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A B S T R A C T   

Recycling concrete (RC) produced with recycled aggregates (RA) obtained from demolished concrete structures 
bears the risk of an alkali-silica reaction (ASR). In this study, the interplay between aggregate reactivity and 
alkalis contributed by the cement and the RA is investigated. Three sets of concrete mixtures are produced using 
RA and natural aggregates, both reactive and non-reactive ones. Caesium either present in the RA or in the 
mixing water of the RC is used to trace the transport of alkalis and their incorporation in ASR products. The result 
shows that alkali released by RA can intensify ASR. On the other hand, ASR in RA with a low alkali content but 
reactive aggregate particles can be triggered by the alkali provided by the new cement paste of the RC. The 
highest risk of ASR in RC is caused by RA from a source concrete already affected by ASR.   

1. Introduction 

Producing recycled aggregates (RA) from demolished concrete is a 
mandatory step towards circular economy in the construction industry 
[1–3]. The use of RA in recycling concrete (RC) is an established tech-
nique in numerous countries [4]. Typically, RA and natural aggregates 
are combined in the production of RC [5–7]. However, amongst the 
challenges of using RA in concrete is the presence of mineral phases 
prone to develop alkali-silica reaction (ASR), a deleterious physico-
chemical reaction affecting concrete infrastructure worldwide. It has 
been shown in past studies that reactive aggregates present in RA can 
lead to induced expansion and cracking of recycling concrete [8–17]. 
Typically, the alkali concentration in both RA and RC is similar in such 
studies; therefore, it is difficult to assess the role of the alkalis already 
present in the RA and the alkalis provided by the cement of the newly 
produced RC on the development of expansion and cracking. This study 
focuses then on the impact of different alkali levels in the RA and cement 
paste of the newly produced RC on the development of ASR. The three 
following scenarios are investigated: 

Scenario A: The RA (composed of the original natural aggregates and 
residual cement paste) contains a high alkali concentration and a non- 
reactive original natural aggregate. Consequently, the demolished con-
crete exhibits no signs of ASR. When RC is produced with this RA 

combined with a new reactive natural aggregate and a new cement paste 
with an inferior (i.e., let’s say a moderate) alkali level, the alkalis pro-
vided by the RA may lead to a reaction with the new reactive natural 
aggregate (Fig. 1, images A). 

Scenario B: The RA contains a very inferior (i.e., low) alkali level and 
reactive original natural aggregates. As a result, the demolished concrete 
does not display signs of ASR-induced deterioration. If the RC is pro-
duced with a cement paste of high alkali level, these new alkalis may 
trigger ASR in the RA containing reactive NA (Fig. 1, images B). 

Scenario C: The RA contains a moderate to high alkali level and 
reactive RA. Accordingly, the demolished concrete presents some 
damage due to ASR. Here, the question that arises is on the impact of the 
alkali level of the new cement paste on the potential for further ASR- 
induced expansion and cracking (Fig. 1, images C). If the RC is pro-
duced with a low level of alkalis in the new cement paste, then the al-
kalis present in the RA may not be sufficient to sustain further reaction. 
However, it can be expected that if the alkali level in the cement paste of 
the RC is high, further expansion will occur. 

Three different RA were fabricated for the production of seven 
different RC covering the three scenarios abovementioned (Fig. 1). As 
caesium (Cs) was incorporated to the mixture, the formation of new ASR 
products could be tracked, which helps the understanding of the alkalis 
transport in the system; Cs was added to the concrete in two distinct 
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ways: a) in the concrete used for RA production and, b) to the mixing 
water of the RC. RC specimens were manufactured according to the 
concrete prism test and ASR-induced expansion was monitored over 
time. The composition of ASR products was analyzed with scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDS). Additionally, two mortars were produced, one of them containing 
Cs-bearing RA. Their pore solution was extracted at different ages to 
assess the contribution of the alkalis present in the RA to the total pore 
solution. 

2. Materials and methods 

2.1. Materials 

Two different Portland cements (PC-1 and PC-2) and limestone 

powder (LP) were used for the production of RA and concrete. PC-2 was 
only used for the production of recycled aggregate RA-R-2. Composition, 
density and Blaine values of PC-1, PC-2 and LP are shown in Tables 1 and 
2. 

