, it is not a well-suited index for
studying damage in shear walls, because it measures expansion on
the surface rather than through the thickness. Petrography is helpful
for ASR damage quantification using a damage rating index, but it
is time-consuming and intrusive. In addition, the method is focused
on microscale damage in the concrete and diagnosing the cause(s)
of distress, but it is difficult to generalize petrography results for the
structural capacity. Coring is also a destructive method, and large
numbers of cores are impractical for potentially sensitive structures
such as nuclear containments.

Nondestructive methods (Giannini et al. 2013; Mahadevan
et al. 2016) are an alternative for damage quantification and
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condition assessment of structures affected by ASR. Several methods
have been employed for this purpose such as digital image correla-
tion (Teramoto et al. 2018), nonlinear Rayleigh surface ultrasonic
(Kim et al. 2018; Lokajicek et al. 2017), ultrasonic pulse velocity
(Rivard and Saint-Pierre 2009), dynamic modulus of elasticity
(Sargolzahi et al. 2010), impact-echo (Giannini et al. 2013), and
acoustic emission (AE) (Abdelrahman et al. 2015; Farnam et al.
2015; Lokajicek et al. 2017; Pour-Ghaz et al. 2012; Soltangharaei
et al. 2018; Weise et al. 2012). AE is a passive structural health mon-
itoring approach that has recently been utilized for detection of dam-
age in concrete elements. This method uses piezoelectric sensors to
respond to elastic stress waves emitted by crack formation and re-
cords them as digital signals, usually amplified through external or
integral preamplifiers. The sensors are very sensitive and can capture
internal microscale damage development. Furthermore, AE can
monitor structural condition continuously without disrupting use
of the structure, damage localization is feasible, and the method
is applicable when only one side of the structure is accessible.

To date, AE has mainly been explored for small-scale concrete
specimens affected by ASR without steel reinforcement. For exam-
ple, Pour-Ghaz et al. (2012) employed AE to monitor the crack-
ing in addition to expansion measurement in cylindrical mortar
specimens with lengths of 28 and 36 c¢cm and different diameters
ranged 2.5-10.2 cm. They found that AE was able to detect ASR
cracking earlier than the occurrence of significant length change
(0.1%). Moreover, they observed a decrease in the cumulative en-
ergy in the later stage of the experiment, which was related to an in-
crease of attenuation due to cracking or ASR gel in the specimens.
Abdelrahman et al. (2015) found a correlation between AE cumu-
lative signal strength and expansion from ASR measured per ASTM
C1293 (ASTM 2020). Furthermore, parameters of intensity analysis
were correlated with the petrographic damage rating index (DRI).
Farnam et al. (2015) used mortar cylinders with a diameter and
height of 20 and 40 mm. AE signals were characterized according
to peak frequency and frequency centroid, and high-frequency sig-
nals were related to microcracking in aggregates. Lokajicek et al.
(2017) utilized AE to monitor ASR in mortar prisms with different
aggregate reactivities and reported a correlation between cumulative
AE energy and damage.

In these prior works, small-scale specimens were mostly inves-
tigated without any internal or external confinement. However, in
reality, structures have different internal or external restraints, and it
has been shown that restraints have a significant effect on damage
distribution due to ASR (Allard et al. 2018; Barbosa et al. 2018;
Gorga et al. 2018; Karthik et al. 2016; Liaudat et al. 2018; Morenon
etal. 2017; Saouma et al. 2016). Soltangharaei et al. (2018) utilized
internal broadband sensors to monitor the ASR cracking for large-
scale specimens. The effect of external confinemet on the ASR ex-
pansion and AE data has been studied.

In the current study, a large number of sensors (compared to the
volume of concrete) are utilized in the medium-scale specimens,
which facilitates source localization. A new procedure is developed
to visualize the temporal development of ASR damage in concrete
structures using AE. AE event distributions are derived and com-
pared with surface crack patterns, crack widths, and petrography
results, which provide more insight into ASR cracking. The authors
are not aware of investigation reported in the open literature to
virtualize the temporal development of ASR damage using AE.
Furthermore, the effect of longitudinal and transverse reinforce-
ment on damage distribution and progression in terms of AE data
is addressed in this paper. Three medium-scale specimens with and
without reinforcements were cast and prepared for accelerated
aging. AE was continuously monitored and expansion strains and
crack width intermittently measured. Petrographic analysis was
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conducted at the end of the experiment. Correlations between ex-
pansion, crack width data, and petrographic analysis to the AE
data are discussed.

Test Setup and Procedure

Three concrete block specimens with dimensions 305 x 305 x
1,120 mm were cast at the University of Alabama and delivered
to the University of South Carolina for testing. The sensor layouts,
geometries, and structural details are presented in Fig. 1. Two spec-
imens were cast with reactive coarse aggregates and the third had
nonreactive aggregate to serve as a control specimen. Only coarse
aggregates were reactive. One of the reactive specimens had rein-
forcing steel along two dimensions (X and Z). This specimen is re-
ferred to as the confined specimen in this paper. The other reactive
specimen did not have any reinforcement. This specimen is referred
to as the unconfined specimen in this paper. The reinforcement de-
tails for the confined specimen is presented in Fig. 1(b). The con-
fined specimen had four longitudinal US #7 steel rebars and US #6
steel rebars at 150 mm on the center as transverse reinforcement
[Fig. 1(b)]. All rebars were T-headed to compensate for the short
development length. The specimen without reactive aggregate is re-
ferred to as the control specimen. It did not have any steel reinforce-
ment like the unconfined specimen as shown in Fig. 1(d).

