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ABSTRACT 

 

Alkali-silica reaction (ASR) was recently diagnosed as having affected reinforced concrete structures in the 

nuclear power industry. ASR is a deleterious degradation mechanism in concrete that induces expansion 

and eventually leads to cracking. Because the presence of ASR in a nuclear power facility was recently 

discovered, experimental testing of large-scale specimens that are representative of typical nuclear power 

plant structural members is necessary. Three large-scale specimens were manufactured and monitored 

during conditioning to promote accelerated ASR expansion. Monitoring techniques include permanent 

sensor monitoring and non-destructive evaluation techniques. Results point to the importance of systematic 

monitoring of nuclear power facility structures as inspection of visible surfaces may not be indicative of 

actual damage within the bulk of a structure. Non-destructive techniques were proven capable of detecting 

the effects of ASR. 

 

INTRODUCTION 

 

Alkali-silica reaction (ASR) is a concrete degradation mechanism that was recently discovered as having 

affected reinforced concrete structures in the nuclear power industry (U.S. Nuclear Regulatory Commission 

2011). With these disclosures, the structural integrity of reinforced concrete structural members in nuclear 

power plants affected by ASR was questioned. In particular, the geometry of structural members in light 

water reactors (LWRs) presents a unique situation in which ASR is not fully understood. 

  

Because the design of structural members in existing LWRs typically resulted in large thicknesses 

ranging from 0.6 m to 1.5 m, shear steel reinforcement was not required by design guidelines at the time of 

construction. The required shear resistance of the structural member was achieved solely by the strength of 

the concrete. As a result, these thick structural members in older existing power plants could possibly be 

biaxially reinforced, having no shear reinforcement through the thickness. The effect of ASR on the shear 

strength of reinforced concrete structural members lacking shear reinforcement is unclear with several 

factors influencing the shear strength: the amount of expansion from ASR, the steel reinforcement ratio, 

and boundary conditions of the structure (Saouma et al. 2016).  

 

To address this knowledge gap, a large-scale experiment was designed and performed with two 

phases: (1) monitor the progression of ASR in large-scale reinforced concrete specimens lacking shear 

reinforcement (Hayes et al. 2018) and (2) investigate the post-expansion residual shear capacity. This paper 

includes only the first phase of the experimental testing in which expansion due to ASR was monitored and 

observed by several instrumentation systems and non-destructive evaluation (NDE) techniques. 
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SPECIMENS 

 

Specimen Geometry and Mix Design 

 

Three large reinforced concrete specimens were designed and created to simulate a nuclear power plant 

structure with large thickness. The large-scale concrete specimens were designed to have dimensions of 3.5 

m by 3.0 m by 1.0 m and contain steel reinforcement consisting of two elevations of intersecting 3.6 cm 

diameter steel reinforcement spaced at 25.4 cm with 7.6 cm of concrete cover resulting in a biaxially 

reinforced specimen with no reinforcement through the thickness as shown in Figure 1 (Hayes et al. 2018). 

Steel plate heads were placed on the ends of reinforcement to reduce development length. Specimens were 

cast horizontally rather than vertically for practicality. 

 

 
 

Figure 1. Specimen geometry, primary axes, and steel reinforcement (Hayes et al. 2018). 

 

 In total, three specimens of this geometry were made. The first specimen, labelled as CASR, was 

cast, using a mix design to promote ASR, inside of a large steel frame with high stiffness designed to 

serve as additional passive biaxial restraint against ASR-induced expansion in the plane of the specimen 

(X and Y directions). The through-thickness direction of this specimen is both unrestrained and 

unreinforced which promotes nearly all expansion in the through-thickness direction. The second 

specimen, labelled as UASR, was cast using the same mix design to promote ASR; however, expansion 

of this specimen was not restrained by an external steel frame. The third specimen, labelled as CTRL, was 

made using the same mix design components along with the addition of ASR expansion-mitigating 

lithium nitrate admixture; this specimen served as the control. No expansion was observed in this control 

specimen (Hayes et al. 2018). The three specimens are shown and labelled in Figure 2. 
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Figure 2. Layout of the three specimens 

 

 A trial study was conducted to identify two suitable mix designs to serve specific purposes: (1) a 

reactive mixture designed to experience an ASR-induced linear free expansion of approximately 0.15% 

per year, and (2) a control mixture using the same components to achieve similar material properties 

without ASR expansion. Both mixtures utilize the same Portland cement, relatively non-reactive fine 

aggregate, and reactive coarse aggregate. In order to increase the alkali-loading and promote the 

development of ASR, sodium hydroxide (NaOH) solution was added to the reactive mixture. In the 

control mixture, lithium nitrate admixture was used in combination with low alkali loading to prevent 

expansion of the concrete from ASR. A high-range water reducing admixture was added to both mixtures 

to maintain consistent slump between 15 cm and 20 cm. A hydration stabilizing admixture was added to 

both mixtures to offset the effects of warm ambient temperatures that would otherwise accelerate concrete 

setting. Because other techniques to minimize temperature rise during curing of mass concrete may also 

mitigate against ASR, a large quantity of mixing water was replaced with ice to reduce the initial 

placement temperature of the concrete and eliminate potential for delayed ettringite formation (DEF). The 

specimens were also insulated during curing to control the temperature differential and cooling rates, to 

mitigate the risk of thermal cracking. Full details of the mixture proportions and casting process can be 

found in Hayes et al. (2018). 