Concrete was produced with four different natural aggregates. The 
first natural aggregate (NR-1) consists of a well-rounded alluvial sand 
and gravel mainly composed of limestone and sandstone with siliceous 
limestone, quartzite, and gneiss as minor components; its susceptibility 
to ASR is low. The second natural aggregate (NR-2) is a non-reactive 
crushed sand consisting of quartz, feldspar, calcite, and dolomite. The 
third natural aggregate (R-1) is a crushed sandstone containing quartz, 
feldspar, carbonates, and layered silicates. The presence of minor 
amount of detritic chert and amorphous SiO2 leads to a very high ASR 
susceptibility. In the Swiss concrete prism test [18] that is similar to 
RILEM AAR-4.1 [19] a concrete produced with 375 kg/m3 Portland 
cement, a water-to-cement-ratio of 0.45 and aggregate R-1 reaches an 
expansion of 0.47 ‰ after 20 weeks, which is over twice as much of the 
allowed limit. The fourth and last natural aggregate (R-2) is a crushed 
stone from Canada (Springhill) and bears a similar composition to the 
aggregate R-1 but with a smaller amount of quartz; its ASR susceptibility 
is also very high [16,17,20]. Natural aggregates NR-1 and R-1 were used 
for the production of the RA and the RC mixtures (Tables 3 and 4), while 
natural aggregates NA-2 and R-2 were only used for the production of 
RA. 

Three different RA were produced, derived from concrete mixtures 
RA-NR, RA-R-1 and RA-R-2 (Table 3). Concrete mixture RA-NR, incor-
porating the non-reactive natural aggregate NR, was boosted with 
CsNO3 to reach a high alkali level (3.39 % of Na2Oeq, scenario A). 
Concrete mixture RA-R-1, bearing the highly reactive aggregate R-1, was 
proportioned with a low alkali level (1.59 % of Na2Oeq, scenario B). The 
concrete mixture RA-R-2, incorporating the highly reactive aggregate R- 
2, was mix-proportioned with a high alkali content (i.e., 5.25 of Na2Oeq, 
scenario C, as per ASTM C-1293 [21] or CSA.A23.2-14A [22]) following 
the approach as specified in [16,17,20]. 

2.2. Concrete mixture proportioning and RC samples preparation 

Twenty cubes with a side length of 150 mm and three 70 × 70 × 280 
mm3 prisms were produced with aggregates NR and R-1. Upon 
demoulding, the cubes were stored at 20 ◦C and >95 % relative hu-
midity (RH) over 56 days and then crushed to produce RA. The 
compressive strength of the cubes measured at 56 days was 40.9 and 
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Fig. 1. Alkali transport from RA to reactive natural aggregates (scenario A), from the new cement paste to reactive RA (scenario B) and the residual expansion 
potential of RA from an already previously ASR-damaged concrete possibly affected by the alkali level of the new cement paste (scenario C). 

Table 1 
Composition of PC-1, PC-2 and the limestone powder (LP).   

SiO2 Al2O3 Fe2O3 Cr2O3 MnO TiO2 P2O5 CaO MgO K2O Na2O SO3 LOI TC 

[mass%] 

PC-1  20.9  4.98  3.18 0.01 0.06  0.26  0.17  65.5  1.86  0.88  0.16  3.02  1.16 0.50 
PC-2  19.97  4.41  3.53 – 0.06  0.19  0.15  62.1  2.67  0.90  0.40  4.00  1.90 – 
LP  <0.11  <0.11  <0.04 <0.003 –  <0.02  0.05  55.4  0.52  <0.03  <0.03  0.10  43.7 13.3  

Table 2 
Density and Blaine values of PC-1, PC-2 and LP.   

Density [g/cm3] Blaine [cm2/g] 

PC-1  3.16  4180 
PC-2  3.17  3930 
Limestone powder  2.72  4970  

Table 3 
Mix design of the concrete used for the production of RA.   