Ten acoustic emission sensors were affixed to the surfaces of
each reactive specimen (confined and unconfined specimens) as
illustrated in Fig. 1(a), and four sensors were attached to the sur-
faces of the control spcecimen Fig. 1(c). All sensors were wideband
type PKWDI with 26-dB internal preamplification. The frequency
operating range of the sensors is 200-850 kHz. The sensitivity
curve of PKWDI can be found in MISTRAS Group (2011). The
sensor coordinates are presented in Table 1. The table has two sec-
tions separated by a vertical line, which includes the sensor loca-
tions of the confined and unconfined specimens and the sensor
locations of the control specimen. Some sensor locations were in-
dicated in Figs. 1(a and c). Sensors 1 and 2 are located on the top
surfaces of the reactive specimens. Sensors 3 and 4 are on the bot-
tom surfaces of the reactive specimens. Sensors 5 to 7 are on the
back surfaces of the reactive specimens. Sensors 8 to 10 are on
the front surfaces of the reactive specimens. Sensors 11 and 12
are on the back surface of the control specimen. Sensors 13 and 14
are on the front surface of the control specimen. The sensors were
attached on the surface of the specimens using epoxy, and constant
pressure was applied to the surface of the sensors through specially
designed and fabricated holders (Soltangharaei et al. 2018). The
sensor-to-cable connections were protected with heat shrink tubing.

A 24-channel Micro-II Express, manufactured by MISTRAS
Group. (Princeton Junction, New Jersey), was utilized for data
acquisition with a sampling rate of 5 million samples per second.
Equipment settings are provided in Table 2.

Concrete mixture proportions are presented in Table 3. In the
reactive specimens, only the coarse aggregate was reactive. The
reactive coarse aggregate was crushed greenschist from North
Carolina. The nonreactive coarse aggregate (used in the control
specimen) was crushed dolomite from Alabama. The nonreactive
fine aggregate used in all specimens was dolomitic limestone sand
from Alabama. The cement used in the mixture was an ASTM
C150 Type VIl low-alkali cement with 0.48% Na;Oq. Sodium
hydroxide (NaOH) was added to the two reactive specimens to in-
crease the total alkali loading to 1.50% by mass of cement to accel-
erate the development of ASR.

The specimens were supported on specially designed and fab-
ricated steel carriers with wheels. The contact surfaces of the
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Fig. 1. Specimen sensor layouts and structural details: (a) confined and unconfined; (b) section for confined specimen; (c) control specimen; and
(d) section for unconfined and control specimens.

Table 1. Sensor coordinates

Confined and unconfined specimens Control specimen
Sensor ID X (mm) Y (mm) Z (mm) Sensor 1D X (mm) Y (mm) Z, (mm)
Sensor 1 279 229 0 Sensor 11 279 305 229
Sensor 2 838 76 0 Sensor 12 838 305 76
Sensor 3 279 76 305 Sensor 13 279 0 76
Sensor 4 838 229 305 Sensor 14 838 0 229
Sensor 5 279 305 229 — — — —
Sensor 6 483 305 76 — — — —
Sensor 7 838 305 76 — — — —
Sensor 8 279 0 76 — — — —
Sensor 9 635 0 229 — — — —
Sensor 10 838 0 229 — — — —

Table 2. Data acquisition setting

Pretrigger Hit definition Peak definition Hit lockout Low-pass digital High-pass digital
Sampling rate Threshold time time time time filter filter
5,000 kHz 32 dB 256 us 400 ps 200 ps 200 ps 400 kHz 20 kHz
carriers were covered by neoprene pads to minimize the transfer- Pins were attached to the specimens using gray double/bubble
ence of potential vibrations and noise from the ground. epoxy with the extra fast setting for DEMEC gauge measurement
The specimens were retained inside a chamber with dimensions (demountable mechanical strain gauges). The schematic locations
of 243 cm(width) x 243 cm(length) x 122 cm(height). The tem- of the pins are illustrated in Fig. 1 (black empty ellipse). Four pins
perature and humidity of the chambers were kept at 37 £ 3°C and were located on each surface of the specimens except for the bot-
95% =+ 5% during the test with the exception of scheduled shut- tom surface with the arrangement shown in Fig. 1. It should be
down dates (for expansion measurement and maintenance). noted that the pin arrangements for the left and back surfaces of the
© ASCE 04020285-3 J. Mater. Civ. Eng.
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Table 3. Concrete mixture proportions

Quantity (kg/m?)

Control specimen

Mixture components Reactive specimens

Cement 350 350
w/c ratio 0.5 0.5
Nonreactive coarse aggregate 1,140 —
Reactive coarse aggregate — 1,050
Nonreactive sand 752 851
NaOH solution (50% w/w) — 9.22

specimens were identical to the arrangements on the right and front
surfaces. The distance between the pins, parallel to the X axis, was
500 mm, and the distances between the pins parallel to the Y and Z
directions were 150 mm. The epoxy had a high durability and
humidity resistance and was suitable to bond to concrete. The dis-
placement measurements between the pins were conducted monthly
on each surface of the specimens using DEMEC gauges with gauge
lengths of 500 mm for the X-direction (length) measurements and
150 mm for Y- and Z-direction (height and width) measurements,
respectively. The expansion strains were calculated by dividing
the displacement differences between each measurement and initial
measurement by the gauge lengths. The DEMEC gauge measure-
ments were started at 48 days after casting the specimens. Measure-
ment of the crack width was begun at 146 days after casting using
a Dino-Lite digital microscope with a maximum magnification
of 184 X (Leica Microsystems, Buffalo Grove, Illinois) and a
crack detection microscope with a magnification of 40 X (EIE
International, Leighton Buzzard, UK).
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Analysis Procedure

The AE data were continuously collected for 300 days, with the
exception of maintenance and expansion measurement time peri-
ods. Filters were developed to minimize nongenuine AE data. After
filtering, an unsupervised pattern recognition algorithm was em-
ployed to aid in classification of the remaining data. The data were
localized using an iterative algorithm and modified times of arrival
(TOA) of the classified events. Contour graphs were developed to
show the potential damage locations.

