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Abstract 

 Temperature is increased to accelerate AAR in the concrete performance test (CPT) possibly leading 

to reaction of aggregates that are non-reactive in concrete structures. In this study, a validation of the CPT 

according to AFNOR 18-454 was attempted by reproducing the concrete of damaged structures. These 

concrete mixtures were subjected to the concrete performance test. Measured expansions were compared 

with the crack width observed in the structures. Moreover, the reacted rock types leading to the expansion 

were identified in the concrete from the structures and in the lab concrete. The chemical composition of the 

reaction products was determined in both types of concrete. The agreement of measured expansion, reacted 

rock types and the composition of the reaction products clearly indicates that the reaction mechanisms in the 

structure and in the concrete performance test are comparable. As such, the concrete performance test seems 

to be an appropriate tool to test the potential reactivity of specific concrete mixtures. 
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1 INTRODUCTION 

 Various concrete performance tests are used today to determine the potential reactivity of specific 

concrete mixtures [eg. 1,2]. Based on the results of these tests potentially reactive concrete can be 

distinguished from non-reactive concrete. As such, these tests are an important tool to develop mix designs 

that prevent alkali-aggregate reaction in new structures. In these tests, AAR is accelerated by increasing 

relative humidity and temperature. The increase in relative humidity ensures the availability of sufficient 

moisture for AAR to proceed [3]. The increase in temperature has two effects. On one side, the solubility of 

SiO2 increases with temperature [4,5]. On the other side, an elevated temperature during cement hydration 

leads to an increased pH in the pore solution [6]. Because SiO2-solubility increases with pH [4,7,8], SiO2 

dissolution is further increased. As a result, the temperature increase may cause a reaction of aggregates in the 

CPT that are non-reactive in the structure. Therefore, a validation of the expansion obtained in the concrete 

performance test with the degree of damage observed in concrete structures is mandatory.  

 Based on the results of concrete properties and concrete composition obtained from damaged 

structures, concrete mixtures with a similar composition as the on-site concrete are produced in this study. 

They are tested with the concrete performance test at 60 °C (CPT, [2]). Their expansion is expected to be 

above the limit value, leading to a classification as potentially reactive. Furthermore, the expansion resulting in 

the CPT is compared with the crack width observed in the structures. In a complementing approach, the 
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reaction frequency of specific rock types present in the aggregates from mixed fluvio-glacial gravel deposits is 

determined in the concrete of the structures and in the laboratory concrete by optical microscopy. The 

composition of the reaction products determined with EDX analysis in both laboratory and on-site concrete 

is compared. 

 

2 MATERIALS AND METHODS 

2.1 General 

 Crack width measurements on on-site concrete, results of the CPT, and microstructural analysis are 

presented in this paper. This study is part of a larger project where additionally the reactivity of the same 

aggregates as used in the CPT was determined with the microbar test [9], including a microstructural analysis 

of the tested specimens, and measurements of the residual expansion potential of the on-site concrete 

produced with the same aggregates. 

 Structures from different parts of Switzerland covering different geological settings were selected 

(Figure 1). All structures exhibit damages due to AAR, except structure GU which was selected as a reference 

for an undamaged on-site concrete. The age of the investigated structures ranges from 25 to 40 years. In 

order to reproduce the concrete of the damaged structures, cores were taken using same procedure for all 

structures; a strongly damaged and a weakly damaged area were selected. Cores with a diameter of 50 and 100 

mm were taken from both areas. Based on the mechanical properties of the concrete, its porosity and thin 

section analysis (data not presented in this paper), cement content and water-to-cement ratio (w/c) were 

estimated (Table 1). The grain size distribution of the aggregates was assessed visually on the concrete cores 

by comparing the cores with cores of concrete with a known grain size distribution. Since documents from 

the construction phase were only partially available, the origin of the cement is not known in one case 

(structure MS). Moreover, some of the cement plants that delivered the cement for the structures are not in 

operation any more. In such a case cement with a similar composition was chosen. All structures were built 

using ordinary Portland cement (CEM I according to EN 197-1). The Na2O-equivalent in the Swiss cements 

CEM I has no significant variation and ranges from 0.6 to 1.0 mass-%. As all quarries delivering the 

aggregates for the structures are still in operation, there was no problem to use aggregates from the same 

source as used in the specific on-site concrete. 

