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ABSTRACT 
 
Alkali-silica reaction (ASR) causes cracks in civil concrete structures such as nuclear power plants and may 
endanger their serviceability and integrity. The damage caused by ASR in the nuclear structures initiates 
mainly inside the structure and appears later on the surface. Acoustic emission (AE) is a passive method to 
monitor structural health. It is also is very sensitive and has the capability of monitoring continuously. This 
method may be an alternative for early damage detection in concrete nuclear structures affected by ASR. 
In this study, ASR was monitored by acoustic emission in both large-scale and medium-scale concrete 
structures. The expansion strains are measured and calculated in order to compare them with the AE data. 
The confinement causes anisotropic expansion and stress redistribution. Larger AE activity is observed in 
the confined specimens. 
 

INTRODUCTION 
 
Concrete is one of the common materials in civil engineering constructions. However, its brittle mechanical 
characteristic makes it vulnerable to crack formation. One of the main cracking sources in the concrete 
structures is alkali-silica reaction (ASR). ASR is a chemical reaction, which occurs between silica existing 
in the reactive aggregates and alkaline in the cement. The result is a hygroscopic gel, which tends to imbibe 
the humidity and expand (Soltangharaei et al. (2018b)). The gel imposes pressure on both aggregates and 
the cement matrix causing crack formation. The common structures which are exposed to ASR are bridges 
(Bach et al. (1993) , Bakker (2008) , Clark (1989) , Schmidt et al. (2014)), concrete dams (Campos et al. 
(2018) , Plusquellec et al. (2018)), nuclear power plants, and nuclear waste containments (Saouma et al. 
(2014) , Soltangharaei et al. (2018a) , Takakura et al. (2005) , Tcherner et al. (2009)). Because of the safety 
and radioprotection functions of concrete structures in nuclear power plant, the effects of ASR and their 
significance to current and long-term operation must be thoroughly addressed. 
 

 There are different methods for monitoring ASR damage and studying its effect on the structures. 
Some that are traditionally employed for this purpose are: regular-base visual inspection, coring, 
petrographic analysis, demountable mechanical strain gauge (DEMEC gauge), relative humidity or 
moisture content measurement, and crack indexing. These methods have several disadvantages. For 
example, visual inspection would not be effective for early damage detection. ASR reaction appears to 
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initiate internally in the thick shear walls of nuclear facilities due to in-plane confinement. The resulting 
cracks appear on the surface at a later stage of the ASR process. In addition, visual inspection for large-
scale structures is time-consuming and subject to human error (Rajabipour et al. (2015)). Coring and 
petrographic analyses are destructive methods and commonly unpractical for sensitive structures such as 
nuclear power plants. In addition, it is difficult to evaluate the entire condition of a structure by taking only 
a few cores or samples. DEMEC gauge and expansion measurement work for measuring the diameter of 
piles, but it is not a satisfactory method for thick concrete walls since most of the expansion occurs out of 
the plane, and only one side of the walls is usually accessible.  

 
The potential alternatives for structural health monitoring are non-destructive test methods. One 

non-destructive health monitoring method is acoustic emission (AE). This method uses highly sensitive 
piezoelectric AE sensors to record the elastic stress waves emitted during the formation of cracks. This 
method is very sensitive and can monitor structures continuously without halting operation. AE has been 
previously employed as a structural health monitoring system in different structures and materials 
(Colombo et al. (2003) , Droubi et al. (2017) , Soltangharaei et al. (2018a) , Soltangharaei et al. (2019)). In 
addition, it has been used to monitor the physical effects of chemical reactions such as corrosion, hydration, 
and ASR (Abdelrahman et al. (2018) , Abdelrahman et al. (2015) , Assi et al. (2018) , Farnam et al. (2015)). 

