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Abstract Alkali–silica reaction (ASR) is one of the most recognized chemical reac-
tions that lead to the deterioration and premature failure of concrete. The severity 
of ASR is largely dependent on the expansive nature of the reaction product (ASR 
gel). As such, it is important to expound the developed knowledge on the forma-
tion, structure, composition, and swelling mechanism of ASR gel, to provide a 
greater understanding of ASR deterioration and to facilitate the development of 
more reliable prediction and mitigation methods. We present a summary of existing 
methods for assessing ASR and the state-of-the-art techniques that use neutron and 
X-ray scattering methods to characterize the nano- and microstructural properties of 
concrete and elucidate the potential transport dynamics of reactants that determine 
the mechanism and extent of ASR. 
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1 Introduction 

The alkali–silica reaction (ASR) is a deleterious chemical reaction that occurs in 
concrete when certain reactive silica phases in aggregates react with alkali ions (Na, 
K) from the pore solution [1–3]. Through decades of research the mechanism of 
ASR is relatively well documented, but controversy remains regarding the reported 
reaction sequence leading to the formation of ASR gel [4, 5] and the expansion
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mechanism of the gel to form cracks in concrete [6]. Undoubtedly, ASR begins with 
the dissolution of reactive silica in the alkaline pore solution of concrete and the 
dissolution rate depends on several factors including the degree of alkalinity of the 
pore solution, the type and particle size of the silica mineral present, temperature, and 
the presence of other cations such as Li+, Al3+ and Ca2+ in the pore solution [1, 2]. 
Following silica dissolution, Ca2+ and alkali cations in the pore solution react with 
the dissolved silica to form a C-(Na, K)-S–H reaction product known as ASR gel, as 
well as other calcium-rich hydrates [2]. The composition and structure of the ASR 
gel may vary in the same concrete system, and in one concrete system from the other, 
depending on the location of the reaction site, the type and amount of silica and cations 
at the reaction site, and the age and curing conditions of the concrete. The contention 
in the sequence of ASR gel formation stems from an earlier proposal described by 
Hou et al. [4]. By comparing ASR gels in laboratory specimens to gels in field 
structures, those authors concluded that the continuous formation of a calcium-rich 
C-S-H product occurs when calcium is locally available at the reaction site [4]. This 
initial C-S-H is typically dense and acts as a physical barrier that isolates the reaction 
sites in the concrete structure [7]. Upon depletion of calcium at the localized sites, the 
concentration of silicon increases until a low calcium and high alkali C-(Na,K)-S-H 
ASR gel is formed at silicon saturation. Although this sequence of ASR gel formation 
has been supported by other studies [4, 8, 9], it is worth noting that the results were 
obtained from batch experiments using model reactant methods; thus, they may not 
be representative of actual concrete systems. Furthermore, a recently reported study 
[10] demonstrated that ASR gel may first form in cracks on the aggregate surface 
and around the aggregate, then penetrate towards the inside of the aggregate, which 
suggests that a C-S-H physical barrier may not be evident in the sequence of ASR 
gel formation. Moreover, once the ASR gel is formed, the mechanism by which it 
expands upon moisture absorption is still a topic of discussion [6, 11]. It is, however, 
well recognized that the addition of supplementary cementitious materials (SCMs) 
such as fly ash and slag effectively mitigates ASR in concrete [1, 12–14]. With 
the current depletion of these conventional SCMs, several studies are emerging to 
discover and optimize potential alternative SCMs and techniques for mitigating ASR. 
Understanding the dynamics of ASR gel formation, the transport of the gel through 
the concrete structure, the expansion mechanism of the gel and the effects of its 
expansion at the micro-and nanoscale is ultimately the key to developing effective 
mitigation against deleterious ASR. Currently, a number of techniques exist for 
assessing the structure and composition of ASR gel. In this paper we recap some 
of the reported studies on ASR characterization methods and present the state-of-
the-art techniques that use neutron and X-ray scattering to identify the micro- and 
nanostructure of concrete to characterize additional features and propagation of ASR 
in concrete.
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2 Traditional Characterization Techniques for Assessing 
ASR in Cement-Based Materials 