A filtering procedure based on AE event definition has been uti-
lized to remove the potential nongenuine data. AE data that were
registered by at least four sensors within a specific wave travel time
were retained, and AE data that were registered by three or fewer
sensors were removed. The wave travel time is a maximum time
that a stress wave travels from a source to a sensor in the specimen.
In other words, the AE events that had at least four hits were kept,
and the rest of the data were deleted. The waveforms of data after
filtering were visually further checked, and the potential remaining
nongenuine data were deleted.

Unsupervised Pattern Recognition Algorithm

In this section, a detailed explanation for the unsupervised pattern
recognition algorithm utilized in this paper is provided (Fig. 2). The
AE signals were initially transferred to the frequency domain by
using fast Fourier transform (FFT). The frequency domain of each
signal was divided by 10 equal portions with bandwidths of 40 kHz.
The energies corresponding to each frequency band were derived by
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figure)
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Fig. 2. Unsupervised pattern recognition procedure: (a) frequency-energy feature extraction; and (b) principal component feature extractions and

clustering steps.
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calculating the area under the FFT spectrum in that frequency band
[e.g., hatched area in Fig. 2(a)]. The energies in the frequency bands
were normalized to the total energy of the signal, which was calcu-
lated by the area under FFT spectrum [shown as a solid area in
Fig. 2(a)]. These normalized energies for different frequency bands
are referred to as frequency-energy—based features in this paper
(Soltangharaei et al. 2018). Principal component analysis (PCA)
was conducted on the extracted frequency-energy—based features
to reduce feature redundancy [Fig. 2(b)]. Eigenvalues and eigenvec-
tors of a covariance matrix of frequency-energy—based features were
calculated in PCA. Eigenvectors represented the principal compo-
nents (PCs) or the direction of new coordinates. The PCs, which had
the largest eigenvalues, were selected to reduce the redundancy. The
first four PCs, which contained more than 93% of the information
of data distribution, were selected in this paper. The data, which
contained frequency-energy—based features [resultant of procedure
in Fig. 2(a)], were transferred to the new space defined by the se-
lected PCs (Jolliffe 2002; Tan et al. 2018). These transferred data
were used as an input for the agglomerative hierarchical algorithm
[Fig. 2(b)]. The aglomorative hierarchical algorithm has three main
steps, as shown in [Fig. 2(b)]: calculating distance between data,
grouping data into the clusters, and determining the final cluster
number. First, Euclidean distances between the new features (based
on PCs) were calculated. The result was a matrix, which contained
the distances between the data (dissimilarity matrix). Then, the data,
which were close to each other, were paired in a binary cluster.
Then, the paired data were also grouped and formed new clusters.
This procedure continued to include all the data and resulted clus-
ters. The final result was a cluster tree or a dendrogram, which in-
cluded several upside-down U-shaped lines (links) (Bouguettaya
et al. 2015). The heights of the U-shape links illustrate the distances
between clusters and original data, and the horizontal axis indicates
data labels. Original data is labeled through algorithm, and some
labels are indicated on the horizontal axis. In this study, the data
and resulted clusters were linked through a procedure referred to as
Ward’s method, as described in (Murtagh and Legendre 2014). The
number of clusters (cutting level) was determined based on the den-
drogram and the height of each link with respect to the average
height of its following links. (Bouguettaya et al. 2015).

Source Localization and Modification of Time of Arrival

One method for source localization of AE data is the TOA approach
(Ge 2003a, b). This method is based on the TOAs of signals regis-
tered in each sensor and solving a nonlinear equation of velocity
versus distance. Estimating a realistic TOA for signals has a direct
effect on the source location precision. Most commercial AE data
visualization software has two options for estimating TOAs (i.
e., peak timing and first time crossing), which are based on peak
time and threshold (Mistras-Group 2014). These methods often do
not result in realistic TOAs, especially when the source is far away
from the sensors due to wave dispersion and attenuation. The errors
related to TOAs increase in heterogeneous materials such as con-
crete in comparison to homogeneous materials. Therefore, in this
study, the Akaike Information Criterion (AIC) was utilized for es-
timating the TOAs. This method has shown relatively good results
in previous research investigations for concrete (Carpinteri et al.
2012; Van Steen et al. 2019). In this method, a window is defined
at the beginning of the signal to include the region of the expected
signal initiation. In this study, the first 356 us of each signal is con-
sidered for TOA calculation. For the windowed signals, the AICs
are calculated according to the following equation (Akaike 1998;
Carpinteri et al. 2012)
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AIC(t,) =, log(*(S(1:1,.))) + (n,, — ky,) log(o? (1 + 1,,):n,,))
(1)

where n,, = last point of the windowed signal (in this paper, equal to
the sample point corresponding to 356 us); S = signal voltage value
for all samples; t,, = desired sample point for calculating the AIC,
which ranges from 1 to n,,; and o> = variance of signal voltages in
the desired range. The AICs are calculated for all sample points in
the windowed signals, and the minimum values denote TOAs of the
signals.

