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About ACES
ACES addresses the EURATOM Work Programme 2019-2020, dedicated to Nuclear Fission and
Radiation Protection Research (H2020 NFRP-2019-2020). Specifically, the proposal addresses the
following work programme topic: A - Nuclear Safety - NFRP 1: Ageing phenomena of components and
structures and operational issues.
The main objective of ACES is to advance the assessment of safety performance of civil engineering
structures by solving the remaining scientific and technological problems that currently hinder the safe
and long-term operation of nuclear power plants reliant on safety-critical concrete infrastructure. Proper
understanding of deterioration and ageing mechanisms requires a research strategy based on combined
experimental and theoretical studies, following a multidisciplinary approach, and utilizing state of the art
experimental and modelling techniques. Material characterization at different length scales (i.e. nano,
micro, meso, and macro scales) is necessary, focusing on the physical understanding of the degradation
processes (e.g. neutron and gamma radiation, internal swelling reactions, liner corrosion, etc.) as well
as physical phenomena (drying, creep, shrinkage, etc.), and their influence on macroscopic mechanical
properties and structural/ functional integrity of the components.
The ACES project aims at having a significant impact on the safety of operational Gen II and III NPPs
and impacting the design of next-generation plants. ACES will improve the understanding of ageing/
deterioration of concrete and will demonstrate and quantify inherent safety margins introduced by the
conservative approaches used during design and defined by codes and standards employed throughout the life of the plant. The outcomes from ACES will therefore support the LTO of NPPs. This will be
achieved by using more advanced and realistic scientific methods to assess the integrity of NPP
concrete infrastructure. The project will provide evidence to support the methods by carrying out various
tests, including large scale tests based on replicated scenarios of NPPs.
ACES engages 11 partners from five EU Member States (BE, CZ, FI, FR, SI) and two non-EU countries
(UA and USA).
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Summary
This deliverable presents ACES D3.3 “Monitoring of Internal Swelling Reaction (ISR) evolution
in concrete structures“. A first part of this bibliographical review deals with general information
on ISR. The second part contains examples of methods of non-destructive testing and
monitoring evaluated to detect ISR on concrete structure. The next part presents practices of
detection of ISR in concrete structure in Eastern Europe are presented. Finally, a conclusion
summarizes the most relevant technics, all of them at the current state of research, and gives
few perspectives to detect ISR in concrete structure in the future.
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1 Introduction
The main objective of the Work Package 3 is to contribute to the assessment of lifetime
extension of NPP structures which concrete is affected by Internal Swelling Reactions (ISR).
To do so, the research work carried out in this context includes five major axes:
•

•

•
•

•

increasing the knowledge on the development of ISR in the nuclear power plant (NPP)
structural environment by considering the following factors: the confinement developed
in massive structures, the complex bi-axial loading due to post-tensioning, the scale
effect and the coupling between creep shrinkage and expansion due to ISR;
developing a technical basis for regulatory guidance to evaluate ISR affected NPP
through service life based on monitoring results and on coring’s residual expansion
testing. The purpose is to help NPP owners manage structures affected by ISR;
providing recommendations on the detection of ISR in massive concrete structures
using non-destructive techniques;
predicting the long-term expansion of NPP structures affected by ISR. The output of
this part is a numerical benchmark where various modelling technics can be tested
using extensive experimental data from representative massive concrete mock-ups.
proposing recommendations that would allow the End-Users properly account for the
ISR impacts in the engineering calculations of the NPP structures (containment), in
particular, in the LTO justifications

In particular, Task 3.3 of the Work Package 3 deals with NDE and monitoring of ISR
evolution in structures.
The detection of internal swellings reactions in reinforced concrete structures using nondestructive techniques is a very difficult task because the presence of these pathologies
leads to very small variations in most physical parameters (electrical permittivity or resistivity
for example) that characterize it. Considering ISR in thick components as containment
building, the affected volume may be far from the surface. That configuration makes the
detection of ISR even more challenging.
In this report, a bibliographical review is done to summarize the state of the art. The report
provides examples of NDT techniques (based on experimental tests or simulations) with an
analysis of the results, sensitivities and performances. The performances of the techniques
will be discussed with a focus on the depth of penetration, on the severity of the pathology
and at what stage it is possible to detect such degradations. The influential parameters such
as temperature or air humidity will be discussed.
The first part of this document starts with general information on internal swelling reactions.
The second part deals with methods of non-destructive testing and monitoring applied on
concrete structure affected by ISR. In addition, the third part addresses the practices of
detection of ISR in concrete structure in east Europe (FSU). Finally, the document ends with
a conclusion.
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2 General information on internal swelling reactions
Concrete is one of the most commonly used structural materials, due to its high compressive
strength, high durability, and relatively low cost. It is being used in most modern industrial and
energy infrastructures since the second half of the 20th century, such as nuclear power plants
(NPP).
Internal swelling reaction (ISR), including Alkali Silica Reaction (ASR) and Delayed Ettringite
Formation (DEF) are expansive reactions. Both deterioration mechanisms have been
implicated in the deterioration of numerous concrete structures around the world, including
NPP. So it is a challenge to detect them in ageing critical infrastructure [1]. Figure 1 gives
schemes explaining the formation of ASR and DEF.

Figure 1. Mechanism of ASR (left) and DEF (right) [1], [25].

The processes leading to ASR are composed of three steps. First, a gel formation is generated
in concrete by a chemical reaction between alkalis from cement and siliceous aggregate.
Second, this gel expands in concrete by absorption of moisture. Third, due to this expansion,
cracks form in cement paste and around/through aggregates in depth. Then, the cycle
continues and the cracking network reaches the surface, which can lead to ultimate structural
weakening below safety margin levels [15] or a loss of containment. The classical expansion
curve due to ISR can usually be described as a sigmoid (Figure 2 for DEF) [14], [23], [24].
Research on identification of the mechanism of ASR has been conducted since the late 1930s
to prevent its occurrence in new constructions [1].

7
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Figure 2. Expansion curve of DEF pathology [14].

Internal microcracking from ASR and DEF can lead to macrocracking at exposed surfaces,
due to the tensile stresses and this phenomenon is the most apparent sign of the pathology.
Severe degradation of the mechanical properties of concrete can be observed due to ISR, but
catastrophic failures of affected structures are quite rare. It has been noted that similar crack
patterns can also be produced by other mechanisms (such as drying shrinkage and other forms
of sulfate attack) [1].
The expansion and cracking caused by ISR affects the structure even in presence of steel
reinforcement. Figure 3 shows that the surface crack patterns are very different for plain and
reinforced concrete structures: random for plain concrete structures (because of the absence
of constraint), crack orientation parallel to reinforcement bars for reinforced structures. “These
photos were taken of ASR and DEF deteriorated specimens from previous research at the
University of Texas at Austin" [1][25]. Steel reinforcement (deformed bars with grooves,
rectangular mesh, square mesh and trench mesh) in concrete can help controlling cracks such
as temperature and shrinkage cracking and surface cracking [2].

Figure 3. Crack patterns of (a) unreinforced concrete and (b) reinforced concrete [25].