Microscopic techniques such as petrography and scanning electron microscopy 
(SEM) are by far the most commonly used to identify ASR gel in concrete and 
other cement-based materials [15–18]. These methods can be used in conjunction 
with other techniques such as electron dispersive spectroscopy (EDS) [17], electron 
backscattered diffraction [19], Raman spectroscopy [20], nuclear microwave reso-
nance (NMR) [21] and nonlinear impact resonance acoustic spectroscopy [22] to  
identify the morphology, composition and effect of ASR and its reaction products 
on concrete. A typical example of petrographic characterization of an ASR-affected 
mortar and concrete is presented in Fig. 1. Other less commonly used techniques that 
have shown proficiency in providing information on the nanostructure of cement-
based materials and ASR are scanning transmission electron microscopy (STEM) 
[23, 24], atomic force microscopy [25] and scanning confocal microscopy [26]. 

Studies carried out by Leeman et al. [10, 27] to characterize the structure and 
composition of ASR gel formed in concrete using a combination of SEM–EDS, 
Raman spectroscopy and 29Si NMR demonstrated that both crystalline and amor-
phous ASR products form in concrete aggregates. To follow the sequence of ASR gel 
formation and structure of the ASR products at the nanoscale, the studied concrete 
mixes were doped with CsNO3 and KNO3 tracers [10]. The authors established that 
ASR gel first forms in pre-existing pores or cracks in aggregates close to the cement 
paste and is generally amorphous in structure. The initial cracks that result from the 
expansion of the formed gel are mostly empty; therefore, secondary ASR products, 
identified as crystalline ASR gel, begin to fill the cracks while progressing from the 
aggregate–cement interface to the aggregate’s interior. Further characterization in 
that study revealed that both the amorphous and crystalline ASR products have a 
structure dominated by Q3-sites; however, there is a difference in their composition

Fig. 1 Petrographic images of a concrete specimen showing ASR gel lining an air bubble that 
is thinly outlined by low birefringent ettringite and b ASR-filled crack passing through an acid 
volcanic fragment and a silica-depleted (porous) acid volcanic fragment 
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such that the amorphous product has a higher Na/K ratio. Additionally, ASR prod-
ucts in concrete samples cured at 38 °C exhibited a similar structure to ASR gel in 
field concretes, whereas at temperatures above 50 °C, a K-shylkovite structure was 
observed [27]. A similar observation has been reported in other studies [28, 29]. The 
difference in the ASR gel structure with temperature potentially contributes to the 
expansion capacity of the gel. This outcome supports that temperature is a signifi-
cant factor to consider when selecting a suitable accelerated test method for assessing 
ASR, such as the accelerated concrete prism test and accelerated mortar bar test, and 
rationalizes the differences observed in the laboratory and field reactivity predictions 
of some aggregates. 

Although these characterization methods are effective in assessing the microstruc-
ture and composition of ASR and other cement reaction products, they are generally 
destructive methods that depend on proper representative sampling from bulk mate-
rial and somewhat rigorous sample preparation, which may influence the outcome of 
the characterization studies. For example, there are reports in the literature that cite 
instances where the sectioning and polishing of suspected ASR-affected samples for 
SEM analysis may have resulted in dislodgement of the ASR gel from cracks [30, 31]. 
Similarly, to obtain TEM lamellae for nanostructural characterization, cement-based 
samples are usually milled down to a low micron thickness (<3 µm) to allow the 
penetration of electron beams [24]. This potentially affects the structure of the formed 
product. The destructive nature of these methods also inhibits time-lapse character-
ization and continuous or in-situ monitoring of ASR development and crack propa-
gation in the same region of the bulk sample. This is a major drawback to improving 
insight on the transport of reactants in concrete and identifying features of ASR that 
can contribute to the development of novel mitigation strategies. 