Another factor that can affect the source location results is the
selection of appropriate signals (hits) in an event. Each event may
have more than four hits [the minimum hit number for three-
dimensional (3D) source location], some of which are very weak,
and it is hard to find the TOA even by using AIC. Therefore, a
method (Carpinteri et al. 2012) based on the second derivative of
AIC was employed for hit selection in an event. The certainty levels
(CL) of calculated TOAs are calculated by the following equa-
tion (Carpinteri et al. 2012)

CL = [AIC(tyin — 6t) + AIC(tyin + 6t) — 2AIC ()] /08> (2)

where #,,;, = time in a signal corresponding to the minimum A/C;
and 6t = small-time interval around the estimated TOA (minimum
AIC). This parameter is set to 15 us for the data in this study. The
lower values for CL indicate unreliable estimated TOA by AIC and
can be deleted if a sufficient number of hits exists. In this study, the
five hits with the largest CL values in each event are only consid-
ered for the source localization.

After TOA estimation and selection of the appropriate signals,
an iterative source localization algorithm was used to determine the
source location. The minimum difference between the calculated
and observed TOAs is considered as a source location solution.
This procedure was conducted by using a nonlinear least-squares
method algorithm (Ge 2003b; Torkjazi et al. 2018). The wave
velocities in the algorithm were estimated based on Pencil Lead
Break (PLB) tests, which were conducted during the test.

The results of source locations are presented in contour dia-
grams by considering the cumulative signal strength of the events.
The specimens were initially meshed, with the enclosed area in
each mesh referred to as a cell. Then, a customized code was de-
veloped to read the input file, which was the result of the source
location, and weight values were assigned to the nodes in each cell
according to the average signal strength of each event. The weight
values for each cell were updated when a new event occurred inside
the cell, with the average signal strength of the new event added to
the previous cumulative signal strength in the cell. The weights in
all cells were normalized to the maximum weight at the end of the
test. The result is a contour diagram corresponding to the concen-
tration of damage. The color in the contour corresponding with the
largest value illustrates the location with the emission of events
with the largest signal strength, and/or a large number of events
occur in those locations.

Results and Discussion

The strains measured on the surfaces in each direction (e.g., X, Y,
and Z directions) were averaged and denoted as average strain
[Fig. 3(b)]. The volumetric strain is defined as the accumulation
of average strains along the axes of X, Y, and Z. Results of volu-
metric strain and average strains in the X, Y, and Z directions are
presented in Fig. 3. For example, the average strain for the confined
specimen along the X axis is indicated by the label Confined X in
Fig. 3, and is the average of strains along the X axis on the front,
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Fig. 3. Measured strains using DEMEC gauge: (a) volumetric strain; and (b) average strain.

back, and top surfaces of the confined specimen. The reactive spec-
imens expanded; the control specimen did not. The volumetric
strain for the confined specimen increased with a higher rate than
the unconfined specimen at around 115 days, whereas the volumet-
ric strain for the unconfined specimen reached the value for the
confined specimen at 269 days. Based on the measured volumetric
strain, comparatively more severe cracking is expected for the con-
fined specimen than the unconfined specimen between 115 and
220 days. The larger volumetric strain of the confined specimen
compared to the unconfined specimen (115-269 days) was pri-
marily due to the larger strains in the Y and Z directions. This might
be due to anisotropic expansion and cracking due to the reinforce-
ment. According to the numerical model proposed in (Morenon
et al. 2017), the ASR gel pressure increased by loading and re-
straint. The ASR gel pressure caused cracks perpendicular to the
loading or restraint directions.

In the confined specimen, the reinforcement might cause an in-
crease in the ASR gel pressure and simultaneously limited the paths
for reducing the pressure. This might cause the anisotropic expan-
sion and the larger expansion rate in the confined specimen be-
tween 115-269 days.

Another possible reason for the larger volumetric strain of the
confined specimen might be the different distribution of relative
humidity in the specimens due to the heterogeneous concrete char-
acteristics and reinforcements in the confined specimen.

Unconfined specimen: The average strain in the Z direction
(specimen depth) exceeds that in the other two directions [Fig. 3(b)],
potentially due to the lower tensile strength of the concrete along
the direction perpendicular to casting (Smaoui et al. 2004). The de-
creased tensile strength may be associated with a thicker film of
bleed water accumulating under aggregates, causing increased po-
rosity and weaker interfacial transition zones around the aggregates.
In addition, flat and elongated aggregate particles tend to be pref-
erentially oriented along the plane parallel to the casting direction in
concrete, and aggregates having larger specific surface area tend to
produce more gel due to ASR (Smaoui et al. 2004).

Confined specimen: The strains in the Y and Z directions (width
and depth) are almost the same until 238 days. The strains in the Y
and Z directions are larger than those in the longitudinal (X) direc-
tion. The large strain in the Z direction, despite the confinement,
may also be associated with the casting direction effect. It should be
noted that the measurement points for Z-direction expansion were
located between the vertical reinforcing bars where confinement
may have been locally minimized and this may have contributed
to the observed effect. In addition, the confinement along the Z
direction caused a redistribution of the ASR-induced stress in the
Y direction. This caused a lager expansion along the Y axis.
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The confined/unconfined strain ratio in the Y direction ap-
proaches 2.25. Therefore, more cracks with a larger width oriented
parallel to the X direction are expected in the confined specimen,
particularly.