RA-NR RA-R-1 RA-R-2 

PC-1 [kg/m3] 330 215 – 
PC-2 [kg/m3] – – 420 
Limestone powder [kg/m3] – 115 – 
NaOH addition [kg/m3] – – 1.84 
CsNO3 addition [kg/m3] 6.0 – – 
Water [kg/m3] 182 182 189 
Aggregate NR-1 0–4 mm [kg/m3] 642 – – 
Aggregate NR-1 4–22 mm [kg/m3] 1192 – – 
Aggregate R-1 0–4 mm [kg/m3] – 642 – 
Aggregate R-1 4–22 mm [kg/m3] – 1192 – 
Aggregate NR-2 0–4.5 mm [kg/m3] – – 823 
Aggregate R-2 4.5–19.5 mm [kg/m3] – – 934 
Na2Oeq [kg/m3] 3.39 1.59 5.25 
cement paste [l/m3] 289 293 321 
w/p [–] 0.55 0.55 0.45 
Compressive strength at 56 days [MPa] 40.9 31.0 –  
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30.1 MPa, respectively for NR and R-1 mixtures (Table 3). Otherwise, 
the prisms were used to perform the concrete prism test as per [18] to 
appraise their expansive potential. The length change of the prisms at 
the end of the test (i.e., 20 weeks) was well below the limit value of 
proposed by [18] (i.e., 0.2 ‰ at 20 weeks; further information on the 
CPT method are presented in Section 2.3.2) (Fig. 2). Therefore, it is 
assumed that no to very little reaction took place in the cubes stored at 
20 ◦C when compared to the already low results obtained at 60 ◦C in the 
concrete prism test. The crushed material was sieved into four distinct 
gradations: 0–4, 4–8, 8–16, and 16–32 mm. Likewise, 100 mm by 200 
mm cylinders were produced incorporating the highly reactive R-2 
aggregate and stored at 38 ◦C and 100 % RH. The cylinders were 
monitored over time and crushed when the concrete reached an 
expansion of 3.0 ‰ after 23 weeks. The aggregate gradations reached 
via sieving for this aggregate were 4.75–9, 9–12.5 and 12.5–19 mm. As 
no material was discarded, the volume of cement paste in the RA cor-
responds to the one of the concrete before crushing (Table 3). 

The mix design of the RC mixtures is given in Table 4. Three prisms 
(70 × 70 × 280 mm3) for the CPT and one cube with a side length of 150 
mm for compressive strength testing were produced from each of the 
three mixtures. The compressive strength of the cube was measured after 
28 days according to [23] (Table 4). The representative standard devi-
ation for the compressive strength of concrete cubes derived from three 

Table 4 
Mix design of the RC. NR = non-reactive, R = reactive, RA = recycled concrete aggregates.  

Concrete – A1 A2 A3a B1 B2 C1 C2 

PC-1 [kg/m3] 370 370 370 370 370 240 370 
Limestone powder [kg/m3] – – – – – 130 – 
CsNO3 addition [kg/m3] – – – 6.71 6.71  6.71 
Water [kg/m3] 178 178 178 178 178 178 178 
Aggregate NR-1 0–4 mm [kg/m3] – – 318 318 637 631 636 
Aggregate NR-1 4–22 mm [kg/m3] – – 592 592 592 – – 
Aggregate R-1 0–4 mm [kg/m3] 318 637 318 – – – – 
Aggregate R-1 4–22 mm [kg/m3] 592 592 592 – – – – 
Aggregate RA-NR 0–4 mm [kg/m3] 281  – – – – – 
Aggregate RA-NR 4–22 mm [kg/m3] 521 521 – – – – – 
Aggregate RA-R-1 0–4 mm [kg/m3] – – – 281 – – – 
Aggregate RA-R-1 4–22 mm [kg/m3] – – – 521 521 – – 
Aggregate RA-R-2 5–19 mm [kg/m3] – – – – – 1018 1028 
Na2Oeq without RA [kg/m3] 2.7 2.7 2.7 3.8 3.8 1.8 3.8 
Na2Oeq with RA [kg/m3] 3.4 3.2 2.7 4.3 4.1 4.1 6.1 
cement paste without RA [l/m3] 298 298 298 300 300 306 300 
cement paste in RA [l/m3] 100 74 – 100 74 136 137 
w/p [− ] 0.48 0.48 0.48 0.48 0.48 0.48 0.48 
Compressive strength at 28 days [MPa] 43.1 47.6 50.9 39.4 45.0 35.7 30.1  

a A3 is not a RC but rather a conventional concrete. 