In metals, critical cracks rapidly propagate away from nucleation centres. In concrete, the
ageing behaviour of concrete is intrinsically ductile. Cracks in concrete are sub-critical and
8
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develop slowly via coalescence of many micro-cracks [15]. ASR was discovered in 2011 at the
Seabrook NPP. ASR is perhaps the most dangerous chemo-mechanical damage mechanism
of concrete degradation in old nuclear plants. The development time of such reaction is
typically 10 to 50 years [6]. Some can appear after 10 years in unfavorable conditions.
Currently, there are no standard that address non-destructive methods for detecting ASR in
concrete [15]. The reason is, no commercially non-destructive evaluation (NDE) method is
sufficiently efficient. Research is still underway on non-destructive methods to detect these
deterioration mechanisms on affected structures [1].
To date, only destructive evaluation methods are used for the diagnosis of existing structures,
such as petrographic and microscopic examination. They are based on extraction of multiple
cores from different locations in a structure and the analysis of their microstructure in a
laboratory [17]. This method, requiring multiple cores drilling, could impair the integrity of the
structure and is very difficult to conduct to the containment wall of a nuclear power plant [19].
Few patents address this topic, which is consistent with the fact that no type of methods is
currently sufficiently effective.
The bibliographic study has established a list of non-destructive methods that have been used
to detect ASR or DEF. The principal methods are based on visual inspection, linear and
nonlinear ultrasonic, acoustic emission, electromagnetic, air permeability and infrared
thermography. Each of these methods is presented in a separate section.
A brief description of the use of the method (often in laboratory) is given. Performances in
terms of detection capability, conclusion and elements on applicability of the methods are
reported. The evaluation of the NDT methods on real structures is also provided when possible,
but, very few structures have been tested by NDT methods [7].
The Structural Health Monitoring (SHM) consists in embedding the sensors in the concrete or
fixing them at its surface. Monitoring a structure allows to obtain information of a parameter
variation over a long period of time. It is easier to obtain information on the structure with this
principle, but sensors must be applied before the development of the deterioration
mechanisms. The monitoring aspect is discussed in this report when the method is compatible
with monitoring ASR and DEF.
This review presents the more promising methods found in the literature.
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3 Methods of non-destructive testing and monitoring applied on
concrete structure affected by ISR
3.1 Visual inspection
Visual inspection is the simplest form of non-destructive testing and the first step in any
investigation of a structure. It is the most common method for examining structures. It begins
with an inspection of reinforced concrete structures. During the inspection, the detected
defects are recorded according to a pre established procedure. An example of such a process
includes taking photos of defects, putting them on the drawings (plotting) and determining their
dimensions – width, length, and depth. These data, along with a mark in the drawings, are
presented in a table, which gives the characteristics of the defect: its dimensions, depth, and
additional data, if necessary.
ASR and DEF can be detected by visual observations of the surface. These observations
include cracking, gel staining and exudation, pop outs and closed expansion joints, crack
openings and patterns of cracking [1]. It is known that the relevant diagnostic depends on the
knowledge and experience of the investigator. This method has the clear limitation that only
visible surfaces can be inspected. Internal defects (at early age) will not be noticed and no
quantitative information is obtained about the properties of the concrete [1], [20]. For these
reasons, a visual inspection cannot be used to diagnose an early stage of ASR and DEF.
Visual inspection can be supplemented by one or more of the other NDT methods [3]. With
more information on the structure (chemical composition, manufacturing history, environment),
it is possible to orient a diagnosis of potentially active deterioration mechanisms and hence
identify which NDT methods could be the more efficient [2].
If possible, fiberscopes and borescopes can be used to inspect regions that are inaccessible
to the naked eye. Thus, cavities can be inspected in a structure, when access holes have been
planned at the design stage. A fiberscope device includes lens system and optical fibres, some
of which can transmit light to illuminate the cavity [3].

3.2 Mechanical methods: expansion monitoring method
Expansion monitoring is an important method to monitor structures affected by ISR. It allows
continuous and long-term monitoring. However, expansion monitoring cannot be used to
assess expansions which have already occurred. Measurements over several years are useful
for the evaluation of the kinetic of the degradation mechanism and the current stage of
expansion [1].
Expansion monitoring can be performed by external sensors (such as mechanical gauges with
an indicator) or/and internal sensors (such as internal piezoelectric sensor or optical fibres).
For external sensors, mechanical gauges are frequently used and measure the change in
distance between two reference points over a period of time. The reference points can be
drilled directly into the structure or attachments with predrilled holes can be mounted onto the
surface [9]. It is possible to evaluate strains beyond material fracture. Models which couple
mechanical deformation and degradation mechanisms can be used to understand the
structural behaviour and enable the estimation of its future behaviour and useful life [9].No
information is given on the influence of the temperature or air humidity on the results.

3.3 Acoustic methods
Acoustic methods are frequently used to evaluate the condition of concrete. Two principal
categories can be distinguished [9]:
10
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-

methods using a through transmission mode such as ultrasonic pulse velocity for
determination of elastic properties (e.g. E-modulus or porosity);
and methods using reflection mode, such as ultrasonic-echo and impact-echo methods
for detection of flaws (e.g. cracks or voids).

To detect ASR or DEF, different methods are potential candidates. Figure 4 shows the acoustic
wave spectrum and the classical frequency range for acoustic NDT methods [9].

Figure 4. Acoustic wave spectrum [9].

Both linear and nonlinear ultrasonic testing (UT) can be used to detect ASR or DEF. Each
method is described separately in the following section. As mentioned later, the conclusions
are that conventional linear UT can be used, but has shown lower sensitivity toward property
changes of affected samples, compared with non-linear UT [19].
Acoustic emission method is presented in the last paragraph of this part.