 

2.2 Materials and mixture proportions 

 One series of concrete was produced with a cement (CEM I) content of 300 kg/m3, the other with a 

cement content of 400 kg/m3 to cover the range of cement content estimated to be present in the on-site 

concrete (Tables 1 and 2). As the maximum grain size in the CPT according to AFNOR P 18-454 is limited 

to 22 mm, the grain size distribution of concrete GU, MS, VI and ME reflects the grain size distribution of 

the corresponding on-site concrete only up to 22 mm. The CPT requires the addition of NaOH to the mixing 

water to cover the variability of the alkali content of the cements. 25% of the alkali content of the cement was 

added as NaOH as prescribed by AFNOR P 18-454. The specimens were produced according to AFNOR P 

18-454. 

 

2.3 Methods for assessment and analysis 

Crack measurements on the structures 

 The areas in the structures showing the highest and lowest degree of damage were selected. Widths of 

the cracks present on the surface of the concrete structures were determined according to [10] using a ruler 

with pre-drawn bars (width: 0.05-3.5 mm). A square with a side length of 1 m is drawn on the concrete 

surface. Crack width is measured along two sides of the square and the two diagonals. A crack-index was 



calculated as width of crack per measured length. The crack width measured in strongly damaged parts of the 

structures are regarded as meaningful values to characterise concrete expansion [11,12] and were therefore 

used in the comparison with CPT expansions. 

 

Concrete performance test 

 The potential alkali-aggregate reactivity of the concrete was determined according to AFNOR P 18–

454 [1]. Three prisms (70 × 70 × 282 mm3) were produced, stored at 20 °C and demoulded after 24 h. 

Afterwards, they were stored at 60 °C and 100 % relative humidity for 20 weeks. Every four weeks, their 

mass and length was measured at 20 °C (cooling period of 24 h). When the expansion after 20 weeks exceeds 

0.02% (mix designs with CEM I), the concrete is classified as unsuitable for the use in structures according to 

AFNOR P 18-456 [13]. This test method is very similar to RILEM AAR 4 which has been assessed in an 

extensive study conducted by a number of international laboratories as a very consistent method that clearly 

identifies alkali aggregate reactivity [14]. 

 

Optical microscopy 

 Sections of the different cores from a depth (distance from the concrete surface) > 15 cm were 

selected and cut to dimensions of 15 × 50 × 90 mm3. They were dried in an oven at 50 °C for three days, 

impregnated with epoxy resin containing a fluorescent dye and polished before preparing thin sections with a 

thickness of approximately 20 µm. Using a Zeiss Axiophot they were studied at a magnification of 25 × and 

50 × both in transmitted light with crossed polars and in reflected light with a filter enabling the activation of 

the fluorescent dye. The latter facilitated the identification of cracks. As for the petrography, between 200 and 

450 particles with a diameter > 2 mm were identified both in the on-site concrete (area with strong damage) 

and in the lab concrete (mixtures with 400 kg/m3 of cement after the CPT). After determining the 

petrography of the particles > 2 mm, the petrography was redone taking into account only reacted particles. 

Classified as “reacted” were particles containing reaction products in cracks and/or exhibiting cracks running 

from the particles into the paste. The number-% of reacted particles were normalized to 100 % and the 

difference to the total aggregates present was calculated (Table 3). Consequently, aggregates reacting 

frequently result in a positive value and aggregates that do not react or react only rarely in a negative value. 

This analysis was made for the structures MF, ME and VI. This analysis is suited to identify problematic rock 

types in aggregates consisting of various rock types. Moreover, it permits a comparison of reacting rock types 

between the on-site and the lab concrete. The other structures were not suited for such an analysis as the 

aggregates consisted only of gneiss (structure MS) or because an insufficient number of reacted aggregates 

was present in the concrete for a representative analysis (structures GU, MA and UR). 