3 X-ray and Neutron Scattering Techniques 

Cement-based materials are characteristically porous. Pores play a key role in the 
durability and mechanical performance of concrete. For one, they act as a conduit, 
thus determining the extent of permeation of chemical agents and triggers of deteri-
oration mechanisms. For example, during ASR, moisture containing alkali and other 
solutes may ingress from the service environment of the concrete structure or be 
transported from one region to the other within the concrete system through pores. 
Furthermore, as ASR gel takes up water and expands to form cracks, the propagation 
of the cracks provides a channel for the spread of less rigid, high-expansive ASR 
gel [32] through the concrete, promoting ASR. These cracks also become potential 
sites for the repolymerization and crystallization of new ASR products. However, 
it is worth noting that pores may be closed (air bubble) or open with a network of 
micro- and nanosized distribution. These features of the pore system are critical in 
understanding the influence and extent of porosity on the durability and strength of 
a concrete structure. For instance, during salt attack, the crystallization pressure of 
salts in the concrete will vary with pore size. Similarly, the mechanism of drying
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shrinkage in the concrete is dependent on pore size and relative humidity such that 
in larger pores with higher relative humidity, capillary pressure is the driving force 
for drying shrinkage [33, 34]. Considering that the nature of the pore system in 
concrete has a major influence on its durability properties, destructive characteriza-
tion techniques that generally sample thin sections from bulk concrete material may 
not provide precise information on pore features, including size, volume fraction, 
distribution, and network. 

In the past decade, there has been a significant increase in the use of non-
destructive neutron and X-ray scattering techniques, such as ultra-/small-angle 
neutron scattering (USANS, SANS), small angle X-ray scattering, X-ray computed 
tomography (X-ray CT) and neutron tomography, to characterize the micro- and 
nanostructure of the concrete and particularly to elucidate the chemo-poromechanics 
of ASR reactants through time-lapse damage evolution monitoring [35–37]. USANS 
and SANS use the elastic scattering of neutrons passing through a sample (neutron 
diffraction) to study the atomic structure of the bulk material and determine structural 
inhomogeneity at the mesoscopic scale length, typically ranging from 1 to 300 nm 
[38]. This technique is similar to X-ray diffraction as both principles obey the Beer 
Lambert law [39]. However, neutrons are unaffected by electrons, therefore when 
encountering matter, they penetrate to interact with the atomic nuclei whereas X-
rays intermingle with the electron cloud around the atom [40]. As such, neutrons 
are relatively more sensitive to atoms with low atomic number such as hydrogen. 
This explicates the proficient use of neutron scattering techniques to characterize 
ASR gel (C-S-(Na,K)-H) and other cement hydrated reaction products, as well as 
the transport of reactant through the pores in the pore solution of concrete structures. 

In tomography, neutron and X-ray beams passing through a sample are attenuated 
according to the sample’s composition and geometry. A series of transmission images 
(tomographs) representing slices of the sample at several rotation angles are gener-
ated. These tomographs can be superimposed to form a 3D representation of the bulk 
sample showing the surface and internal features in respective volumetric locations 
[35, 41]. Typically, incident neutrons will provide a high imaging contrast for hydrates 
in concrete and a good transmittance of metals (e.g., steel reinforcements), whereas 
X-rays display a high contrast for metals and an adequate transmittance for other 
light element materials. Therefore, the information obtained from both scattering 
techniques is complementary. In characterizing concrete structures, the combined 
use of neutron and X-ray diffraction for imaging has proven to be very efficient for 
investigating the pore system, propagation of cracks, the presence and dynamics of 
reaction products, and monitoring of concrete reinforcement materials. For example, 
the neutron imaging facility at the Paul Scherrer Institute in Switzerland (NEUTRA) 
has in the past 7 years shown a development in imaging techniques by mounting an 
X-ray tube before the initial collimator to enable characterization of samples with 
X-rays and neutrons under the same geometric conditions and the use of an identical 
detection system [42]. A typical application of this bimodal approach to investigate 
the internal structure of stainless steel fiber-reinforced concrete is presented in Fig. 2.
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Fig. 2 Neutron and X-ray tomography of a concrete sample [42] 

In Fig. 2, it can be seen that the neutron tomographic data set provides information 
on the segregation of aggregates and pore network in the concrete, whereas the X-
ray tomographic results show detailed information on the steel reinforcement. In 
another study, the authors reconstructed a 3D microstructure of concrete using finite 
modelling by stacking 2D slices of the segmented concrete’s microstructure obtained 
from both neutron and X-ray CT [41]. The reconstructed 3D microstructure, shown 
in Fig. 3, revealed the distribution and volume fraction of pores, aggregate and paste 
binder, as well as the sizes of the respective constituents. 