3.3.1 Linear acoustic methods
3.3.1.1 Ultrasonic Pulse Velocity (UPV) and wave attenuation
Concrete is a porous and heterogeneous material. The many interfaces between the cement
paste, aggregates and voids create a complex acoustical environment. To minimize
attenuation and scattering, relatively low frequencies must be used. The wavelength should
be greater than the maximum aggregate size. Microcracking associated with ASR or DEF
leads to further attenuation and also reduces the apparent velocity of waves (due to excitation
pulse), because they must take a longer path around the cracks [1].
The Ultrasonic Pulse Velocity consists in the evaluation of the delay of propagation between
the emitting transducers and the receiving transducers of an ultrasonic pulse. The velocity of
the compression wave is calculated by simply dividing the distance travelled by the travel time
[1]. The inferred velocity of the waves in the material is the key parameter [7] and necessarily
depends on the geometric characteristics of specimens. Correlations are only validated in well
controlled conditions (measurement and environment).
Through-transmission UPV of concrete is a simple method to implement for testing the
uniformity of concrete quality within a structure [1]. It is easy to use, but expertise is needed to
interpret the results [9]. It is implemented since the 1960s [1]. It is more complex considering
a non-isotropic medium. Standards (EN 12504-4, ASTM C597) define the method for
measuring UPV of a specimen or structure in concrete [1][7].
Observations conducted in laboratory on concrete samples show that the velocity wave
propagation decreases very slightly with the concrete expansion due to ISR. In the studied
case of ASR, the difference of velocity with and without pathology can be either negligible [13]
or up to 25% [1], [7]. The degree of moisture saturation can also affect the observed UPV of
concrete by up to 5% [1]. “Significant variations in the overall quality of concrete may be
observed, but the correlation of velocity to quantitative values of compressive strength and
elastic modulus are a more complicated matter” [1].
The results obtained on in situ cores are less convincing than those obtained in a laboratory:
this is attributed to lack of homogeneity of in situ concrete and uncontrolled parameters (such
11
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as temperature or moisture) as compared to laboratory conditions. Furthermore,
measurements made on cores extracted from a structure are potentially non-representative for
the core sampling, because concrete of the samples may have evolved once extracted from
the structure [7].
This method is not applicable in presence of steel reinforcement, which can affect results and
requires an access to both sides of the concrete structure [9]. “So far various modifications
have been made in the UPV technique, but still it is unable to detect the small size cracks due
to a damage mechanism at early ages. To measure the small size cracks, the frequency of the
detecting ultrasonic waves should be increased, which increases the attenuation due to the
nonhomogeneous nature of concrete. Also, sometimes, inconsistent results are observed for
the UPV tests despite significant damage, such in the case of ASR, due to cracks filled with
ASR gel. Indeed, when the cracks interfaces are filled by the ASR gel, ultrasonic waves with
higher frequencies are required in order to detect the cracking effects. Further research is
required on the design and development of ultrasonic instrumentation and techniques for insitu inspection of concrete and reinforced cement concrete” [16].
A paper mentions that the conventional ultrasonic technic of inspection of concrete evolves
rapidly [1]: instead of measuring the UPV, testing utilizes tomography based on an array of
transducers, which provides a clear view of the health of concrete. Research on concrete
prisms in a lab shows that ifIf the expansion exceeds 0.20%, this method gives very little
indication of the progress of deterioration, even as reached very high levels (1.0% or more)
[28]. Therefore, it deduces that “the utility of this method in the long term monitoring of severely
damaged structures is quite limited”. Another paper mentions that in-situ UPV are good
indicator of low stage of expansion from ASR and DEF, and for expansions above this level,
the effectiveness of these NDT methods is greatly reduced [1].
Another technique based on the measurement of the wave attenuation, seems relevant. The
spectral response of the concrete specimen is measured, following an excitation due to an
ultrasonic pulse. The loss of spectral gain (i.e. the attenuation) is evaluated. All the studies
confirm the significant reduction of volume waves in the presence of internal swelling reaction
and show that the attenuation increases with the structure expansion [7]. However, for other
authors, this method is less practical for use, because attenuation is strongly influenced by the
coupling of the transducers to the concrete [1].
3.3.1.2 Seismic tomography
The principle of this method is to measure the travel times of seismic waves between each
source point and each sensor location [7]. All transducers are distributed around the structure
to be inspected. Thanks to the acquisition of the travel times between each transducers and
data provided by a synthetic model, it is possible to build a tomographic image which
represents the velocity of wave. Figure 5 gives an example of seismic tomography visual output
on a real structure (dam).

12
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Figure 5. Example of seismic tomography visual output on a real structure [7].

If a very important variation is observed in the velocities (red area on Figure 5), it is possible
to deduce a significant alteration of the material for the upper zones of the dam. The measured
velocities vary in this application between 2000 and 4500 m/s. As indicated above, low
velocities are assumed to be caused by cracks in the concrete, and potentially presence of
deterioration mechanisms [7].
It seems that the implementation of this method in a SHM configuration (with fixed transducers)
is better. With repeated investigations over time on real structure at the same location, it would
be possible to differentiate the zones affected by ISR from the non-affected ones (even though
there may be artefacts due to distribution of moisture supply) [7].
It is not sure that a model can be developed with a sufficient accuracy to establish a map of
ISR (notably in presence of reinforced bars). It is probably necessary to calibrate it to obtain
absolute value of celerity with one measuring set.
No information is given on the influence of the temperature or air humidity on the results.
3.3.1.3 Impact echo or pulse echo
Impact-echo testing was originally developed in 1997 to detect flaws (such as large voids or
delaminated regions) in plate-like concrete elements such as pavement slabs and bridge decks
[1]. However, this technique is being evaluated to detect the distributed damage due to ASR
and DEF. Researchers are investigating the detection of debonding of reinforcement caused
by ASR and DEF [1].
The principle of the method consists on exciting a concrete structure with an impact from a
small steel ball or a hammer (impact echo) or a transducer (pulse echo). A transducer near the
impact measures the vibrations at the surface (Figure 6) [1].
The stress waves reflect, or echo off the boundaries of the element, as well as any internal
defects and interfaces. Plate-like structures are preferred, so that the reflections are easier to
interpret. If defects or inhomogeneity due to pathology are present, the echoes will arrive at
the transducer more or less rapidly, as seen in the previous paragraph. The time domain signal
is converted to a frequency spectrum using FFT processing. It can be deduced the dominant
echo frequencies [1].

13
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Figure 6. Principle of Impact Echo method [1].

Few studies exist and are published for this method on concrete structures with ASR and DEF,
but similar results as UPV method are obtained because the same physical properties are
used. It is necessary to compare the evolution of the dominant echo frequencies.
The advantages of this method are its portability, its low cost and its simplicity to operate. High
penetrating power can be used to detect flaws deep in the concrete and detection of extremely
small flaws is possible. Finally, only one accessible surface is required contrary to method in
the previous paragraph [9].
Nevertheless, this method presents limitations due to its calibration in the absence of initial
data. Calibrating standards are required and it is not possible to evaluate structures with rough,
irregular surface, or very small or thin wall, or none homogeneous structure [9]. No information
is given on the influence of the temperature or air humidity on the results.
Standards exist to use this method (ASTM E317, ASTM E114, ASTM C 1383), but they are
not specified for use in presence of reinforcements [9].
3.3.1.4 Resonant Frequency Test
This method is very similar to the previous method. When excited, all solids have natural
frequencies of vibration, also known as resonant frequencies. These frequencies are a function
of the dimensions, stiffness, density, and boundary conditions of the solid. For example, if two
objects of different stiffness, but otherwise identical, are compared, the stiffer object will have
a higher resonant frequency (shorter natural period). Based on this physical principle, ASR
and DEF reduce the stiffness of concrete, which could be then detected by measuring the
resonant frequency of a structure in concrete [1].
The resonant frequency method is described in a standard (ASTM C215-08 2008), with
instructions for determining the dynamic modulus of elasticity of simple rectangular or
14
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cylindrical prismatic concrete specimens in a laboratory. A small steel ball impacts the
specimen, and an accelerometer measures vibrations. By changing the location of the impact
and accelerometer, it is possible to determine different modes of vibration (longitudinal,
transverse, torsional modes) [1].
As for UPV, laboratory resonant frequency testing of cores were good indicators of low levels
of expansion from ASR and DEF. But, for expansions above this level, the effectiveness of
these NDT methods is greatly reduced [1].
The resonant frequency method is one of the most interesting techniques for SHM applied to
civil engineering structures [7]. The paper [7] indicates that convincing tests has been realised,
by using a force hammer on six beams (reinforced and unreinforced), manufactured with
reactive and non-reactive aggregates and equipped with a series of accelerometers.
A limitation of the method concerns the presence of water in concrete, which increases the
resonant frequencies. A thorough and careful interpretation is thus required to avoid artefacts
due to moisture when monitoring structures is affected by ISR [7]. The paper [7] concludes that
the dynamic evaluation of structures is therefore a possible method of monitoring the
development of damage caused by ISR in the structures, but there are still many issues to be
clarified before its operational application.
3.3.1.5 Large Scale Dynamic Testing
The previous method is indicated for simple geometry of structures. The same principle has
also been considered for application to more complex structures. This method is global
because the entire structure is tested. Therefore, if the stiffness of the structure has been
reduced by ASR, or increased due to an effect from the reinforcement, it may be detectable by
measuring the dynamic response of the structure [1].
However, at this scale, a larger impact or excitation force is required. Different modes of
vibration are obtained due to complex geometries and external restraints, which prevent free
vibration [1]. Structural modelling is necessary to predict the modes of vibration, but
experimental data are often necessary to refine and validate it [1].
In 1992, the evaluation of the dynamic response has been made on a T-shaped bridge piers
affected by ASR. On more affected piers, the method demonstrated that resonant frequencies
were lower, contrary to prevision. The dynamic moduli of the piers were higher than those of
cores drawn from the piers. This phenomenon was explained by the load and the confinement
against expansion provided by the reinforcement [1].
3.3.1.6 Coda and ultrasonic linear array
The principle of the “coda” is illustrated in Figure 7. An ultrasonic wave is represented on the
left, for a sound concrete, and on the right for a damaged concrete. The differences between
these signals are the shape of the direct arrival impulse (highlighted earlier in the time history),
and the increased oscillations which occur after the direct arrival (highlighted later in the time
history) [4], [22]. A phase change may be observed (as in this example). The method is based
on these qualitative differences in signal to diagnose the health of concrete.
More precisely, this method uses the instantaneous amplitude envelope using Hilbert
transform that allows to obtain an indicator in relation with the amplitude of increased
oscillations after the direct arrival impulse. This amplitude contains information about presence
of the deterioration mechanisms. This method is also named HTI (Hilbert transform indicator).
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Figure 7. Sample normalized signals for clean concrete (left) and damaged concrete (right) [4].