 

After a period of approximately one month with specimens in 23°C temperature and protected 

from moisture loss, the specimens were conditioned in a large environmental chamber at 38°C and 95% 

relative humidity (RH) for one year. Conditioning was temporarily disabled for 8 hours or less 

approximately once per month to perform visual inspection, manual measurements, and non-destructive 

evaluation. The desired level of ASR-induced expansion had been reached after one year and conditions 

were adjusted to 23°C and 90% RH. 

 

INSTRUMENTATION 

 

Each of the specimens was heavily instrumented both in the interior and on the exterior surfaces. Due to 

the lack of reinforcement through the thickness, a support system of small, smooth steel rods was used to 

support sensor installation within the bulk of each specimen. Instrumentation was installed to monitor 

concrete temperature, local strains, and structural deformations during the progression of ASR expansion. 

Sensors systems were connected to automated data acquisition units, and sensor data were collected every 

hour during the monitoring phase of the experiment. 
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Temperature 

 

Temperature data were desired for three reasons: (1) determine the (absence of) risk of DEF, (2) 

determine the uniformity of temperature within the bulk of each specimen, and (3) determine necessary 

thermal corrections for strain measurements. KM-100BT thermocouple sensors manufactured by Tokyo 

Sokki Kenkyujo were used in this experiment for temperature measurement. Data was automatically and 

continuously acquired from thermocouple sensors using a National Instruments PXI data acquisition 

system. The thermocouples were placed in a configuration inside each specimen to measure both in-plane 

temperature gradient and out-of-plane temperature gradient.  

 

Embedded Strain Transducers 

 

Local strains were monitored using strain transducers designed for embedment in concrete. KM-100B 

strain transducer sensors manufactured by Tokyo Sokki Kenkyujo were used in this experiment for local 

strain measurements. These sensors have proven durability as used in other experiments (Bracci et al. 

2012). Data was automatically and continuously acquired from strain transducer sensors using a National 

Instruments PXI data acquisition system. A total of 64 strain transducers with 100 mm gauge-length were 

placed in the three specimens at different orientations. 28 strain transducers were placed in each 

expanding specimen oriented in the three primary directions of the specimens (X, Y, and Z as labelled in 

Figure 1). 8 strain transducers were placed in the control specimen to verify the absence of expansion and 

measure shrinkage. Strain transducers were also placed in configurations designed to determine spatial 

variability of local strains. Internal sensors were located primarily in a single quadrant of each specimen 

to maximize the amount of surface area suitable for NDE using wave propagation techniques. 

 

Exterior and Embedded Long-Gauge-Length Fiber Optic Deformation Sensors 

 

Structural deformations were monitored using fiber optic deformation sensors designed for attachment to 

surfaces and concrete embedment. SOFO deformation sensors from SMARTEC were used in this 

experiment to measure long-gauge-length deformations. Data was automatically and continuously 

acquired from a SOFO Lite reading unit manufactured by SMARTEC. A total of 12 deformation sensors, 

with gauge-lengths ranging from 0.8 m to 1.8 m, were placed on the surfaces or embedded within the 

three specimens. Four deformation sensors were placed in the CASR specimen: two sensors of 0.8 m 

gauge-length were embedded to measure through-thickness expansion (Z), and two sensors of 1.5 m 

gauge-length were attached to the bottom surface to measure each direction in the plane of specimen (X 

and Y). Five deformation sensors were placed in the UASR specimen: two sensors of 0.8 m gauge-length 

were embedded to measure through-thickness expansion, two sensors of 1.5 m gauge-length were 

attached to the bottom surface to measure each direction in the plane of specimen, and a single sensor of 

1.8 m gauge-length was used to bisect the bottom surface mounted sensors (X-Y). Three deformation 

sensors were placed in the CTRL specimen: a single sensor of 0.8 m gauge-length was embedded to 

measure through-thickness expansion, and two sensors of 1.5 m gauge-length were attached to the bottom 

surface to measure each direction in the plane of specimen. Deformation sensors were mounted to 

concrete surfaces using anchor bolts embedded 7.6 cm. 