Recently, the inclusion of nanomaterials in construction such the addition of 
carbon nanotubes as reinforcement in concrete to increase fire resistance, reduce 
porosity and improve strength properties, and the addition of novel nano- and micro-
sized SCMs to improve strength and reduce ASR in concrete have become the focus 
of emerging research [43, 44]. The application of nondestructive neutron and X-
ray techniques to understand how these new materials alter the microstructure of 
concrete to deliver the desired properties and performance is undoubtedly crucial in 
accomplishing such ground-breaking innovations.

Fig. 3 Segmented aggregate and void phases obtained from a X-ray computed tomography (CT), 
b neutron CT, and c combined CT [41] 
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4 Conclusions 

The characterization of ASR in concrete using microscopic and spectroscopic tech-
niques have to date provided useful information that has contributed to the under-
standing of the mechanism of ASR and the development of mitigation measures. 
However, due to the destructive nature of these conventional techniques, crucial 
microstructural features that influence the dynamics, progression, and extent of ASR 
with age under different conditions are unobserved. To obtain these characteris-
tics, non-destructive X-ray and neutron scattering techniques have shown excellent 
results, providing 3D volumetric insights into the morphology, interfacial bonding 
and interaction between constituents, and the pore system, which has a key effect 
on the durability of concrete. Nonetheless, X-ray and neutron scattering techniques 
usually do not provide information on the composition of the material. With advance-
ments in the engineered materials used in construction, the ultimate characterization 
tool kit that combines microscopy and spectroscopy with neutron and X-ray scat-
tering techniques will provide the best approach to understanding and optimizing the 
performance of concrete for modern structures. 

References 

1. Thomas MDA, Fournier B, Folliard KJ (2013) Alkali-aggregate reactivity (AAR) facts book. 
http://www.fhwa.dot.gov/pavement/concrete/asr/pubs/hif13019.pdf 

2. Rajabipour F, Giannini E, Dunant C, Ideker JH, Thomas MD (2015) Alkali–silica reaction: 
current understanding of the reaction mechanisms and the knowledge gaps. Cem Concr Res 
76:130–146 

3. Thomas M, Fournier B, Folliard K, Ideker J, Shehata M (2006) Test methods for evaluating 
preventive measures for controlling expansion due to alkali–silica reaction in concrete. Cem 
Concr Res 36(10):1842–1856 

4. Hou X, Struble LJ, Kirkpatrick RJ (2004) Formation of ASR gel and the roles of CSH and 
portlandite. Cem Concr Res 34(9):1683–1696 

5. Hou X, Kirkpatrick RJ, Struble LJ, Monteiro PJ (2005) Structural investigations of alkali 
silicate gels. J Am Ceram Soc 88(4):943–949 

6. Nsiah-Baafi E, Vessalas K, Thomas P, Sirivivatnanon V (2019) Mitigating alkali silica reactions 
in the absence of SCMs: a review of empirical studies. In: FIB 2018-proceedings for the 2018 
fib congress: better, smarter, stronger 

7. Kim T, Olek J (2014) Chemical sequence and kinetics of alkali-silica reaction part I. Exp J Am 
Ceram Soc 97(7):2195–2203 

8. Leemann A, Le Saout G, Winnefeld F, Rentsch D, Lothenbach B (2011) Alkali–silica reaction: 
the influence of calcium on silica dissolution and the formation of reaction products. J Am 
Ceram Soc 94(4):1243–1249 