An ultrasonic linear array device has been designed and utilized to obtain scans on the slabs
(Figure 8). The results are promising, and it is possible to localize adequately the presence of
ASR damage. [4].

Figure 8. Evaluation of an ultrasonic linear device to detect deterioration mechanisms with CODA principle [4].

Research presents this technique as the most promising for affected concrete structure by
singular events (fire, impact) or degradation (Alkali silica reaction ASR, freeze-thaw) [27]. The
use of such a technique on concrete “has been demonstrated in the lab and at real sites” and
“localization capabilities have been shown and are currently improved”. However, no example
deals with detection of ASR in the paper.
3.3.1.7 Surface wave method
Surface wave methods are rarely mentioned in the literature for the evaluation of concrete
affected by ASR and DEF. However, surface waves are strongly influenced by near-surface
layers of the concrete. It is not possible to detect these deterioration mechanisms at early age,
but it would be possible to detect and quantify them as soon as the resulting cracks approach
the surface [1].
Another document indicates that Surface Wave method is particularly unsuitable, as the
cracking characteristic of ASR and DEF interferes with the behaviour of the surface waves in
an unpredictable manner [28].
16
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3.3.2 Nonlinear acoustic methods
The results of nonlinear acoustics tests in laboratory show the highest sensitivity to ASR
damage, compared with the measurements of dynamic modulus of elasticity using linear
acoustics [8].The next step would be to test the most relevant methods on a civil engineering
structure affected by various levels of ASR [8].
Different approaches can be investigated using the nonlinear ultrasonic phenomena induced
in solid materials. It can be categorized into four types [9]:
•
•
•
•

high harmonic generation,
sub-harmonic generation,
shift of resonance frequency,
and mixed frequency response (also called nonlinear wave modulation
spectroscopy).

For generating nonlinear acoustic waves, it is necessary to use a low-frequency and high
energy pump source in order to produce a stress modulation, associated to, as in a
conventional linear method, a pulse-echo technique (an impact-modulation with an impulsive
excitation of the natural frequencies or vibro-modulation with forced harmonic vibration [9]).
These methods can again be split into two categories: measurements using a single frequency
and measurements using multiple (usually two) harmonic ultrasonic signals [9]. Because the
experimental design and signal processing tools for analysing frequency, harmonic frequency,
resonant frequency, and frequency modulation are extremely complex, non-linear UT
techniques are in the research development stages [9]. This complexity also comes from the
partial understanding of the nonlinear propagation of elastic waves in a very complex solid
medium (non-linearity of the medium which complicates the comprehension of the
elastodynamic laws, attenuation in a solid medium, diffraction, dispersion, ...).
The advantages of non-linear acoustic methods are their high sensitivity to detect small scale
and incipient damage [9]. They can be used for in situ monitoring of damage and are able to
detect closed cracks. The limitations relate to complicated experimental setup and difficulties
in data analysis, compared to conventional, single-element ultrasonic inspection systems.
Nonlinear UT requires more experience and training to interpret results. Currenlty no
standardization exists [9].
The next sections present different methods based on nonlinear ultrasonic methods.
3.3.2.1 Nonlinear impact resonance-acoustic spectroscopy (NIRAS)
Most stress wave methods are based on the assumption that the material being tested exhibits
linear-elastic behaviour. In fact, even if linear test methods have proven to be reasonably
effective for locating larger defects, others test methods based on nonlinear behaviour may be
many times more sensitive to microcracks and distributed damage characteristic of ASR and
DEF [1].
Resonant frequency shift method is similar to the method described in ASTM C215 (§ 3.3.1.4)
in a linear case, except that the pump wave is applied with increasing force. The resonant
frequency decreases as the amplitude of the pump wave increases. This shift in resonant
frequency is larger if the concrete is affected by microcracking [1].
Sample data from undamaged and ASR-damaged mortar bars is shown in Figure 9. The
authors consider that this method is more sensitive than the method based on expansion
measurements (ASTM C1260). However, the resonant frequency shift peaked quickly, and
then decreased as the expansion of the mortar bars increased. That suggests that this method
could have difficulty to detect more severe damage from ASR and DEF [1] and all damage
levels [4]. Figure 10 gives the evolution of expansion and NIRAS parameters for several
concrete. Mix 1 is a concrete without ISR. Mix 1 and Mix 2 are specimens with high reactive
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aggregates. The curves of expansion are similar up to 100 days. After, the NIRAS parameters
decrease [29].

Figure 9. Resonant frequency shift test results in case of undamaged and ASR-affected mortar bar [1].

Figure 10. Evolution of expansion and NIRAS parameter for specimens of concrete.