  
Recently, there have been several investigations conducted where AE was applied for the detection 

of damage and the quantification of the defects caused by ASR (Abdelrahman et al. (2015) , Farnam et al. 
(2015) , Lokajíček et al. (2017) , Weise et al. (2012)). Farnam et al. (2015) utilized peak frequency and 
frequency centroid to characterize signal signatures that emanate from cracks in aggregates and cement 
paste. High-frequency signals were observed in the earlier stage of ASR, while the low-frequency signals 
appeared later in the ASR process. X-ray images helped the authors to verify their hypothesis. Lokajíček et 
al. (2017) utilized both ultrasonic pulse velocity and AE to monitor the damage caused by ASR. Four 
specimens with different aggregate reactivities were used. The variation of cumulative energy correlated 
with the damage level and ultrasonic results. All mentioned researches have used small-scale specimens 
such as standard mortar bars or concrete prisms with a maximum dimension of 12 inches. These specimens 
did not have any reinforcement or confinement. In this study, medium and large-scale specimens affected 
by ASR have been monitored by AE. The specimens have steel reinforcement and confinement. Therefore, 
the confinement effect on the damage pattern is investigated. The expansion strains have been measured on 
a regular basis and utilized to compare with the AE data. AE cumulative signal strength (CSS) and historic 
index (HI) are used to study the ASR expansion effects on the AE activities.   

  

TEST SETUP 
 
In total, six concrete specimens (three large-scale and three medium-scale) were cast for the ASR test. The 
large-scale concrete blocks have the dimensions of 3.5 m (length) × 3 m (width) × 1 m (height). Two 
specimens had reactive aggregates (reactive specimens), and one has LiNO3 to stop ASR reaction. All of 
the large-scale specimens had steel reinforcement meshes at top and bottom including US # 11 spaced 25.4 
cm. One of the reactive specimens was enclosed by a rigid steel frame to prevent the specimen from in-
plane expansion. This specimen referred to as the “confined large-scale specimen”. The other reactive 
specimen did not have an encasement in the plane. This specimen is referred to as the “unconfined large-
scale specimen”. The non-reactive specimen is referred to as the “control large-scale specimen”. Alkali-
tolerant strain transducers and long-gauge fiber extensometers were employed for expansion measurements 
along with different dimensions. Seven AE sensors were employed in each reactive specimen. Four of them 
were resonant sensors and three were broadband sensors. Broadband sensors were WDIUC-AST with an 
operating frequency range of 200-900 kHz. These were embedded in the specimens before casting. More 
details about the test setup can be found in (Hayes et al. (2018) , Soltangharaei et al. (2018b)).  
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Medium-scale specimens include three cubic concrete blocks with the dimensions of 112 cm 
(length) × 31 cm (width) × 31 cm (height). They were cast at the University of Alabama and transferred to 
the University of South Carolina for conducting the test. Similar to the large-scale specimens, two 
specimens have reactive aggregates, which referred to as “reactive specimens”. One of the reactive 
specimens had both longitudinal and transverse reinforcements. Therefore, two dimensions (length and 
height) of the specimens were partially confined. Four US#7 were employed as longitudinal reinforcements. 
For transverse reinforcements, US #6 bars were used along the specimen height and spaced by 15.2 cm. 
This specimen is referred to as the “confined medium-scale specimen”. The other reactive specimen does 
not have any reinforcements and is referred to as the “unconfined medium-scale specimen”. The non-
reactive specimen does not have reactive aggregates and is referred to as “control medium-scale specimen”. 
Ten broadband AE sensors were attached on each reactive specimen. The sensors were PKWDI with an 
operating frequency of 200-850 kHz. The schematic picture for the test setup is presented in Figure 1. 
DEMEC gauges were used for the expansion measurement along the three dimensions. The expansion was 
measured regularly every month.  

 

 
(a) Confined specimen 

 
(b) Unconfined specimens 

 
Figure 1 Test setup for medium-scale specimens  

 
The large-scale specimens were conditioned in a high humidity and temperature in a large 

environmental chamber at the University of Tennessee at Knoxville, and the medium-scale specimens were 
conditioned in a chamber at the University of South Carolina.  
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METHODOLOGY 
 
AE data acquired with broadband sensors from both large-scale and medium-scale specimens have been 
utilized for analyzing. The AE data had non-genuine signals. Therefore, the first step before analyzing the 
AE data is filtering. The AE data from large-scale specimens had a few false data readings because the 
broadband sensors were embedded inside the specimens and immune to environmental noises. The 
duration-amplitude distribution was utilized for filtering the data. The rejection limits were presented in 
(Soltangharaei et al. (2018b)).  
 