9. Mahanama D, De Silva P, Kim T, Castel A, Khan M (2019) Evaluating effect of GGBFS in 
alkali–silica reaction in geopolymer mortar with accelerated mortar bar test. J Mater Civ Eng 
31(8):04019167 

10. Leemann A, Münch B (2019) The addition of caesium to concrete with alkali-silica reaction: 
implications on product identification and recognition of the reaction sequence. Cem Concr 
Res 120:27–35 

11. McGowan J (1952) Studies in cement-aggregate reaction XX, the correlation between crack 
development and expansion of mortar. Aust J Appl Sci 3:228–232

http://www.fhwa.dot.gov/pavement/concrete/asr/pubs/hif13019.pdf


476 E. Nsiah-Baafi et al.

12. Tapas M, Vessalas K, Thomas P, Sirivivatnanon V, Kidd P (2019) Mechanistic role of supple-
mentary cementitious materials (SCMs) in alkali-silica reaction (ASR) mitigation, concrete in 
practice-progress through knowledge 

13. Duchesne J, Bérubé M-A (2001) Long-term effectiveness of supplementary cementing 
materials against alkali–silica reaction. Cem Concr Res 31(7):1057–1063 

14. Thomas M (2011) The effect of supplementary cementing materials on alkali-silica reaction: 
a review. Cem Concr Res 41(12):1224–1231 

15. Fernandes I (2009) Composition of alkali–silica reaction products at different locations within 
concrete structures. Mater Charact 60(7):655–668 

16. Rivard P, Ollivier J-P, Ballivy G (2002) Characterization of the ASR rim: application to the 
potsdam sandstone. Cem Concr Res 32(8):1259–1267 

17. Fernandes I, Silva AS, Gomes JP, de Castro AT, Noronha F, dos Anjos Ribeiro M (2013) 
Characterization of deleterious expansive reactions in fagilde dam. Metallogr Microstruct Anal 
2(5):299–312 

18. ASTM C856 (2018) Standard practice for petrographic examination of hardened concrete. 
ASTM International, West Conshohocken, PA 

19. Rößler C, Möser B, Giebson C, Ludwig H-M (2017) Application of electron backscatter 
diffraction to evaluate the ASR risk of concrete aggregates. Cem Concr Res 95:47–55 

20. Balachandran C, Muñoz J, Arnold T (2017) Characterization of alkali silica reaction gels using 
Raman spectroscopy. Cem Concr Res 92:66–74 

21. Peyvandi A, Harsini I, Holmes D, Balachandra A, Soroushian P (2016) Characterization of 
ASR in concrete by 29Si MAS NMR spectroscopy. J Mater Civ Eng 28:4015096 

22. Rashidi M, Knapp MC, Hashemi A, Kim J-Y, Donnell KM, Zoughi R, Jacobs LJ, Kurtis KE 
(2016) Detecting alkali-silica reaction: a multi-physics approach. Cem Concr Comp 73:123 

23. Chaunsali P, Peethamparan S (2013) Influence of the composition of cement kiln dust on its 
interaction with fly ash and slag. Cem Concr Res 54:106–113 

24. Boehm-Courjault E, Barbotin S, Leemann A, Scrivener K (2020) Microstructure, crystallinity 
and composition of alkali-silica reaction products in concrete determined by transmission 
electron microscopy. Cem Concr Res 130:105988 

25. Liu Q, Tong T, Liu S, Yang D, Yu Q (2014) Investigation of using hybrid recycled powder from 
demolished concrete solids and clay bricks as a pozzolanic supplement for cement. Constr 
Build Mater 73:754–763 

26. Collins C, Ideker J, Kurtis K (2004) Laser scanning confocal microscopy for in situ monitoring 
of alkali–silica reaction. J Microsc 213(2):149–157 

27. Leemann A, Shi Z, Lindgård J (2020) Characterization of amorphous and crystalline ASR 
products formed in concrete aggregates. Cem Concr Res 137:106190 

28. Shi Z, Geng G, Leemann A, Lothenbach B (2019) Synthesis, characterization, and water uptake 
property of alkali-silica reaction products. Cem Concr Res 121:58–71 