Due to the micro-cracks resulting from ASR (at the origin of nonlinearity), NIRAS method can
be used to detect damage in concrete before the cracking is visible on the surface. However,
NIRAS needs a global vibrational excitation, so it is a better method for small laboratory
concrete specimens than large concrete structures. If a large concrete structure presents a
small area of ASR growth, it is unlikely that NIRAS would be able to detect the growth, because
it will have a minimal effect on the natural frequency of the structure [6].
No information is given on the influence of the temperature or air humidity on the results.
Today, this method shows some initial success and promises in detecting ASR gel in laboratory
environment, but no work has been done so far on in-situ or full-scale samples [4].
3.3.2.2

Time shift nonlinear acoustic method

This method consists in the measurement of the time shift between two states: consecutive to
a large impact and without excitation. The impact opens and closes microcracks and causes
an increase in travel time (detected by a phase shift in the received signal) and a decrease in
amplitude of the received pulses. Over time, the effects of the impact disappear. Then, the
phase and the amplitude of the received signals return to the initial condition, before the impact
[1]. The phase shift can be plotted against the amplitude. The slope of this curve is considered
as the hysteretic nonlinear parameter (noted α). The slope increases when microcracking
increases in the concrete [1].
3.3.2.3

Nonlinear Wave Modulation (NWM) or Vibro-acoustic Modulation (VAM)

Nonlinear Wave Modulation (NWM), also named vibro-acoustic modulation (VAM) technique,
assumes that the phenomena for undamaged structure are linear, whereas they are nonlinear
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for damaged area. This induces the generation of sideband responses [6]. VAM consists in
exciting a structure simultaneously with a sum of two frequencies of vibration. The low
frequency is named the “pump” (associated to a high power) and the higher frequency is
named the “probe”. The interactions of the pumping and probing signals can help to identify
the presence of nonlinearities in the structure. The pumping signal causes the opening and the
closing of the cracks (Figure 11), so that the effective cross-sectional area of the probing signal
changes. Thus, the amplitude of the probing signal, transmitted through the pumping beam,
changes with the phase of the pumping signal [6] (Figure 12).

Figure 11. VAM representation of system response to pumping signal [6].

This technique has been used for material characterization, with collinear wave (the
frequencies of pumping and probing waves were 0.35 MHz and 0.25 MHz, and the mixing
wave frequency was 100 kHz) in presence of ASR [18].
It can be established that the nonlinear parameter (namedβ) is much more sensitive to ASR
damage and increases monotonically with the increasing degree of ASR damage. This
parameter provides an excellent measurement of the degree of ASR damage for nondestructive evaluation of ASR damage in concrete samples [18].

Figure 12. Wave mixing technique [18].

This nonlinear ultrasonic method is an intrinsic signature to the state of ASR damage (contrary
to the monitoring of the expansion of the concrete, which depends on the thickness of the
sample). Unlike other nonlinear ultrasonic methods, this method could detect the ASR damage
at arbitrary locations, by scanning the surface [19]. NWM would be successful in detecting
nonlinearities in various materials, including detecting ASR-induced damage in concrete [6].
No information is given on the influence of the temperature or air humidity on the results.
3.3.2.4 Resonant nonlinear acoustic (NRUS)
Resonant nonlinear acoustic (NRUS) can monitor a progression of very small damage
features, in better manner than pulse echo method or resonant linear acoustic method. The
method works very well if the geometry is simple, but with more difficulties in the case of
structure with complicated geometry [3] and doesn’t allow localizing the pathology.
A patent, based on NRUS method, has been developed for identifying components with
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deterioration mechanisms such as ASR [3]. It is based on the evaluation of strains applied to
a concrete structure (canonical shape described in the patent, but potentially used with more
complicated shapes), thanks to an acoustical wave. The relative resonance frequency shift
|Δƒ/ƒ0| is determined as a function of applied strain for an acceptable component, where ƒ 0 is
the frequency of the resonance peak at the lowest amplitude of applied strain, and Δƒ is the
frequency shift of the resonance peak as strain amplitude is increased (Figure 13a, Figure
13b). Then, the relative resonance frequency shift |Δƒ/ƒ0| is determined as a function of applied
strain for a component under test (Figure 13c) [3].
The invention consists in the plotting the relative change in frequency (|Δƒ/ƒ0|) versus the strain
amplitude on logarithmic axes. According to the inventors, the Preisach-Mayegoyz model
predicts a slope of 1 for hysteretic nonlinearity, and a slope of 2 for classical nonlinearity. A
slope between 1 and 2 suggests a nonlinear mechanism. As graphically illustrated in Figure
13c, the slope for the ASR-damaged sample is approximately 1.3, whereas the slope of the
undamaged sample is almost exactly equal to 1. The greater the slope is, the greater nonlinear
properties (and deterioration mechanisms) of the concrete will be [3].
No information is given on the influence of the temperature or air humidity on the results.

(a)

(b)

(c)
Figure 13. Patent based on NRUS method, (a) resonance response of undamaged concrete sample, (b)
resonance response of damaged concrete sample, (c) relative resonance frequency shift as a function of applied
strain [3].

The sensitivity of this method to DEF at early stage is satisfactory, but its sensitivity to ASR
oughts to be investigated [23][13].
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3.3.2.5 Dynamic Acousto-Elastic Testing (DAET)
Dynamic Acousto-Elastic Testing (DAET) is a relatively recent and « arguably one of the most
advanced methods in the field of nonlinear acoustics. Contrary to NRUS, this method would
be able to detect and localize zones with pathology. The expected information is local. DAET
is the dynamic alternative of standard (quasi-static) acousto-elastic testing, where stepwise
increases/decreases in static stress are replaced by a low frequency (LF) strain modulation »
[22]. Figure 14 presents the principle of the method with a horizontal pump wave and a vertical
probe wave. The principle is based on the variation of the probe wave celerity, depending on
non-linearity phenomena due to pump wave. The DAET method has been tested to detect
single macro-cracking and ASR damage in concrete [13], [22], [23].

Figure 14. Dynamic Acousto Elastic Testing method [13].

A laboratory study succeeded in detecting a 10 cm diameter sandstone ball in a block of
concrete (40 cm x 40 cm x 70 cm). The sandstone ball simulated the presence of a non-linear
zone [13]. Figure 15 presents the block of concrete, the flow diagram of experimentation based
on a propagating pump wave and an experimental result.
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Figure 15. Detection of a sandstone ball in the concrete during a test with the propagating pump wave: block of
concrete, flow diagram of experimentation, experimental result [13].

This technique is being studied further to detect deterioration mechanisms more representative
of ISR.
For many applications, the current problem of this method is the actual necessity to use two
perpendicular waves. This configuration poses accessibility problems and may jeopardize the
use of this method in situ when only on side of the structure is accessible, even if performances
could be interesting. Research is on-going to generate both waves (pump and probe) from one
accessible surface to the same direction [13]. Furthermore, the method may have limitations
in the presence of large thicknesses of concrete.
No information is given on the influence of the temperature or air humidity on the results.
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3.3.2.6 Nonlinear Rayleigh surface waves
This method is based on a broadband air-coupled receiver centred at 100 kHz, and a narrow
band contact piezoelectric transducer (center frequency: 50 kHz), which excites a longitudinal
wave into a wedge. The angle is chosen for Rayleigh wave generation in the concrete slabs
(Figure 16). The fundamental (A1) and second harmonic (A2) amplitudes of receiver signal are
computed using a fast Fourier transform (FFT) of the measured time-domain signal. The
excitation wave is held at a fixed location, while the receiver is moved along the propagation
path (the acoustic axis) to determine the ratio  of amplitude A2/A12 as a function of propagation
distance x [21]:

Figure 16. Setup of the second harmonic measurement of nonlinear Rayleigh surface waves [21].

Figure 17 shows that this nonlinearity parameter β increases in all three reactive slabs. So, this
parameter β would be very sensitive to the microscale damage occurring in the large-scale
tested slabs due to the presence of ASR (including gel formation, gel swelling and
microcracking). A direct comparison of the β results for these three different reactive slabs was
not possible, since each slab has different starting microstructures, ASR-induced damage
rates and distributions, and because slabs had not been evaluated by destructive techniques.
According to the authors, these measured β ratios demonstrate the potential of the approach
to assess the evolution of microscale damage in large-scale concrete components in a
quantitative manner. It demonstrates the potential for the in situ, localized microscale damage
characterization in full-scale concrete structures.
This method can also be used as a local measurement that requires access to a relatively
small area on the specimen surface (about 20 cm). It could potentially evaluate damage at
localized spots, even in concrete subject to constrained conditions [21].
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Figure 17. Measured acoustic nonlinearity parameter [21].