Fig. 2. Length change as a function of time of the source concrete for the 
production of recycled aggregate RA-NR and RA-R-1. 

Table 5 
Mix design of the mortars used for pore solution extraction. cp = cement paste.  

Mortar PC-1 [kg/ 
m3] 

Water [kg/ 
m3] 

w/c 
[–] 

Aggregate NR-1 0–4 mm 
[kg/m3] 

Aggregate RA-NR 0–4 mm 
[kg/m3] 

Na2Oeq without RA 
[kg/m3] 

Na2Oeq with RA 
[kg/m3] 

Na2Oeq per cp 
[kg/m3] 

M  666  320  0.48  1230 –  4.9  4.9  9.2 
MC  666  320  0.48  575 575  4.9  5.7  9.5  

Table 6 
Composition of the pore solution of mortar M and mortar MC containing 50 mass% of aggregate RA-NR.   

Time [days] Na K Cs Ca Cl NO3 SO4 Si Na + K + Cs pH (Na + K)/Cs 

[mmol/l] 

Mortar M  1  72.2  281.2 n.a.  2.58  4.26  0.02  8.91  0.03  353.3  13.30 –  
7  93.1  308.3 n.a.  2.28  0.94  0.02  3.47  0.03  401.5  13.35 –  

28  111.6  374.1 n.a.  2.73  1.04  0.03  6.64  0.03  485.8  13.42 –  
56  134.1  400.0 n.a.  3.03  0.75  0.03  9.90  0.04  534.1  13.43 – 

Mortar MC  1  72.8  274.1 20.5  2.60  4.17  0.49  11.9  0.04  367.4  13.38 16.9  
7  93.3  312.6 30.1  1.59  1.14  1.49  4.83  0.02  436.0  13.43 13.5  

28  99.8  352.2 20.1  2.54  1.21  3.58  7.31  0.08  472.1  13.42 22.5  
56  116.8  367.1 22.6  1.91  1.10  3.39  10.9  0.04  506.5  13.45 21.4  
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cubes of 40 different concrete mixtures is ±0.8 MPa. Additionally, 
mortars were produced using the mix-proportions displayed in Table 5. 
Right after mixing, the mortars were poured into plastic bottles with a 
volume of about 0.7 l. They were closed with air-tight screw-tops, sealed 
in zip-lock bags and stored in an oven at 60 ◦C until pore solution 
extraction. 

The Na2Oeq of the concrete and mortars, not accounting for the al-
kalis in the RA is defined as low (<2.0 kg/m3), moderate (2.0–3.0 kg/ 
m3) and high (>3.0 kg/m3) as illustrated in Table 4. This definition was 
chosen according to [24]. 

2.3. Methods 

2.3.1. Pore solution extraction 
The pore solution of mortar samples was collected through the steel 

die method, using pressure values up to 520 MPa after 1, 7, 28 and 56 
days. The solutions were immediately filtered using 0.45 μm nylon fil-
ters. After filtration, an aliquot was diluted with HNO3 (6.5 %) to pre-
vent the precipitation of solids. pH measurements were conducted on 
the remaining solution with a pH electrode previously calibrated using 

KOH solutions of known concentrations. The concentrations of Na, K, Cs, 
Ca, N, Al, S, and Si were measured via ion chromatography (IC). Pore 
solution analysis was performed at 1, 7, 28 and 56 days after the mor-
tars’ production. 

2.3.2. Concrete prism test (CPT) 
The CPT according to the Swiss standard [18] was performed on the 

concrete prisms; the protocol requires storage of the prims (70 × 70 ×
280 mm) at 60 ◦C and 100 % relative humidity (RH) for 20 weeks with 
measurements every 4 weeks. The limit value of expansion as specified 
in the Swiss guideline 2042 is 0.20 ‰. The repeatability of the method is 
0.027 ‰ [25]. 