29. Shi Z, Park S, Lothenbach B, Leemann A (2020) Formation of shlykovite and ASR-P1 in 
concrete under accelerated alkali-silica reaction at 60 and 80 C. Cem Concr Res 137:106213 

30. Kawabata Y, Dunant C, Yamada K, Scrivener K (2019) Impact of temperature on expansive 
behavior of concrete with a highly reactive andesite due to the alkali–silica reaction. Cem Concr 
Res 125:105888 

31. Chen J, Jayapalan AR, Kim J-Y, Kurtis KE, Jacobs LJ (2009) Nonlinear wave modula-
tion spectroscopy method for ultra-accelerated alkali-silica reaction assessment. ACI Mater 
J 106(4):340 

32. Gholizadeh-Vayghan A, Rajabipour F (2017) The influence of alkali–silica reaction (ASR) gel 
composition on its hydrophilic properties and free swelling in contact with water vapor. Cem 
Concr Res 94:49–58 

33. Scherer GW (2004) Stress from crystallization of salt. Cem Concr Res 34(9):1613–1624 
34. Sasano H, Maruyama I, Nakamura A, Yamamoto Y, Teshigawara M (2018) Impact of drying on 

structural performance of reinforced concrete shear walls. J Adv Concr Technol 16(5):210–232 
35. Oesch T, Weise F, Meinel D, Gollwitzer C (2019) Quantitative in-situ analysis of water transport 

in concrete completed using x-ray computed tomography. Transp Porous Media 127(2):371– 
389



Characterization of the Nano- and Microscale Deterioration Mechanism … 477

36. Kong W, Wei Y, Wang S, Chen J, Wang Y (2020) Research progress on cement-based materials 
by X-ray computed tomography. Int J Pavem Res Technol 13(4):366–375 

37. Yang S, Cui H, Poon CS (2018) Assessment of in-situ alkali-silica reaction (ASR) development 
of glass aggregate concrete prepared with dry-mix and conventional wet-mix methods by X-ray 
computed micro-tomography. Cement Concr Compos 90:266–276 

38. Mühlbauer S, Honecker D, Périgo ÉA, Bergner F, Disch S, Heinemann A, Erokhin S, Berkov 
D, Leighton C, Eskildsen MR (2019) Magnetic small-angle neutron scattering. Rev Mod Phys 
91(1):015004 

39. Lehmann EH, Mannes D, Kaestner AP, Hovind J, Trtik P, Strobl M (2021) The XTRA option 
at the NEUTRA facility—more than 10 years of bi-modal neutron and X-ray imaging at PSI. 
Appl Sci 11(9):3825 

40. Jiang M Neutron Scattering for Experimental Research 
41. Kim H-T, Szilágyi V, Kis Z, Szentmiklósi L, Glinicki MA, Park K (2021) Reconstruction of 

concrete microstructure using complementarity of X-ray and neutron tomography. Cem Concr 
Res 148:106540 

42. Kuhne G (2006) Nutron imaging facilities at the paul scherrer institut and their application for 
non-destructive testing of abrasive water jet nozzle’s. In: ECNDT 2006 proceedings 

43. Carriço A, Bogas J, Hawreen A, Guedes M (2018) Durability of multi-walled carbon nanotube 
reinforced concrete. Constr Build Mater 164:121–133 

44. Olafusi OS, Sadiku ER, Snyman J, Ndambuki JM, Kupolati WK (2019) Application of 
nanotechnology in concrete and supplementary cementitious materials: a review for sustainable 
construction. SN Appl Sci 1(6):580 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

http://creativecommons.org/licenses/by/4.0/

	 Characterization of the Nano- and Microscale Deterioration Mechanism of the Alkali–Silica Reaction in Concrete Using Neutron and X-ray Scattering Techniques: A Review
	1 Introduction
	2 Traditional Characterization Techniques for Assessing ASR in Cement-Based Materials
	3 X-ray and Neutron Scattering Techniques
	4 Conclusions
	References