In the medium-scale specimens, some sensors collected a large amount of extraneous data due to 
faulty connections. A different procedure than for the large-scale specimen was employed to filter the data 
for these specimens due to a large amount of data produced by noise. Using duration-amplitude for the 
medium-scale specimens is very time-consuming and expensive. The noises from faulty connections have 
specific signal features such as a small counts, average frequency, and peak frequency. An example of false 
and genuine data is shown in Figure 2. Initially, the noises related to the faulty connections were removed 
by deleting the data with an average frequency lower than 60 kHz. Some faulty data remained from the first 
stage. Therefore, another filter was applied to the contaminated channel by removing the signals with a 
peak frequency of less than 80 kHz. The filtering procedure mentioned above removed a large amount of 
data produced by noise. Then, the events which include at least four hits were kept, and the rest of the data 
was filtered. 

 

 
(a) Faulty connection noise 

 
(b) Genuine AE data 

 
Figure 2 Genuine versus false AE data 

 
HI is one of the two indices in the intensity analysis. The parameters for intensity analysis are 

calculated and usually presented on the logarithmic axes. The historic index is related to changes in the rate 
of cumulative signal strength. In this study, HI values are calculated in terms of the experiment time. The 
historic index is calculated according to the following equation (Nair et al. (2010)):  
 

 𝐻𝐻𝐻𝐻 = 𝑁𝑁
𝑁𝑁−𝐾𝐾

�∑ 𝑆𝑆𝑜𝑜𝑜𝑜𝑁𝑁
𝑖𝑖=𝑘𝑘+1
∑ 𝑆𝑆𝑜𝑜𝑜𝑜𝑁𝑁
𝑖𝑖=1

� (1) 

 
where HI is historic index; N is the number of hits up to the desired experiment time; Soi is signal strength 
of ith hit in the considered data set; K is an empirical constant, which depends on the material, and data 
density during monitoring.  
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RESULTS 
 
The strains in different coordinates were measured and presented in Figure 3. As seen in the figure, the 
strains were named as in-plane and out-of-plane strains. The out-of-plane strain is a strain caused by 
expansion perpendicular to the plane containing the steel reinforcement meshes. There are two in-plane 
strains for each specimen: “in-plane strain 1” is strain due to the expansion in the plane containing the steal 
reinforcement along the larger dimension and “in-plane strain 2” is the strain due to expansion in the plane 
containing the steal reinforcement along the smaller dimension. For the medium-scale specimens, only the 
confined specimen has the reinforcement, and out-of-plane direction is defined according to this specimen. 
The out-of-plane direction is along the Y axis. “In-plane strain 1” is the strain along the X axis and “In-
plane strain 2” is along the Z direction (Figure 1). In the large-scale specimen, all the specimens have 
reinforcement as mentioned in the test setup. The “out-of-plane strain” is the strain due to expansion 
perpendicular to the reinforcement mesh along the specimen height (thickness) and “in-plane strain 1” is 
the strain due to expansion in the plane containing the reinforcement mesh along the larger dimension and 
“in plane strain 2” is the strain due to expansion in the plane containing the reinforcement along the smaller 
dimension (Soltangharaei et al. (2018b)).  
 

As seen in Figure 3, the out-of-plane expansion for both confined large-scale and medium-scale 
specimens are larger than corresponding values for the unconfined specimens. ASR expansion and stress 
are redistributed along the direction with the lower restrain (Liaudat et al. (2018)). This is the reason for 
larger out-of-plane strain associated with the confined specimens as compared to unconfined specimens. 
 

 
(a) Large-scale specimens 

 
(b) Medium-scale specimens 

 
Figure 3 ASR expansion strains (Hayes et al. (2018))  

 
In the medium-scale specimen, the values for in-plane strain 2, for both confined and unconfined 

specimens, are the largest during the experiment. In the confined specimen, in-plane strain 2 has an almost 
similar value as the out-of-plane strain. Expansion along with the height of the specimens account for the 
in-plane strain 2. The casting was conducted parallel to this direction. The researchers have shown a 
significant effect of casting direction in the anisotropic expansion caused by ASR (Smaoui et al. (2004)). 
This effect is observed from the strain measurements in the medium-scale specimens. Although the 
confined specimen had confinement along the height of the specimen, the largest strains still occur in this 
direction. 

 
In the large-scale specimens, the casting direction is perpendicular to the confinement plane. 