 

NONDESTRUCTIVE EVALUATION TECHNIQUES 

 

Several research teams were invited to perform NDE on the three specimens. The NDE methods 

performed included: acoustic emission monitoring, digital image correlation monitoring, and nonlinear 

ultrasonic (NLU) Rayleigh surface wave evaluation. 
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Acoustic Emission 

 

A research team from the University of South Carolina performed acoustic emission (AE) monitoring on 

the specimens during the expansion phase (Soltangharaei et al. 2018). Acoustic emission is an NDE 

technique that uses piezoelectric sensors to continuously capture any elastic transient waves emitted by 

the sudden release of energy attributed to crack formation in a material (Anay et al. 2018). AE was 

implemented as a continuous monitoring method and utilized to evaluate the presence of ASR and effect 

on the degradation of the three specimens. 

 

 In total, 16 acoustic emission sensors were embedded in the concrete specimens or attached to the 

bottom concrete surfaces. Two types of AE sensors were used, both of which were manufactured by 

MISTRAS Group, Inc.: (1) a broadband sensor, WDIUC-AST, with an operating frequency range of 200-

900 kHz and internal low-noise 40 dB preamplifier, and (2) a resonant sensor, R6I-UC, with an operating 

frequency range of 35-100 kHz and internal 40 dB preamplifier (Soltangharaei et al. 2018). A 16-channel 

Sensor Highway II (SHII), manufactured by MISTRAS Group, Inc., was used as a data acquisition 

system. Three broadband sensors were placed inside the reinforcement cage of each expanding specimen. 

Four resonant sensors were attached to the bottom surface of each expanding specimen. A single 

broadband sensor was placed inside the reinforcement cage for the control specimen, and a single 

resonant sensor was placed on the bottom surface of the control specimen. The specimens were 

continuously monitored throughout the duration of the monitoring phase. 

 

Digital Image Correlation 

 

A research team from Vanderbilt University performed digital image correlation (DIC) monitoring on the 

UASR specimen. DIC is a stereo optical measurement system that uses one or more digital video cameras 

to capture the motion of a set of references points and resolve one- or three-dimensional displacement and 

strains over the deforming surface (Chu et al. 1985). The reference points are represented by a random 

speckle paint pattern applied to the specimen surface. For this monitoring, the DIC system was comprised 

of two digital cameras, lighting, and a data acquisition system connected to computer. The speckle pattern 

was created by applying black paint speckles in a random pattern on a white paint background on the top 

surface of the UASR specimen. Images of the speckle pattern were taken periodically during the 

monitoring period. Image analysis was performed by GOM ARAMIS software. Images were taken at 

intervals of approximately 2 months during the monitoring phase of the experiment. 

 

Nonlinear Ultrasonic Rayleigh Surface Waves 

 

A research team from the Georgia Institute of Technology performed nonlinear ultrasonic (NLU) 

Rayleigh surface wave evaluation on the specimens (Kim et al. 2018). The measurement setup for this 

research utilized a narrow band contact piezoelectric transducer (with a center frequency of 50 kHz) to 

excite a longitudinal wave into a polytetrafluoroethylene (PTFE) wedge with an angle matched for 

Rayleigh wave generation in concrete and a broadband non-contact, air-coupled receiver centered at 100 

kHz. The signal input was fourteen cycles of a 47 kHz pulse, amplified by an ENI power amplifier by 50 

dB to enable the second harmonic generation of Rayleigh waves (Kim et al. 2018). The penetration depth 

of the Rayleigh wave was approximately 52 mm. The technique was used to directly measure the concrete 

cover’s inherent nonlinearity, which is dominated by the nonlinear dynamic behaviour of micro-cracks 

and similar damage. The result of these measurements is a relative acoustic nonlinearity parameter, β, that 

is indicative of the nonlinear behaviour of the concrete. Testing was performed at concrete ages of 271, 

304, and 328 days. 
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INSTRUMENTATION RESULTS 

 

Temperature 

 

Early age temperature monitoring confirmed that internal concrete temperatures never exceeded 55°C for 

the CASR and UASR specimens or 64°C for the CTRL specimen (Hayes et al. 2018). Because concrete 

temperatures never exceeded the commonly accepted threshold of 70°C (Taylor et al. 2001), above which 

there may be an elevated risk of DEF, it is reasonable to assume that the sole expansion mechanism is 

ASR. 

 

Sensor Correlation 

 

Averaged measurements from the embedded strain transducer sensor system and embedded deformation 

sensor system have comparable values (Hayes et al. 2018). The two sensor systems show good correlation 

between measured values of strain. For this reason, only averaged measurements from embedded strain 

transducers are reported.  