2.3.3. Microstructure analysis 
The samples for the microstructural analysis were cut, oven dried at 

50 ◦C for three days, epoxy impregnated, polished and carbon coated. 
Their analysis was performed with a scanning electron microscope 
(SEM) FEI Quanta 650 using a pressure between 3.0 and 4.0 × 10− 6 

Torr. Elemental analysis was conducted by energy dispersive X-ray 
spectroscopy (EDS) with a Thermo Noran Ultra Dry 60mm2 detector and 
Pathfinder X-Ray Microanalysis Software. An acceleration voltage of 12 
kV and a spot size of 4.5 were used for imaging and EDS point analysis. 
Acceleration voltage and spot size were increased for the elemental 
maps to 20 kV and 5, respectively. All concentrations are given in at.%. 
Analysis of the concrete mixtures A1, A2, B1 and C2 was performed after 
20 weeks. Concrete mixtures C1 and C2 were additionally analyzed after 
6 weeks. To increase reliability of the data gathered, 200–250 data 
points from ASR secondary products encountered in at least 6 aggregates 
within each concrete sample were analyzed by EDS. All presented im-
ages were acquired in the back-scattering mode. 

3. Results 

3.1. Pore solution 

Cs and NO3 added in the production of RA-NR are present in the 
extracted pore solution of mortar MC (Table 6). The concentration of 
NO3 is considerably lower than the one of Cs, indicating NO3 absorption 
by cement hydrates. Moreover, it is interesting to note that the sum of Na 
and K is about 18 times higher, on average, than the concentration of Cs. 
Both the pH and alkali concentration in the pore solution of mortar M 
and MC are slightly increasing from 1 to 56 days. The concentrations are 
comparable in both mortars. 

Fig. 3. Length change as a function of time for concrete A1, A2 and A3. The 
dotted grey line indicates the limit value. The Na2Oeq of the concrete is given in 
kg/m3. 

Fig. 4. Length change as a function of time for concrete B1 and B2. The dotted 
grey line indicates the limit value. The Na2Oeq of the concrete is given in 
kg/m3. 

Fig. 5. Length change as a function of time for concrete C1 and C2. The dotted 
grey line indicates the limit value. The Na2Oeq of the concrete is given in 
kg/m3. 
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3.2. Concrete prism test (CPT) 

3.2.1. Scenario A 
In scenario A, the concrete mixture A3 (i.e., conventional concrete) 

containing 50 mass% of the natural reactive aggregate R-1 and 50 mass 
% of the natural non-reactive aggregate NR-1, shows an expansion just 
below the limit value (Fig. 3). Whenever the natural non-reactive 
aggregate NR-1 is replaced by the recycled aggregate RA-NR, there is 

an increase in the Na2Oeq of the RC which leads to a more pronounced 
reaction of natural aggregate R-1 resulting in a higher expansion of 
concrete A1. Otherwise, if only 32.5 mass% of natural aggregate NR-1 is 
replaced instead of 50 mass% by omitting the fine aggregates portion of 
the mixture, the expansion is not increased (concrete A2). 

3.2.2. Scenario B 
When recycled aggregate RA-R-1 bearing a low alkali level is used to 

Table 7 
Composition of the ASR products formed in aggregates at the age of 6 weeks (only concrete C1 and C2 as indicated) and 20 weeks.  

Concrete O Na Mg Al Si K Ca Fe Cs Ca/Si (Na + K + Cs)/Si Na/K 

[at.%] [− ] 

A1 amorphous 64.8 1.9 0.1 0.4 21.9 4.3 6.0 0.1 0.5 0.28 0.30 0.44 
±3.2 ±0.7 ±0.1 ±0.8 ±1.9 ±0.9 ±1.2 ±0.1 ±0.1 ±0.03 ±0.04 ±0.09 

A1 crystalline 66.3 0.4 0.1 0.3 22.5 5.1 4.9 0.1 0.4 0.22 0.26 0.14 
±3.3 ±0.4 ±0.1 ±1.4 ±1.8 ±1.2 ±0.8 ±0.1 ±0.3 ±0.03 ±0.06 ±0.85 

A2 amorphous 67.3 1.6 0.2 0.2 20.9 4.5 4.8 0.2 0.4 0.23 0.31 0.34 
±3.1 ±1.1 ±0.5 ±0.2 ±1.8 ±0.8 ±0.6 ±0.3 ±0.1 ±0.02 ±0.09 ±0.23 