3.3.3 Acoustic emissions (AE) monitoring
Acoustic emission is a phenomenon that occurs when an elastic wave is generated by a rapid
release of energy accumulated in the stressed material (hits). ASTM E1316 (2006) defines
acoustic emission (AE). The class of phenomena whereby transient elastic waves are
generated by the rapid release of energy from localized sources within a material, or the
transient elastic waves so generated. The sensor is based on a transducer located at the
surface of a material that converts the mechanical wave into a signal (Figure 18). By analysing
the signals recorded by several sensors, the information on the location of the sources can be
determined by exploiting triangulation. However, the wave propagation velocity and exact
position of the sensor is also required [9]. Because changes in pressure on the surface of the
material are usually tiny, the change in voltage is also very small and needs consequent
amplification [12].

Figure 18. Schematic illustrating the principle of the AE process, and the characteristics of typical burst signals
recorded from the sensor [9].

This method is classically used as a long-term monitoring method to evaluate the progression
of reinforcement corrosion thanks to the number and frequency of the “hits” generated by the
structure. It is possible to monitor concrete beams affected by ASR and DEF. This in situ
monitoring method could be viable, if issues related to external environmental noise could be
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overcome [1].
Multiple-diffusion in Acoustic Emission (AE) finds its origin at the ITZ (Interfacial Transition
Zone) as well as the first manifestations of deterioration mechanisms [15]. This method is very
sensitive and provides the capability of detecting ASR damage at early age, long before it
becomes visible. Other advantages include real-time capability and the location damage
regions [12].
Two common sensors are used in practice: resonant sensors and wide band sensors.
Resonant sensors are sensitive to only a small range of frequencies that simplifies the filtering
and gives maximum sensitivity. In contrast, to use wide band sensors, frequency spectrum
analysis is necessary, and it would be harder to identify genuine AE from non-relevant data.
In a study, AE is used to monitor alkali-silica reaction (ASR) [20]. The results show that AE can
detect and classify ASR damage. Figure 19 shows the results for AE cumulative signal strength
(CSS) and length change measurements for one specimen, conditioned one year earlier: CSS
continued to increase monotonously, indicating that AE is able to detect the micro-cracking
due to ASR and that the formation of the gel does not substantially inhibit the propagation of
elastic waves associated with micro-cracking events [20].
No information is given on the influence of the temperature or air humidity on the results.

Figure 19. Acoustic emission (CSS) and length change measurements versus time [20].

A patent describes an algorithm for the detection and classification of ASR in concrete
structures. According to the inventors, this method would be “the first and only non-intrusive
method that (…) can replace current state of the art which includes taking cores from the
concrete structures which may not be feasible in some cases (such as in concrete containment
structure in nuclear power plants)” [12]. In this patent, an acoustic emission intensity analysis
chart for ASR damage classification is proposed and compared to petrographic examination.
According to the inventor, the advantages of this method are [9]:
-

the detection of ASR in early age and its localisation;
few transducers are sufficient to detect damage over a large area;
the availability of off-the-shelf sensors and instruments for recording sensors data.

The drawbacks are the cost of the equipment due to its complexity and the need of extensive
knowledge to plan the test and interpret results. The main flaw of this method is that, in practice,
the concrete is loaded and subject to many solicitations other than just ASR as in the lab. More
R&D efforts are needed to develop and test this methodology in these conditions [9].
Nevertheless, it is easier to use this method in SHM applications. It could also be used with
concrete reinforced with steel [9].
Acoustic emission tomography has been tested for the detection of cracks in concrete
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structures with external loads, such as bridges. However, for nuclear application, it is not a
relevant method: « bunker-type thick reinforced concrete structures at a nuclear facility, which
are not load bearing, are less likely to produce useful acoustic emission signals because of
different mechanisms of cracking, and strong attenuation of high-frequency ultrasound in such
materials » [15].

3.3.4 Summary of linear and non-linear UT methods
Nonlinear acoustics methods were tested to detect and track the formation of ASR damage
with a high sensitivity level [4]. Even if the results seem promising, limitations are observed
concerning their performances for certain ranges of ASR development. It is difficult in particular
to detect the reaction at its early stage. Additionally, the nonlinear parameter is extremely
sensitive to microcracking, but also the features of the crack and the level of heterogeneity of
the sample.
It is worth noting that the fundamental understanding of the physics behind the nonlinear
vibration phenomenon in solids is not well understood [6]. Furthermore, various nonlinear
mechanisms exist in solids. They are typically characterized as either elastic or dissipative and
all contributions from each of the different mechanisms are difficult to separate.
It is necessary to be careful when implementing a nonlinear acoustics method. The results can
largely depend on the structural configuration, the excitation stress, the boundary conditions
and the geometry of the cracks [6].
A paper indicates that “DEF at early stage (under 0.21% expansion) may not be detected by
linear or nonlinear ultrasonic NDTs in concrete” [23].

3.4 Electromagnetic methods
Electromagnetic methods are frequently used in concrete to locate reinforcements or to detect
defects in these reinforcements. To date, they are little used for evaluating or monitoring
structures affected by ASR and DEF [1].
For electromagnetic methods, a wide frequency band can be used: the microwave (GHz) and
impedance spectroscopy (Hz to kHz) methods provide information about material electrical
properties [15].

3.4.1 Electrical resistivity (resistivity measurement)
Wenner method is classically used to evaluate the electrical resistivity of concrete the Wenner
method is classically used (Figure 20). The investigation depth of surface resistivity
measurements is related to the distance between the “current electrodes” and the “potential
electrodes” [10]. Commercial devices are available [5].
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Figure 20. Schematic of four-points Wenner probe for determining the resistivity of field concrete [9].

The resistivity of concrete depends on [7]:
-

the water-cement ratio;
the compressive strength which is correlated to the porosity of concrete;
structural features such as the presence of steel reinforcement;
pathological zone such as the presence of cracking, carbonation, etc..

According to the concrete mix-design, age and exposure conditions, the resistivity varies in a
large range from few ohm.m for the fresh concrete to thousands of ohm.m for an old and very
dry concrete [7]. The resistivity method is used to obtain information on steel reinforcement
(such as its degree of corrosion) and to characterize its water content [14], [7].
Since rebars conduct current much better than concrete, they break the uniform current flow.
When carrying out measurements along the reinforcing bars with a concrete cover of 10 ... 20
mm, the measured resistance can decrease by 2-6 times. Usually the distance between the
electrodes is taken as 30-50 mm, to take into account rebar spacing and aggregate size. The
degree of carbonatation of the surface layer also affects the value of the electrical resistance
of concrete. So, with a large depth of carbonatation of the protective layer of concrete, the
resistivity value will be higher than that of non-carbonated concrete. The effect of the
carbonated layer will be low if its depth is significantly less than the distance between the
electrodes.
Results obtained with this method show that it is difficult to distinguish clearly the concrete
affected by ISR, because resistivity is sensitive to too many parameters. The effects of each
of them can be compensated by another, and makes it difficult to obtain a clear and specific
signal related to ISR. Studies have shown “a good correlation between resistivity and
compressive strength, and especially a small but significant time evolution of the resistivity of
the reactive slabs versus the non-reactive slabs” [7].
It seems that a low resistivity values (due to the higher humidity) have coincided with the zone
where ISR was active and produced a significant expansion. It is observed that higher humidity
reduces the problems of electrode-concrete coupling and improves the quality of
measurements [7].
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3.4.2 Resistivity tomography
An increasing electrode spacing enables the assessment of the variation in resistivity over
depth. For this reason, developments have been focused on a multielectrode resistivity probe
for concrete investigation [10], [15], which can be able to deduce 2D imaging of subsurface
resistivity (electrical resistivity tomography) (Figure 21).