Therefore, in addition to the confinement effect, the casting also influences the out-of-plane strains.  
 
The in-plane strain 1 in the confined medium-scale specimen is more than the strain for the 

unconfined specimen up to 210 days. After 210 days, the in-plane strain 1 for the unconfined specimen 
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increases and its values become larger than the values for the confined specimen. The confinement for the 
confined specimen controls the expansion in this direction. 

 
 Figure 4 shows the cracking on the top surface of the medium-scale specimen after the test. The 

cracks in the confined specimen are more anisotropic than the crack pattern in the unconfined. The cracks 
mostly align the larger dimension, parallel to the reinforcement plane (X-Z plane). However, the crack 
pattern in the unconfined specimen is randomly distributed in both directions on the top surface of the 
specimen. The difference between the crack patterns shows the effect of anisotropic expansion imposed by 
the confinement in the medium-scale specimens. 
 

 
(a) Confined specimen 

 
(b) Unconfined specimen 

 
Figure 4 Crack pattern in the medium-scale specimens  

 
The AE data for the large-scale specimens were presented in terms of cumulative signal strength 

(CSS) in Figure 5. In addition, the out of plane strain is also presented there as well. As seen in Figure 5, 
the CSS for the confined specimens (large-scale and medium-scale specimens) is much more than the values 
for the unconfined specimens. As mentioned, the out-of-plane strain for the confined specimens are more 
than the unconfined specimens. The resulting expansion anisotropy due to ASR causes stress concentration 
in the confined specimen and consequently more AE activity and the AE with stronger signal strength. In 
the medium-size specimen, the anisotropy due to confinement reflects more in AE data than the large-scale 
specimens. This may be due to a larger concentration of AE sensor in a smaller region.  
 

 
(a) Large-scale specimens 

 
(a) Medium-scale specimens 

Figure 5 Cumulative signal strength and out-of-plane strain in terms of time (Hayes et al. (2018)) 
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Historic Index (HI) values were calculated according to Eq. 1 in terms of time, and the 

maximum HI values up to the desired times are presented in Figure 6. For both specimens, the HI 
values decrease as the ASR progresses. In other words, the AE events with a large signal strength 
are decreasing as the ASR continues. Moreover, the HI values for the confined specimens are larger 
than the HI values of the unconfined specimen. This also indicates the effect of anisotropic 
expansion due to the confinement on the specimen.  

 

 
(a) Large-scale specimen 

 
(b) Medium-scale specimen 

 
Figure 6 Historic Index versus Time 

 
In the large-scale specimens, the HI trends are similar, and they correlate with the strain’s values. 

The rate of change in the HI values starts to decrease when the strain rate decreases at 100 days. In the 
confined medium-scale specimen, the HI values increase with a higher rate than the unconfined specimen 
up to 150 days and starts to decrease after that. In the unconfined medium-scale specimen, the HI rate 
increases at 200 Days, although its values are still smaller than the values for the confined specimen. This 
trend is correlated with the strain rate for this specimen that starts to increase around 200 days. 
 

CONCLUSION 
 
In this study, AE has been utilized to monitor the specimens affected by ASR with different scales. 
Expansion strains along the dimensions of the specimens were measured and calculated. Observing the 
condition of the medium-scale specimens shows the effect of the anisotropic expansion due to 
reinforcement confinement. The crack directions in the confined specimen align with a direction parallel to 
the specimen length. However, the crack pattern for the unconfined specimen is more random and uniformly 
distributed. This anisotropy in expansion causes a larger AE activity in the confined specimen. The rate of 
CSS for the confined specimen is larger at the beginning and decreases after that, while the rate of CSS 
increases after 200 days. This behaviour correlates with the strain rate in the unconfined specimen, which 
increases after 200 days.  
 

The strain along the height of confined medium-scale specimen is the largest value although this 
dimension was confined by the transverse reinforcements. This is due to an effect of the casting direction 
in ASR expansion. The weak layers perpendicular to the casting direction were formed in the specimen 
during casting. This factor seems to be controlling and should be considered in the damage evaluation. 

 
Comparing the AE results between the large-scale and medium-scale specimens, it shows that the 

AE activity trends, and energy values are influenced by the boundary condition and dimensions of the 
specimens, sensor layout, and sensor number.  
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