B1 65.4 1.7 0.1 0.4 22.2 2.6 6.3 0.1 1.3 0.28 0.25 0.68 
±2.8 ±0.5 ±0.1 ±0.4 ±1.9 ±0.6 ±1.1 ±0.1 ±0.3 ±0.05 ±0.05 ±0.22 

C1, 6w 66.9 2.1 0.3 0.3 20.8 4.7 4.6 0.3 0.0 ±0.22 0.34 0.51 
±3.9 ±0.5 ±0.1 ±0.2 ±2.6 ±1.9 ±1.1 ±0.1 0.0 ±0.04 ±0.11 ±0.18 

C2, 6w 66.2 2.0 0.2 0.4 21.1 3.9 4.6 0.3 1.3 0.21 0.34 0.52 
±4.0 ±0.6 ±0.2 ±0.8 ±3.3 ±1.0 ±2.2 ±0.2 ±0.3 ±0.09 ±0.06 ±0.17 

C2 65.8 2.1 0.2 0.2 22.9 3.9 3.1 0.3 1.4 0.14 0.33 0.56 
±3.6 ±0.7 ±0.2 ±0.3 ±2.4 ±1.0 ±1.9 ±0.2 ±0.3 ±0.08 ±0.08 ±0.16  

Fig. 6. Cs-containing amorphous ASR product (white arrows) in a crack formed in aggregate R-1. Concrete A1 at 20 weeks. Cs originally contained in recycled 
aggregate RA-NR. 
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produce a recycling concrete with a high alkali content, an expansion 
close to the threshold value takes place (i.e., B1 mixture) (Fig. 4). 
However, whenever the sand fraction 0–4 mm of recycled aggregate is 
not used in concrete mixture (i.e., B2 mixture), the expansion is lower 
after 4 weeks but increases to about the same level than B1 after 20 
weeks. 

3.2.3. Scenario C 
Aggregate RA-R-2 with a high alkali level and already reacted ag-

gregates is used in two RC mixtures, with low high alkali contents in the 
new cement paste following scenario C. Despite the low alkali level in 
the new cement paste, concrete prims proportioned with mixture C1 still 
swell well above the threshold value (Fig. 5). An even more pronounced 
expansion is present by the prisms from concrete mixture C2 due to the 
higher alkali content of the new cement paste. 

3.3. ASR products 

3.3.1. Scenario A 
There are no signs of ASR in the Cs-bearing recycled aggregate RA- 

NR in concrete mixtures A1 and A2. However, cracks filed by ASR 
products starting in the natural reactive aggregate R-1 and running into 
the cement paste were observed. EDS analysis confirms the presence of 
Cs in these products (Table 7, Fig. 6). Typically, the back-scattering 
contrast of quartz and ASR products is identical, but in concrete 

mixtures A1 and A2, they display a higher contrast resulting in a lighter 
grey when compared to quartz due to the high atomic number of Cs 
(Fig. 6). Furthermore, amorphous and crystalline ASR products can be 
clearly distinguished in concrete A1. The crystalline product (Fig. 7) 
contains significantly less Na (Na/K-ratio of 0.14) than the amorphous 
product (Na/K-ratio of 0.44) confirming previous findings [26]. 
Nevertheless, both crystalline and amorphous products found in con-
crete mixture A1 contain Cs. The increased back-scattering contrast due 
to the incorporation of Cs allows to easily identify ASR products in yet 
uncracked aggregates as described in [27]. 

Most of the ASR products formed in the aggregate particles of con-
crete A2, which in turn swells less than concrete mixture A1, are 
amorphous or cryptocrystalline (platelets with a size < 1 μm) with very 
little crystalline products. 

3.3.2. Scenario B 
Amorphous and cryptocrystalline ASR products form in the aggre-

gates RA-R-1 of concrete B1 (Figs. 8 and 9). There are some extrusions of 
ASR products accumulating in pores of the interface between the recy-
cled aggregate RA-R-1 and the new cement paste (Fig. 10). The ASR 
products composition formed within the aggregates is very similar to the 
one measured in concrete mixtures A1 and A2; yet two differences were 
observed. First, the Cs content is about three times higher (Table 7). This 
corresponds to the higher Cs content of concrete B1 as a result of the 
CsNO3 addition to the mixing water. The Cs content of concrete B1 is 