Figure 21. Electrical resistivity tomography using point electrodes at fixed spacing [15].

Similarly to the previous section, this method is potentially applicable for the detection of ISR
given that it provides information in depth. Research is in progress and no results is given in
the literature so far.

3.4.3 Impedance spectroscopy
The impedance spectroscopy is a method based on the analysis of the impedance variation of
concrete versus frequency. The impedance is measured with 4 electric contacts.
A study gives preliminary sensitivity results on a reference concrete, a non-reactive concrete
(NR), a reactive concrete (RA), each taken after 1 and 2 months (Figure 22) [14].

Figure 22. Nyquist plot of complex-valued impedance measured on a reference concrete, a non-reactive concrete
(NR), a reactive concrete (RA), each taken after 1 and 2 months [15].

Another study investigates the evolution of the complex impedance at different maturity levels
of ASR progression (Figure 23) [15].
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Figure 23. Nyquist plot of complex-valued impedance measured at different maturity levels of ASR progression
[15].

3.4.4 Capacitive methods
As for the radar technique, the variation of the dielectric permittivity is used to detect ASR, but
at lower frequencies. In order to detect this parameter, it is necessary to measure the variation
of the resonant frequency of an oscillating circuit (L-R-C circuit) where the capacitance is
constituted by two electrodes in contact with the concrete. Matter of fact, these electrodes form
a dielectric capacitor with concrete whose capacity depends on the geometry of the electrodes
and on the value of the relative dielectric permittivity of the material. The variation of this
parameter leads to a variation of the resonant frequency. Other influent parameters can be
water content or the nature of aggregates. The resonant frequency can be typically of the order
of 30 MHz [7].
No example of this method is mentioned in the literature on concrete affected by ISR [7].
However, a patent uses this principle to monitor concrete with embedded sensors, relied to
external unit by RFID chips (Figure 24) [11].
No information is given on the influence of the temperature or air humidity on the results.

Figure 24. Means for measuring change in resonant frequency with embedded sensor [11].

3.4.5 Ground penetrating radar (GPR)
The Ground Penetrating Radar (GPR) is a geophysical non-destructive testing technique used
for the evaluation of structural elements and materials. It is possible to detect embedded
objects (as steel reinforcement or pre-stressing/post-tensioning strands), material interfaces
or significant internal defects such as large voids and flaws in concrete. Little information is
available on radar tests performed on concrete structures affected by ISR [7].
GPR signals are essentially influenced by the dielectric permittivity of the material. Water has
a very high dielectric permittivity value, and water is an important component for concrete and
for ASR [1].
“This method is based on measurement of the propagation time and the waves attenuation
that are either reflected on a steel reinforcement or on the opposite side of the concrete
29

www.aces-2020.eu

Monitoring of ISR evolution in structures - Bibliographical review

structure or transmitted at the surface between the transmitter and receiver. This latter
configuration has the main advantage of not being dependent of any reflector, whose position,
form or nature is never completely controlled. The depth of investigation depends on the
material, its condition and on the frequency of measurement used. For a "normally dry"
concrete, it can exceed one meter depending on the frequency” [7]. Waves velocity and
amplitude decrease when the water content increases with a high sensitivity for the two
electromagnetic observables [7]. Using lower frequencies, a greater penetration with GPR is
achieved, but this would necessarily limit the resolution of the signals to detecting only very
large defects [1].
The detection with GPR technique of zones affected by ISR was experimentally carried out on
a bridge located in northern France [7]. The bridge was affected by ISR on one side due to
water infiltration. The obtained results showed an amplitude variation of about 75% between
the non-affected concrete and the zone most affected by the ISR. The attenuation of the radar
waves is particularly due to the micro-cracking generated by ISR (leading to an increase in
porosity) and to the increase in water due to adsorption. Thus, the dielectric constant increases
[7].
Nevertheless, electromagnetic waves are also sensitive to local variations in the concrete mixproportions. So, this method does not distinguish the presence of the ISR from other ageing
phenomena. It would be only possible with the radar technique to quickly select potential areas
subject to ISR in order to test later these zones with other methods (either by non-destructive
or destructive testing) [7].
A standardization of radar technique is available (ASTM D4748 - 10) [9].
Preliminary tests have been realized with radar technique on ASR reactive (labelled as RA)
and non-reactive (labelled as NR) specimens (Figure 25 and Figure 26). A cement paste prism
(labelled as 1-CM) was prepared for reference measurements [15]. The curves show a notable
influence of the presence of ISR.

Figure 25. Microwave measurement setup for X-band reflection.
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Figure 26. S11 and S21 parameters measurement with radar method, after one and two months [15].

3.5 Air or gas permeability
A commercial device is available [5] to measure apparent air permeability (Figure 27. Proceq’s
air permeability tester Torrent [5].

Figure 27. Proceq’s air permeability tester Torrent [5]

In nuclear engineering, the permeability of concrete is regulated by the value of the gas
permeability index of the protective shells, which should not exceed:

cm3
50 2
m  h  0,4MPа
A study shows that the apparent air permeability coefficient can be correlated to expansion
generated by DEF. The concretes developing the pathology have similar apparent gas
permeability coefficients. During expansion, the concrete shows an increase in the coefficient
of permeability at the beginning of expansion. The evolution of these parameters (slope,
speed,…) depends on the use of siliceous aggregates or limestone aggregates. Once the
acceleration phase of the pathology is reached (at around 0.2% of swelling), the permeability
is significantly impacted. “This drastic increase can be attributed to the formation of more and
more percolating paths within the material, generating a large increase of gas flow during the
test” [14].
No information is given on the influence of the temperature or air humidity on the results.
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3.6 Infrared Thermography
Infrared thermography “maps the thermal load path in a material” [6]. Cracking, spalling and
delamination in concrete would create discontinuities having an impact on the maps. Rebar
and tensioning cables made of steel can be easily detected thanks to the large difference
between their thermal conductivity and concrete. It is possible to use infrared thermography
either as an active or as a passive monitoring technique. Studies use induction to produce an
increase in temperature in the rebar.
A study investigated the performances of infrared thermography to identify ASR [6][26]. In
September 2016, the study presents only results on correlation between infrared-camera and
thermocouple measurements [6]. In April 2017, this study presents highly comprehensive
experimental results on the detection of ASR in cement bricks (9 in x 5 in x 2 in) and mediumsized concrete slab (2 ft x 2 ft x 6 in).
The specimens are placed on top of a thermal heating blanket, for which the heating cycle can
be programmed. Since the concrete slab has significantly larger mass than concrete bricks, a
longer heating cycle was required to raise a given temperature.
The specimen are monitored to detect the evolution of ASR pathology. In the case of cement
bricks, the authors conclude that: “ASR-induced temperature changes measured by the IR
thermographic method is able to detect some changes in temperature”.
However, for medium-sized concrete slab, authors explain that temperature variances are less
than 1.5°F for all image dates, which are similar to thermographic temperature measurement
uncertainty. “This indicates that ASR-induced temperature change is insignificant, and the
measurement method is not sensitive enough for detecting ASR progression”. It is due to the
longer time to heat a medium-sized concrete slab.