Both the number of hits and the cumulative signal strength
(CSS) for the control specimen are much less than for the two re-
active specimens. Larger amounts of AE activity are observed in
the confined versus the unconfined specimen (Fig. 4). The blank
gaps in the figure are mostly related to the shutdown times during
the experiment due to the maintenance of the chamber, checking
the controller system, checking the sensors, and expansion mea-
surements. In addition, the rate of AE events in the unconfined
specimen is much less than the rate for the confined specimen. In
some intervals, especially for the unconfined specimen, no events
with more than three hits were recorded by the system. Therefore,
the data in the unconfined specimen appears less dense than the
confined specimen.

Frequency-Based Observations

The data for the confined and unconfined specimens were classified
into four clusters and three clusters, respectively. C1 to C4 are for
the confined specimen, and U1 through U3 are for the unconfined
specimen (Fig. 5). The number of clusters was determined based on
the height of links in the dendrograms, and desired levels for clus-
tering are indicated by the corresponding lines in the figure. A de-
tailed explanation was provided in the section on the unsupervised
pattern recognition algorithm. Fig. 5 shows the resulted dendro-
grams for confined and unconfined specimens. The horizontal axis
in Fig. 5 shows data labels and the vertical axis indicates the dis-
tances between the data or clustered data. The vertical axis was
calculated based on the normalized data. Therefore, the values of
the vertical axis do not have any unit. Each label number on the
horizontal axis presents one of input data. Some data labels were
shown on the horizontal axis of Fig. 5 due to the large amount
of data and limited length of horizontal axis. The data set, which
had 10 frequency-energy features, were condensed by PCA and
transferred to the PC space, as explained in the section on the
unsupervised pattern recognition algorithm. Fig. 6 represents the
transferred data in the PC space. Four PCs with the largest eigen-
values were selected for clustering, while the data were only able to
be presented in terms of the first three PCs. Several data in each
cluster are at cluster boundaries due to sharing similar frequency-
energy—based features (Figs. 6 and 7).

The average energy distribution in the frequency domain is pre-
sented in Fig. 7. The vertical axis is normalized energy calculated
for each signal based on the energies enclosed in the frequency
bands and normalized to the total energy of the signal.
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Confined specimen: C1 and C2 are referred to as a low fre-
quency. C3 has 45% energy in the frequency range of 80-120 kHz
and is referred to as a medium frequency. C4, referred to as a high
frequency, has the largest energy portion (63%) in frequencies of
80-200 kHz and distributed almost uniformly, and the highest dis-
tribution between 200-280 kHz among the clusters.

Unconfined specimen: Ul has 77% energy in the frequency
range of 0—120 kHz and is referred to as a low frequency. U2 has
the largest energy concentration (44%) in the range 80-120 kHz
and is referred to as a medium frequency. U3 has 57% energy
in the frequency range of 80-200 kHz and is referred to as a high
frequency.

The CSS curves in terms of time for the clusters are shown in
Fig. 8. The signal strengths of data in each cluster were added dur-
ing the experiment time for each specimen. The CSS values for
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each cluster in a specimen were normalized to the maximum final
CSS of all clusters attributed to that specimen (Fig. 8). Therefore,
the CSS values in this figure are unitless.

Confined specimen: The CSS for the medium frequency (C3)
increases abruptly at 115 days, coinciding with the sudden increase
in strain rates in the Y and Z directions. The activity rate starts to
decrease after 200 days when the expansion rate in the Y direction
decreases.

Unconfined specimen: Strain rates in both the Y and Z directions
increase modestly up to 178 days, as reflected in the AE data. Strain
rate started to increase between 178 and 270 days, especially in the
Z direction, causing an increased rate in AE data. The CSS in-
creases significantly, especially in U2, and later in U1 between 180
and 250 days.
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Fig. 6. Data presentation in principal component space: (a) confined specimen; and (b) unconfined specimen.
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Fig. 8. Cumulative signal strength for clustered data: (a) confined specimen; and (b) unconfined specimen.

These observations indicate correlations between anisotropic
expansion caused by ASR and CSS rates for clusters with differing
frequencies. To investigate this further, the number of signals in
each cluster within the specific time intervals was calculated and
normalized to the total number of AE signals in those intervals
(Fig. 9). In Fig. 9(a), the number of signals in C1 and C2 is com-
pared with the number of signals in C3 and C4. In Fig. 9(b), the
number of signals in Ul is compared with the number of signals in
U2 and U3. The signals in C1 and C2 in the confined specimen
have similar frequency contents as the signals in Ul in the
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unconfined specimen. The signals in C1, C2, and Ul have a large
energy portion in the lower frequencies 0—120 kHz, while the sig-
nals in C3, C4, U2, and U3 have a large energy portion in the higher
frequencies 120-240 kHz (referring to Fig. 7). The experiment du-
ration has been divided into several intervals. In each interval, the
percentage of low-frequency signals (C1, C2, and Ul) was com-
pared to the percentage of high-frequency and medium-frequency
signals (C3, C4, U2, and U3).

In Fig. 9, for both confined and unconfined specimens, the
percentage of low-frequency signals increased after 200 days.
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However, this increasing trend started earlier for the confined speci-
men than for the unconfined specimen. As the ASR process con-
tinued, more macrocracks were expected to form, and the existing
cracks were expected to extend and merge. This was observed from
visual surface macrocracks, which were increasing during the ex-
periment especially at the later stage (after 200 days).