 

EDX analysis 

 Sections of the different cores from a depth (distance from the concrete surface) > 15 cm were 

selected and cut to dimension of approximately 15 × 40 × 40 mm3. They were dried in an oven at 50 °C for 

three days, impregnated with epoxy resin, polished and carbon coated. The analysis of the AAR-reaction 

products was conducted with an environmental scanning electron microscope (ESEM-FEG XL30). The 

carbon-coated samples were studied in the high-vacuum mode (2.0-6.0 × 10-6 Torr) with an accelerating 

voltage of 10 kV and a beam current of 180-200 mA. The chemical composition was determined with energy 

dispersive X-ray spectroscopy (EDX). An EDAX 194 UTW detector, a Philips digital controller, and Genesis 

Spectrum Software (Version 4.6.1) with ZAF corrections were used. Only reaction products in the core areas 

of aggregates were analysed, as the reaction products often show considerable calcium uptake close to their 

rim [15]. To limit the extent of the interaction volume to the reaction products only reaction products in 



cracks wider than 5 μm were selected for analysis. In fact, in cement hydrates the interaction volume with the 

chosen acceleration voltage is typically in the range of 1-3 μm [16]. The chemical composition of the reaction 

products was studied in 6-8 different aggregates summing up to 100-200 point analysis per concrete. Two 

structures with a broad range of different rock types in the aggregates (MF and VI) and one structure with 

gneiss aggregate (MB) were chosen for analysis. 

 

3 RESULTS 

 Crack measurements 

 The crack widths in strongly damaged areas of the structures differ significantly between the different 

structures. The values are expressed as expansion per meter and year for comparison (Table 4). The reference 

structure for non-reactive concrete has the lowest expansion rate, while structure MS displays the highest 

values. 

 

 Concrete performance test 

 At a cement content of 300 kg/m3, four of seven concrete mixtures already exceed the limit value 

(Figure 2a). Aggregate MS leads to a particular high expansion. At a cement content of 400 kg/m3 all concrete 

mixtures except the one with aggregate GU used as non-reactive reference reach expansions above the limit 

value of 0.02 % (Figure 2b). The increase in cement content increases the expansion of all concrete mixtures. 

However, the observed increase is especially pronounced in the concrete produced with aggregate VI. 

 

Optical microscopy 

 In structure MF, quartz-bearing limestone and rhyolite show the most frequent reaction while 

sandstone reacts only rarely (Figures 3a-c). The same behaviour is observed in the lab concrete, with gneiss 

being the exception. Gneiss shows a low tendency to react in the structures but a high one in the lab 

concrete. 

 Siliceous limestone and quartz-bearing limestone are the rock types reacting most frequently in 

structure ME. At the other end of the scale is limestone; as it does not contain SiO2 other than as impurities, 

it cannot expand significantly. The lab concrete reflects the situation in the on-site concrete: generally, the 

same rock types show a high and a low frequency to react. However, the values of the lab concrete are 

considerably higher compared to the on-site concrete.  

 Again siliceous limestone and quartz-bearing limestone are the frequently reacting rock types in 

structure VI. Gneiss and limestone react only rarely or do not react. The values for the lab concrete are 

similar. 

 The number of reacted aggregates is generally higher in the on-site compared to the lab concrete 

(Table 5). 

 

EDX analysis 

 The differences in the chemical composition of the reaction products are relatively small (Table 6, 

Figures 4a-f). Their silicon content ranges from 60.9 to 75.2 mol-%, calcium content from 12.5 to 22.2 mol-

% and alkali content from 11.4 to 19.5 mol-%. The highest Ca/Si-ratio is present in lab concrete MF (0.31) 

and the lowest in lab concrete MB (0.17). Na/K-ratio displays a range of 0.29 to 0.47 in the on-site concrete 

and 0.17 to 0.31 in the lab concrete. 

 Assessed qualitatively, the reaction products in cracks within the aggregates are significantly more 

common in the on-site concrete than in the lab concrete. On the other hand, gaps at the interface between 



paste and aggregate and in voids in the paste close to the interface are more often filled with reaction 

products in the lab concrete than in the on-site concrete. 

 

4 DISCUSSION 

 Reproducing the on-site concrete of damaged structures and subjecting these concrete mixtures to the 

CPT mostly leads to expansions above the limit value. This is an indication that the CPT is able to assess if a 

specific concrete mixture is potentially reactive or not. Moreover, expansions in the CPT and expansion rates 

based on crack width measurements on the structures show the same trend (Figure 5). Obviously, the CPT 

can give an approximation about the degree of expansion that can occur in structures. Of course such a 

comparison can only show a reasonable fit when the AAR in the structure has already reached a well 

advanced stage. Despite trying to reproduce the on-site concrete as good as possible, some differences in 

composition could not be prevented. However, it appears that the variations and changes in the last decades 

of both petrography of aggregates from the same quarry and changes in cement properties do not have a 

significant influence on the results. The increase in expansion caused by increasing the cement content from 

300 to 400 kg/m3 depends on the specific aggregate used, indicating that the amount of quartz dissolution 

and the development of strain in the concrete are not correlated linearly. Although, the concrete of structure 

GU used as reference for undamaged concrete shows little expansion, more concrete mixtures of this kind 

are needed to prove that the CPT cannot give false positives. However, the experiences in Switzerland with 

the Midland gravels indicate that critical cement contents are only reached at approximately 450 kg/m3 and 

above. 