 

Expansion 

 

Average expansions in each direction for each specimen are shown in Figure 3. For both the CASR and 

UASR specimens, through-thickness (Z) direction expansion is larger than in-plane (X and Y) direction 

expansions. The differences in expansion magnitudes between the primary directions of the UASR 

specimen are due to the passive restraint of the steel reinforcement and expansion anisotropy due to 

casting direction (Smaoui et al. 2004). However, for the CASR specimen, the differences between 

through-thickness (Z) expansion and in-plane (X and Y) expansion is larger. This additional anisotropy is 

due to passive restraint of the surrounding steel frame. 

 

 
 

Figure 3. Average expansion in each direction for each specimen (Hayes et al. 2018). 

 

 It is important to note that even for measured internal Z-direction expansions exceeding 0.3%, no 

cracking was visible on the surfaces of the CASR specimen (X- and Y- directions). These observations 

indicate that: (1) the presence of visible cracking in a structure with similar expected confinement could 
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be indicative of severe damage out-of-plane, and (2) there is need for sophisticated structural monitoring 

of nuclear power facility structures as damage due to ASR expansion could be severe even with no visible 

trace (surface cracking) of the reaction. Map cracking was observed on each surface of the UASR 

specimen. 

 

NONDESTRUCTIVE EVALUATION RESULTS 

 

Acoustic Emission 

 

Details of signal processing and data analysis can be found in Soltangharaei et al. (2018). The measured 

parameter known as cumulative signal strength (CSS) was shown to identify the presence of ASR. The 

CSS is the cumulative measured area of AE signals. The CSS values over time for the reactive specimens 

are much higher than the CSS values for the control specimen as shown in Figure 4. As shown in the 

figure, the presence of ASR is observed by the increased values of CSS for the CASR and UASR 

specimens when compared to the CTRL specimen. CSS correspondingly increases with increasing 

volumetric expansion. The presence of ASR could similarly be monitored in a nuclear power facility 

structure using AE. 

 

 
 

Figure 4. CSS and volumetric expansion comparison for each specimen  

(CSS data adapted from Soltangharaei et al. 2018). 

 

Nonlinear Ultrasonic Rayleigh Surface Waves 

 

Details of signal processing and data analysis can be found in Kim et al. (2018). The analysis parameter 

known as the nonlinearity parameter, β, indicates differences between the control specimen and reactive 

specimens. Because this parameter is an indicator of nonlinearity at the surface, it is compared to average 

in-plane (X and Y) expansion of the large-scale specimens. The nonlinearity parameter values for the 

CASR and UASR specimens were normalized to initial values obtained from the CTRL specimen. As 
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shown in Table 2, the normalized nonlinearity parameters (NNP) for the CASR and UASR reactive 

specimens show increases of up to 280% and 349%, respectively, for the nonlinearity parameters when 

compared to the nonexpanding control specimen. Additionally, the UASR specimen, with significantly 

more visible cracking on the top surface, shows the highest nonlinearity parameter until measurements 

could no longer be taken. The value for tests at a concrete age of 328 days on the UASR specimen could 

not be obtained likely due to excessive amounts of cracking. The nonlinearity parameter obtained from 

this method is capable of distinguishing between sound concrete and concrete with ASR. Unfortunately, 

the sensitivity of this method also prevents measurement of visibly cracked concrete surfaces. As such, 

this method is more suited for early detection of ASR before any signs are visible. 

 

Table 2. NNP and in-plane expansion comparison for each specimen 

(NNP data adapted from Kim et al. 2018). 

 

Concrete 

Age 

Average In-Plane Expansion 

(%) 

Normalized Nonlinearity 

Parameter 

CASR UASR CTRL CASR UASR CTRL 

272 0.0554 0.0851 -0.0020 2.70 2.87 1.00 

305 0.0594 0.0923 -0.0047 3.39 4.49 1.17 

328 0.0609 0.0949 -0.0045 3.80 N/A 1.18 

 

CONCLUSION 

Analysis of the monitoring and NDE leads to the following conclusions:  

 

(1) The reinforcement configuration and boundary condition of the surrounding steel frame induce 

anisotropic ASR expansion. Advanced structural models accounting for the effects of 

reinforcement and restraint are necessary to analyse in-field behaviour of structures. 

(2) Cracking was not visible on the surfaces of the CASR specimen with through thickness 

expansion exceeding 0.3%. As a result, for structures in which reinforcement layout or 

boundary conditions may create a situation to promote anisotropic ASR expansion, it is 

insufficient to rely only on visual observation of cracks for detecting ASR because significant 

out-of-plane expansion may occur with no visible trace on the observable surfaces. 

(3) Several NDE techniques were used to successfully monitor the progression of ASR induced 

expansion and damage when compared with data obtained from permanent strain and 

deformation monitoring. The demonstration of these techniques shows that NDE could be used 

to successfully monitor the progression of ASR-induced damage or potentially evaluate the 

presence of ASR in a structure. 
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