One possible explanation of the trends shown in Fig. 9 is that in
the later stage of the ASR process, macrocrack formations and crack
extension exceeded microcrack formation. In the literature, AE sig-
nals with low frequency have been attributed to crack extension,
whereas AE signals with high frequency are attributed to the initia-
tion of small-scale cracks (Lacidogna et al. 2017; Landis and Shah
1995). That may be the reason for observing a larger number of the
low-frequency signals compared to the high-frequency signals. An-
other possible explanation is the wave scattering. In the later stages
(after 200 days), the cracks become longer and wider, thereby in-
creasing wave scattering, especially for higher-frequency signals. It
was assumed that the defects caused discontinuities in the concrete
and were located between the wave sources and the sensor locations.
Moreover, the projection of the maximum defect size on the plane,
perpendicular to the wave motion direction, was close to (or larger
than) the wave lengths of high-frequency components of AE signals
in the later stages (after 200 days). A third explanation may be pro-
vided (Farnam et al. 2015). In this study, Farnam et al. suggested
that cracks due to ASR initiated inside the aggregates with the emis-
sion of high-frequency signals. As the ASR process continued, the
cracks propagated inside the cement matrix with the emission of
low-frequency signals (Farnam et al. 2015). However, this explan-
ation depends on the aggregate type (Pan et al. 2012; Ponce and
Batic 2006). In some aggregate types, cracks were observed inside
aggregates in addition to the cement matrix. In other aggregates,
cracks were mainly observed in the interfacial transition zones and
the cement paste (Pan et al. 2012; Ponce and Batic 2006). In the
specimens for the current investigation, cracks have been observed
inside aggregates as well as in the cement matrix based on petrog-
raphy results. Based on the AE data and visual observation, cracks
are expected to generally initiate inside the aggregates and extend to
the cement matrix.

The ASR gel may also form around or inside the aggregate
depending on the aggregate type. The acoustic impedance of ASR
gel is expected to be less than the cement matrix and aggregates,
although the mechanical properties of the gel depend on the stress
condition and Calcium concentration (Leemann and Lura 2013;
Liu et al. 2015; Phair et al. 2005). Therefore, the gel may act as
a barrier against the wave propagation and scatter the waves with
high-frequency components.

© ASCE

04020285-9

The higher percentage of low-frequency signals in later stages of
the ASR process may be explained by one of these hypotheses or a
combination and is potentially the subject of future investigations.

Source Location and Event Distribution

Source localization was conducted for all events according to the
procedure described in the section on source localization and modi-
fication of time of arrival, and contour diagrams were generated
based on the source coordinates, source repetition in a cell, and cu-
mulative signal strength in a cell. The diagrams for the unconfined
and confined specimens in the X-Y plane are presented for 100, 200,
and 300 days in Fig. 10. The contours show the spatial relative
cumulative signal strength in each cell up to the desired times.
The cumulative signal strength for each cell was normalized to the
maximum CSS of cells at 300 days, and dimensions are shown in
centimeters. The visual surface cracks apparent at 300 days are
drawn on the contours to enable comparison. The continuous and
dashed lines illustrate the surface cracks at the top and bottom of the
specimens, respectively. The crack patterns in the confined and un-
confined specimens are different. Most of the cracks in the confined
specimens are parallel to the X direction, while the cracks in the
unconfined specimen do not follow any specific pattern and are
more randomly distributed in the X-Y plane along with both X
and Y directions. The damage (cracking) in the confined specimen
is more anisotropic than the unconfined specimen due to partial con-
finement applied by reinforcement in the X and Z directions. The
confinement prevents free expansion in the X and Z directions and
causes redistribution of ASR stress in the Y direction, consequently
causing anisotropic cracking in that specimen.

Event distributions in the confined and unconfined specimens
were generated along the Y direction. The examples of distributions
are presented as histograms at 300 days in Fig. 11. The value in
each bin was normalized to the total number of hits. Therefore,
the sum of the bar heights in a specific distance range shows
the relative probability of occurrence of the AE signals (distribution
of AE events) and the total sum of the bar heights is equal to unity.
The AE events in the confined specimen are more concentrated
in the middle width of the specimen than the unconfined speci-
men. The continuous vertical lines in the distributions illustrate
the median of the event distribution along the Y direction, and the
dashed vertical lines show first and third quartiles of the event dis-
tribution along the Y direction. The first and third quartiles separate
the lowest 25% of the data from the highest 75%, and the highest
25% of data from the lowest 75%, respectively.

To evaluate and quantify the concentration and distribution of
the AE events along the Y direction, two parameters are calculated
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Fig. 10. Source localization contours in the X-Y plane (top view): (a) confined specimen; and (b) unconfined specimen.
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Fig. 11. AE event distributions in Y direction at 300 days: (a) confined specimen; and (b) unconfined specimen.

in terms of the experiment time. The first is calculated by summing
the bar heights attributed to the middle 50% portion of specimen
widths (824 cm). This value shows the relative probability of oc-
currence of AE events at the midwidth of the specimens [referred to
as middle relative probability (MRP) in this paper]. In other words,
MRP shows the ratio of the located events in the midsection of
dimension (midwidth and midheight refer to the region between 8
and 24 cm of the associated dimensions).

The second parameter is the normalized interquartile range
(IQR). This parameter is calculated by dividing the difference be-
tween the first and third quartiles by the specimen dimension. This
parameter shows the concentration of event distribution in the mid-
section of dimension. For instance, MRP values for the confined
and unconfined specimens for 300 days along the Y direction are
81% and 58%, respectively. This means that 81% of all events for
the confined specimen are located between 8 and 24 cm. Further-
more, IQR values for the confined and unconfined specimens for
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300 days along the Y direction are 22% and 43%, respectively,
meaning that the distribution of the located AE events for the con-
fined specimen is more concentrated than for the unconfined. The
larger amount and concentration of AE events for the confined
specimen in the midwidth of the specimen illustrates the consistency
of the AE data with the expansion observations, and the anisotropic
damage caused by the confinement imposed by the reinforcing steel
is likewise observed in the AE data.