 The temperature increase in the lab test (60° C) to accelerate AAR does not lead to a reaction of rock 

types that are not reacting in the structure. This is clearly indicated by the agreement of the pattern of rock 

types with frequent or rare reaction between on-site and lab concrete. On the contrary, the microbar test 

running at 150° C poorly correlates to the CPT and to the damage observed in field concrete [17]. This is a 

further indication that the AAR in the structure is well reflected in the CPT. However, differences have to be 

pointed out as well. Firstly, the number of aggregates reacting in the CPT is in some cases significantly lower 

than in the structure. One reason could be the test duration of 20 weeks, which is not sufficient for a number 

of aggregates to generate enough pressure to form cracks. Chemical analyses of the cores did not indicate a 

significant leaching of alkalis which might have explained the different behaviours in any case. Secondly, the 

qualitatively assessed differences in the local occurrence of reaction products can be explained with the 

differences in the temperature. The gelation process accelerates at high temperatures, but the viscosity of 

silica gel is decreasing with increasing temperature [18]. As a result, the extrusion of reaction products from 

the aggregates into the paste (with causing little or no cracking), is more frequent in the lab concrete. 

 In regard to the ratio between silicon, calcium and the sum of potassium and sodium, the reaction 

products are very similar, despite the differences in exposure and age. This indicates that the reaction 

mechanisms are comparable as well. The Ca/Si-ratio of the reaction products defines their ability to take up 

water and swell [19-21] indicating similar properties in this aspect of the analysed reaction products. The 

variations in the Na/K-ratio is in a similar range and are likely caused by the alkalis available in the pore 

solution [22] and possible some alkali release by reacting minerals []. The number of analysed aggregates and 

of point analyses might not have been sufficient to be representative for the Na/K-ratio. In general, the 

composition of the reaction products correlates with the one reported in literature [eg. 22-24]. 

 

5 CONCLUSIONS 

 Reproducing the concrete of damages structures, testing it with the CPT and analysing lead to the 

following findings: 



 

 The majority of the lab concrete mixtures exceeds the limit value for expansion at a cement content 

of 300 kg/m3, while all concrete mixtures except the non-reactive reference exceed it at a cement 

content of 400 kg/m3. 

 Expansion rates determined with crack measurements on the structures and expansion in the CPT 

show a good correlation. 

 The same rock types react frequently respectively rarely in on-site and lab concrete. 

 The chemical composition of the reaction products is very similar in both structural and lab 

concrete. 

 

 Obviously, non-reactive and potentially reactive concrete mixtures can be distinguished with the CPT. 

Furthermore, the determined expansion can give an indication about the degree of expansion possible in the 

structure. As such the CPT is an important tool to develop mix designs for non-reactive concrete and to 

prevent future damages. 
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TABLE 1: Location, type and abbreviated name of the investigated structures with a simplified petrography of the aggregates (n.a. 
= not analysed, aggregate Ømax = maximum grain size used in structure. 

region and 
county 

location, type of 
structure, year of 

construction 

cement 
content 
[kg/m3] 

w/c 
aggregate 

Ømax 
[mm] 

label of 
aggregate 

and structure 

present rock types (in order of 
decreasing amount) 