3.7 Gamma radiography
Gamma radiometry systems consist of a source that emits gamma rays through the specimen
and a radiation detector and counter. Direct transmission or backscattering modes can be used
to make measurements. In the case of direct transmission, an X ray photographic plate is held
against the back face. Gamma radiation attenuates when passing through a concrete
structure. The density and thickness of the materials of the building component will determine
the degree of attenuation of the beam. Photographic film records are usually used [2].
« This technique is quite established for examination of steel components. It can be used for
locating internal cracks, voids and variations in density of materials, grouting of post-tensioned
construction as well as locating the position and condition of reinforcing steel in concrete. It
must be operated by trained and licensed personnel » [2].
It can be used for field measurements, simple to operate, relatively inexpensive compared to
X ray radiography and is applicable to a variety of materials.
Limitations exist for this technique: in many cases in engineering structures, the method is
unusable because it is difficult to place the photographic films in a suitable position. There are
also the problems of health and safety both for the operatives and those in the vicinity as it
requires long radiation exposure time. Common site-radiography source such as Ir-192 can
only be used for penetration depths of 200 mm in concrete. Areas must be isolated from public
[2].
Up to our knowledge, no data are available in the references to use this technique to detect
ASR and DEF, which suggests that it is not enough sensitive to this type of degradations.
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4 Practices of detection of ISR in concrete structure in Eastern
Europe
The countries of the Former Soviet Union (FSU) are also concerned with the problem of
identifying and predicting the dynamics of the development of the ISR phenomenon in concrete
structures (CS).
However, an overview of a large number of relevant documents (e.g., [30] to [42] and others)
has not revealed the presence of a systematic research in the FSU countries dedicated to
detecting damage due to ISR in concrete structures. Accessible standards and methodologies
on determining and assessing the technical state of concrete structures (CS) do not include
provisions on identifying the presence of internal swelling reactions and estimating their
impacts on the performance and bearing capacity of the structures.
The ISR phenomenon itself is only mentioned among the degradation factors that potentially
impact the reinforced concrete structures of the railway contact network overhead system and
the reinforced concrete structures of bridges [36][37].
Taking into account the above mentioned, this section provides an overview of practices for
detection and analysis of the ISR phenomenon in massive concrete structures (CS) using nondestructive and destructive methods widespread in Ukraine and some other FSU countries.
The selection of a method for determining a potential evolution of the ISR processes in a
concrete structure depends on the stage of the life cycle of a structure: manufacturing,
operation or disposal.
•

•

•
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At the manufacturing stage, characterization of raw materials, semi-finished products
and the concrete structure itself are carried out as imposed by the requirements of
design documentation, post-operational control, technological regulations (TechSpecs)
or of other production and operational documentation.
At the operation stage , non-destructive control of the technical state of the concrete
structure or local destructive testing of small-sized coring samples of the concrete
structure material are carried out to confirm the compliance of the concrete structure
with safety requirements while ensuring that extracting samples from the CS won’t
harm the integrity of the structure.
It should be noted that in the overwhelming majority of cases, non-destructive testing
methods of technical state of CS can only determine signs of the presence of the ISR
process in the CS as local external volumetric deformation of the CS fragment and/or
internal cracking in concrete caused by such deformation. However, the physicalchemical nature of initiation and development of the ISR process in CS can be reliably
determined exclusively by destructive control methods - drilling out material samples
from the ISR zone and their in-depth study in laboratory conditions.
At the disposal stage, if necessary, a set of studies is carried out - by non-destructive
and destructive methods - to establish the degree and causes of degradation of the CS
during its operation (in our case, due to ISR).
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5 Conclusion
The bibliographical review shows that many non-destructive methods are sensitive to ISR and
“give confidence in using non-destructive methods to detect the ISR-damaged areas in a
structure suspected to be affected” [7]. However, almost all studies described are conducted
in laboratory conditions, except some tests realized on a real concrete structure.
The following table selects methods, currently in the R&D stage, which could be relevant in the
future to detect ISR in concrete structure. In last columns, data on each technics is given on
their expected performances when available (depth, evolution phase of the pathology [13],
calibration required to compensate influent parameters such as temperature or air humidity,
drawbacks).
These non-destructive methods are sensitive to ISR but they are also influenced to other
parameters (water content, carbonatation, rebar, …). Research is in progress and the results
are mostly limited to the lab. And even in ideal conditions, it is not possible to obtain exhaustive
conclusions. It must be said that the studies are limited by the manufacturing of representative
samples of ASR or DEF.
A single NDT method might not be effective and selective enough when used alone to assess
the damage of concrete structures caused by ISR [8][7][15].
Based on this bibliographical review, the authors consider that a combination of several NDT
techniques such as acoustic, electric and seismic methods could improve the sensitivity and
reliability for the detection of ISR in concrete structures. Data fusion algorithms could be
developed considering several parameters provided by independent techniques. Taking into
account these various parameters could minimize the effects of undesirable parameters such
as water contents in the concrete, air humidity or ambient temperature.
Clearly, it appears that an industrial method able to detect ISR does not seem possible for
many years from now.
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Potential relevant
techniques, currently
in the R&D stage
Linear
acoustic

Coda

Nonlinear
Wave
Modulation
(NWM)

Nonlinear
acoustic

Resonant
nonlinear
acoustic
(NRUS)

Dynamic
Acousto
Elastic
Testing
(DAET)

Acoustic emissions
monitoring (AE)

Impedance
spectroscopy

Ground penetrating
radar (GPR)
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Relevant
for NDE
application?

Relevant
for
monitoring
application?

No

Yes

Potential
deterioration
mechanisms
detected

Comments

No data

To be evaluated.

Yes

No data

- This method could
detect the
ASR damage at
arbitrary
locations, by
scanning the
surface.
- Needs calibration.

Yes

- Sensitivity to
DEF at early
stage would be
satisfactory.
- Sensitivity to
ASR to be
studied.

- It is not possible
to localize
the pathology.
- Needs calibration.

Yes

Yes

- Sensitivity to
DEF at early
stage would be
satisfactory.
- Sensitivity to
ASR to be
studied.

- It is possible to
localize
the pathology.
- Currently,
implementation is
difficult due to use
of two
perpendicular
waves.

No

Yes

Possible detection
of ASR at early
age

Complexity of
equipment.

Demonstrated in
presence of ASR,
potentially at early
age

- This method
includes
electrical resistivity
method and
capacitive
methods.
- Impedance
sensitive to
many parameters
(moisture,
temperature,
concrete,...).
- Only for detection
of ISR near to the
surface.
- Needs calibration.

Detection of ASR,
potentially at early
age

- Sensitive to
moisture and
to local variations of
concrete
constitution.
- Needs calibration

Yes

No

Yes

Yes

Yes

No
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