To further evaluate the behavior of the specimens due to ASR,
the aforementioned parameters were calculated in terms of the ex-
periment time and are presented graphically in Fig. 12. MRP values
for the confined specimen are larger than the values for the uncon-
fined specimen. In addition, IQR values for the confined specimen
are much less than the IQR values for the unconfined specimen.
This shows that the concentration of stress in the midwidth of the
confined specimen is much larger than the unconfined specimen.
The stress concentration causes the accumulation of AE events
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Fig. 12. AE event distribution parameters along Y axis versus experiment time: (a) confined specimen; and (b) unconfined specimen.

in the middle region of the confined specimen with the concentra-
tion of events around the median. In the unconfined specimen, the
amount of AE events in the middle region increases up to 220 days
and decreases thereafter. The increase rate is sharper between 200
and 220 days, which coincides with a major jump in the cumulative
signal strength [Fig. 8(b)]. The AE events that occurred between 200
and 220 days were mainly concentrated in the middle region of the
Y direction. The IQR values decreased as the MRP values increase,
and vice versa.

Comparing Figs. 12(a and b), it can be concluded that in the
confined specimen, damage concentration in the midwidth of the
specimen (Y direction) starts earlier than in the unconfined speci-
men. The concentration of AE events for the confined specimen is
much denser along the Y-axis from an earlier time (100 days) than
for the unconfined specimen. On the other hand, the AE events
are distributed (damage) more uniformly at 100 days along the
Y direction in the unconfined specimen.

Source location contours for the X-Z plane are presented in
Fig. 13. The continuous line shows the surface crack in the X-Z
plane in the front view, according to Fig. 1 (Y = 0). The dashed
lines show the surface crack in the backside of the specimen

100 Days

200 Days

=

300 Days

(Y = 31 cm). In the figure, Z = 0 is the top surface of the speci-
men. Cracks oriented in the longitudinal dimension (X direction)
are observed in both confined and unconfined specimens (Fig. 13).
These longitudinal cracks were caused due to anisotropic expan-
sion. However, cracks also appeared along with the height of
the unconfined specimen (Z direction). In the confined specimen,
fewer cracks are oriented in the Z-direction (specimen height) than
the unconfined specimen. This may be due to the longitudinal con-
finement provided by the steel reinforcement in the confined speci-
men along the X direction.

Distributions of the AE events located along the Z direction
(specimen height) were also evaluated. An example of event distri-
bution along the Z direction at 300 days is illustrated in Fig. 14.
The MRP values were calculated by summing the bar heights attrib-
uted to the middle 50% portion of specimen heights (8—24 cm).
The MRP values at 300 days for the confined and unconfined spec-
imens are 71% and 50%, and IQR values are 30% and 50%, respec-
tively. This shows a larger concentration of the AE events at the
midheight of the confined specimen than the unconfined specimen.
As mentioned, the casting direction may cause anisotropic expan-
sion due to ASR in the specimen height. This expansion causes

100 Days

200 Days

Fig. 13. Source location contours in X-Z plane.
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Fig. 15. AE event distribution parameters along Z axis versus experiment time: (a) confined specimen; and (b) unconfined specimen.

stress concentration in the confined specimen in the Z direction. The
transverse reinforcements may affect stress distribution in the Z
direction. The variation of the MRP and IQR in terms of time
for the confined and unconfined specimens is presented in Fig. 15.
In the confined specimen, the MRP increases at a larger rate up to
150 days, and the increasing rate diminishes thereafter. The events
in the unconfined specimen do not show any trend of absolute in-
crease or decrease, and the MRP values of the event fluctuate in
terms of time. This shows that damage distributed more randomly
along the height of the unconfined specimen compared to the con-
fined specimen.

The MRP values for the confined specimen along the Z direc-
tion at 300 days are smaller than the corresponding value along the
Y direction, which supports observations about anisotropy caused
by the confinement along the specimen width.

Surface Crack Measurements

As mentioned in section on test setup and procedure, crack widths
were measured beginning at 146 days after casting. The focus of
this measurement was the visual cracks on the top surfaces of spec-
imens. Examples of crack measurements are shown in Fig. 16. The
figure depicts the cracks with the largest width at 269 and 300 days.
The maximum crack widths were not necessarily attributed to the
same crack and same location during the ASR process. Figs. 16(a
and c) are related to a crack on the confined specimen, which
was oriented in the X direction (parallel to the confinement plane).
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Figs. 16(b and d) are related to the cracks on the unconfined speci-
men, which were oriented in both the X and Y directions. The mag-
nification in the pictures is 184X. The widths of cracks for the top
surface of the confined and unconfined specimens in terms of time
are illustrated in Fig. 17. As seen in the figures, the maximum crack
widths on the top surface of the confined specimen are larger than
those on the unconfined specimen. Furthermore, there are more vis-
ible cracks observed on the top surface of the confined specimen
than on the unconfined specimen at 146 days.

The wider crack widths found on the confined specimen illus-
trate a larger stress concentration in the midwidth of the specimen
when compared to the unconfined specimen, which is expected as
the reinforcement in the confined specimen caused more aniso-
tropic resistance to the ASR expansion. The midwidth of the con-
fined specimen was more expanded than the unconfined specimen,
and stress more concentrated in the midwidth of the specimen,
which had the least restraint. Consequently, this led to wider cracks
on the surface of the confined specimen. In addition, the stress con-
centration due to reinforcement in the confined specimen caused a
larger number of cracks in the specimen at 146 days. The wider
cracks and larger number of cracks earlier in the ASR process
in the confined specimen are consistent with the AE results.