Midland, 
Solothurn 

Wangen, viaduct, 
1977 

325-350 
0.45-
0.50 

32 GU 
sandstone, quartzite, gneiss, siliceous 

limestone, limestone 

Jura, 
Neuchâtel 

Thielle, supporting 
wall, 1970/77 

350-400 
0.43-
0.45 

22 MA 
limestone, limestone with detritic 
quartz, gneiss, sandstone, siliceous 

limestone, quartzite 

Alps, Wallis 
Mattsand, dam, 

1963 
400 

0.45-
0.50 

60 MS gneiss 

Prealps, 
Vaud 

Bornisses, 
supporting wall, 

1967-68 
400 

0.45-
0.50 

32 VI 
limestone with detritic quartz, 

siliceous limestone, gneiss, quartz, 
limestone, schist 

Prealps, Uri 
Rorbach, bridge, 

1982-83 
350-400 

0.45-
0.50 

20 UR 
gneiss, siliceous limestone, 

sandstone, schist, limestone with 
detritic quartz, quartzite 

Prealps, St. 
Gallen 

Mels, viaduct, 1969 300-350 0.45 20 MF 
limestone with detritic quartz, 

sandstone, gneiss, quartzite, schist, 
granophyr 

Prealps, 
Vaud 

Mur 10, supporting 
wall, 1980 

400 
0.43-
0.45 

32 ME 
limestone with detritic quartz, 
siliceous limestone, limestone, 

sandstone, gneiss, quartzite, silex 

 

TABLE 2: Concrete mixtures. 

concrete cement content 

[kg/m3] 

Na2O-equ of CEM I without addition of 

NaOH [mass-%] 

w/c 

GU 300 / 400 0.79 0.45 

MF 300 / 400 0.78 0.45 

UR 300 / 400 0.80 0.50 

MA 300 / 400 0.90 0.45 

MS 300 / 400 0.77 0.50 

ME 300 / 400 0.83 0.45 

VI 300 / 400 0.83 0.45 

 

TABLE 3: Petrography of aggregate ME (on-site concrete); all aggregates present, the reacted aggregates and their 
relative difference. 

column A B C D 

rock types 
total aggregates 

[number-%] 
reacted aggregates 

[number-%] 

reacted aggregates 
(column B) 

normalized to 100%) 
[number-%] 

difference between reacted 
aggregates (column C) and 
total aggregates (column A 

[number-%] 

gneiss 7.2 2.5 9.4 2.2 

quartzite 4.0 0.7 2.7 -1.3 

sandstone 5.8 1.1 4 -1.8 

siliceous 
limestone 

28.9 8.7 32 3.1 

quartz-bearing 
limestone 

46.7 14.1 52 5.3 

limestone 7.2 0 0 -7.2 

sum 100.0 27.2 100.0 - 

 



TABLE 4: Expansion rate of strongly damaged areas of the structures based on crack width 
measurements. 

structure GU MF UR MA MS ME VI 

expansion rate [mm/m∙y] 0.010 0.035 0.040 0.060 0.100 0.020 0.060 

 

TABLE 5: Amount of reacted aggregates in the on-site and the lab concrete. 

structure reacted aggregates [number-%] 

on-site CPT 

MF 30 11 

UR 36 <3 

ME 27 15 

VI 34 35 

 

TABLE 6: Chemical composition of the reaction products analyzed within aggregates of on-site and lab concrete 
(after the CPT). 

structure Concrete 
Si 

[mol-%] 
Ca 

[mol-%] 
Na 

[mol-%] 
K 

[mol-%] 
Ca/Si 

 
Na/K 

 

MF 
on-site concrete 63.3 17.2 6.1 13.4 0.27 0.47 

lab concrete 62.3 19.4 6.6 10.3 0.31 0.39 

UR 
on-site concrete 68.7 15.0 3.7 12.6 0.21 0.29 

lab concrete 68.1 17.0 1.8 13.1 0.25 0.13 

MB 
on-site concrete 72.9 15.3 2.7 9.1 0.21 0.30 

lab concrete 75.2 12.5 2.6 9.7 0.17 0.27 

 

GU

ME

MA

UR

MF

MS
VI

 
Figure 1: Location of the investigated structures in Switzerland. 
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FIGURES 2a and 2b: Expansion of the lab concrete using a cement content of 300 and 400 kg/m3. 
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FIGURES 3a-3c: Relative difference between rock types showing above (positive values) or below (negative 

values) average frequency of reaction in on-site concrete and in lab concrete (after the CPT / structures 

MF, ME and VI). 
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FIGURES 4a-4f: Composition of the reaction products the in on-site concrete and the 

in lab concrete (CPT) after the test (structures MF, UR and MS). 
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FIGURE 5: Expansion in the CPT as a function of the rate of expansion 

in the structures assessed by the determination of the crack-index in 

combination with the age of the structure. 

4a      4b 
 
 
 
 
 

 
 
 
 
 

 

4c      4d    
  

 
 
 
 
 
 
 
 
 
 

4e      4f 