Petrographic Analysis

Petrographic analysis was conducted on the reactive specimens at
the end of the accelerated aging process, and a summary of results
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Fig. 16. Maximum crack width measurement: (a) confined specimen at 269 days; (b) unconfined specimen at 269 days; (c) confined specimen at

300 days; and (d) unconfined specimen at 300 days.
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Fig. 17. Crack quantification on top surface in terms of time.

is provided in this section. The primary results indicated the pres-
ence of fresh ASR gel and calcium-rich ASR product in both re-
active specimens in cracks, around coarse aggregates, and voids.
Although the authors plan a future article detailing the correlation
of internal damage, mechanical properties, and acoustic emissions,
a brief summary of the petrographic investigation is provided
below.

Cross-section slices were sawn from approximately one-half
of the length of each specimen (core samples were extracted from
the opposite half to measure mechanical properties). A total of 14
38-mm-thick cross-section slices were sawn from each specimen,
with the cross-sections oriented parallel to the Y-Z plane. Each
slice was further cut into quarter-sections and polished for stereo-
optical microscopy examinations and a manual point count pro-
cedure (MPCP).
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The MPCP was developed to provide a quantitative evaluation
of internal damage in each beam. Although the DRI procedure can
provide a more detailed quantitative description of damage from
ASR in concrete, an alternate approach was needed to examine the
full surface area of the cut sections. A 25 x 25-mm grid of 0.1-mm-
thick lines was overlaid on each quarter-section. Each intersection
point of the grid was examined at 20x magnification to characterize
and quantify cracks present at that location (Fig. 18). Fine cracks
refer to cracks less than 1 mm wide but visible without magnifica-
tion, while microcracks refer to cracks that were only visible with
magnification in the petrographic analysis. No coarse cracks with
widths greater than 1 mm were observed in the grid intersections.
Only cracks passing through the intersection were considered in
MPCP.

Point count results were totaled for each slice including the four
quarter-sections. The point count totals were multiplied by the
weighting factors that assigned greater weight to cracks in the paste
than cracks in the aggregate, with no distinction made between gel-
filled and open cracks, a decision that was influenced by the DRI
method recommended in Villeneuve et al. (2012). In this study, fine
cracks also were weighted more than microcracks, because larger
crack widths are assumed to correlate to a greater release of acous-
tic emission energy. The results for each slice were divided by the
total number of points analyzed for that slice and multiplied by 100,
which yielded the weighted normalized cracking score for the slice.

The MPCP was conducted on 13 full slices and one-half slice
for the confined specimen and eleven slices for the unconfined
specimen. The average results of slices for the confined and uncon-
fined specimen are shown in Fig. 19 as weighted normalized crack-
ing score. Generally, the cracking score for the confined specimen
was larger than the unconfined specimen, which confirmed the
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Fig. 18. Section preparation for petrographic analysis: (a) quarter section with grid; and (b) example of magnified grid intersection.
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Fig. 19. Average of weighted normalized cracking score for reactive
specimens.

results of surface cracking, expansion strains, and AE. It should be
noted that the orientation of slices was perpendicular to the longi-
tudinal reinforcement, which provided significant confinement
against expansion in the X direction and led to anisotropic damage
with expansions focused in the Y-Z plane. The cracking scores for
the two show that the anisotropy of expansions and surface cracking
are accompanied by similar differences in internal damage features.

Conclusion

The effect of confinement provided by longitudinal and transverse
reinforcement was studied through data-driven methods. Unsuper-
vised pattern recognition in combination with source location and
statistical analysis were utilized. Three specimens were cast and
exposed to high temperature and humidity for almost 300 days.
Two specimens contained a reactive coarse aggregate, and the con-
trol specimen contained only nonreactive aggregates. One of the
reactive specimens had confinement, provided through steel rein-
forcement, along with X and Z coordinates. The other reactive
specimen and the nonreactive control specimen did not have any
steel reinforcement. The ASR expansion was regularly measured
with a DEMEC gauge. In addition, the crack widths on the top sur-
face of the specimens were measured. The main conclusions of the
study are summarized as follows.
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The effect of the steel reinforcement on ASR damage distribu-
tion is clearly reflected in the AE data. More AE activity was de-
tected in the confined specimen than in the unconfined specimen,
with AE events concentrated in the midwidth region of the confined
specimen, and these events exhibited almost normal distribution.
The distribution of AE events for the unconfined specimen across
the specimen width was more uniform. These observations in AE
data correlate with anisotropic expansion in the confined specimen.

Damage from ASR in the confined specimen initiated earlier and
was manifested in higher severity than the damage in the unconfined
specimen; this can be observed from the AE data, expansion strains,
and visible crack formation. The cumulative signal strength rate for
the confined specimen increased abruptly in the 115 days (early
stage of ASR). This behavior was not observed for the unconfined
specimen. The volumetric strains for the confined specimen were
greater than for the unconfined specimen up to 260 days. This differ-
ence between the volumetric strains was mainly due to very large
strains for the confined specimen in the Y direction. Furthermore,
the number of cracks in the confined specimen were greater than the
unconfined specimen at 146 days (start of the crack measurement),
and maximum crack widths on the top surface of the confined speci-
men was larger than the crack widths of the unconfined specimen.
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