Fig. 7. Cs-containing crystalline ASR product in a crack formed in aggregate R-1. Concrete A1 at 20 weeks. Cs originally contained in recycled aggregate RA-NR.  
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Fig. 8. Aggregate RA-R-1 with original cement paste and natural aggregate R-1 in concrete B1 at 20 weeks. The crack close to the ITZ with the cement paste is partly 
filled with low Ca/Si-ratio C-S-H (black arrow), followed by a transition zone with a mix of C-S-H and ASR product (dotted black arrow), before the crack is filled with 
Cs-containing ASR products (white arrows) as described in [27]. Some microcracks and gaps between adjacent quartz grains with a width in the range of 150 nm are 
filled with Cs-containing ASR products (dotted white arrows). Cs added to the mixing water. 
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Fig. 9. Cs-containing amorphous and cryptocrystalline ASR products formed in a crack of recycled aggregate RA-R-1. Concrete B1 at 20 weeks. Cs added to the 
mixing water. 

Fig. 10. Void at the interface between recycled aggregate RA-R-1 and the new cement paste filled with Cs-containing amorphous ASR products extruded from 
aggregate RA-R-1. Concrete B1 at 20 weeks. Cs added to the mixing water. 
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equal to 34 mol/m3, while the ones of concrete mixtures A1 and A2 are 
10 and 8 mol/m3, respectively. Secondly, the K content in the ASR 
products from B1 mixture is lower than concrete mixtures A1 and A2, 
leading to a higher Na/K-ratio (Fig. 11). 

3.3.3. Scenario C 
Amorphous ASR products are present in the aggregates of concrete 

mixtures C1 and C2 after an age of 6 weeks. It can be assumed that these 
products were mainly formed in the source concrete of RA-R-2 before 
crushing it at an expansion of 3.0 ‰. Despite this, all ASR products in 
concrete C2 display an increased back-scattering contrast and contain Cs 

Fig. 11. (Na + K + Cs)/Si-ratio as a function of Ca/Si-ratio (A) and Na/K-ratio as a function of Ca/Si-ratio of amorphous and cryptocrystalline ASR products formed 
in aggregates of concrete A1 and B1 after 20 weeks. 

Fig. 12. Crack filled with amorphous ASR products running from the aggregate into the cement paste (cp) within a particle of aggregate RA-R-2 (left). The element 
map of Cs shows the identical location (right). Concrete C2 at 6 weeks. Cs added to the mixing water. 
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as confirmed by EDS (Table 7, Fig. 12). The Cs content is similar to the 
one of the ASR products formed in concrete mixture B1 corresponding 
the identical Cs content (34 mol/m3). After 20 weeks, the ASR products 
in aggregates of concrete mixture C2 exhibit a lower average Ca/Si-ratio 
than after 6 weeks (Fig. 13). Additionally, there are two groups of points 
differing by their Ca/Si-ratio, one of them with very low values (i.e., 
<0.1). 

4. Discussion 

4.1. Pore solution 

Mortar MC contains a Na2Oeq of 4.92 kg/m3 from the new cement 
paste and 0.60 kg/m3 from the cement paste present in RA-NR, if only 
Na and K are considered. The Cs present in RA-R1 adds another 0.23 kg/ 
m3 of Na2Oeq. If these amounts are transferred to molar concentrations 
this equals 178.0 mol/m3 for Na and K and 7.5 mol for Cs resulting in a 
molar ratio of 23.7. The molar ratio between the sum of Na and K to Cs 
measured in the pore solution as presented in Table 6 ranges from 13.5 
to 22.5 with an average of 18.6. Consequently, the ratio present in the 
components of the mortars and the ones in the pore solution are in a 
similar order of magnitude. The presence of Cs in the pore solution 
already after one day clearly indicates that alkalis from the RA are 
readily available in the pore solution. It can be assumed that there is an 
equilibration by diffusion between the alkalis present in the RA and the 
one in the new cement paste. 

4.2. Concrete expansion 

4.2.1. Scenario A 
In concrete A1, aggregate RA-NR increases the alkali level resulting 

in a higher expansion of concrete A1 than concrete A3 where no alkali 
addition due to RA occurs. The Cs present in the ASR products formed in 
concrete A1 proofs that an equilibration between the pore solution of the 
new cement paste and one of the RA takes place as already indicated in 
the pore solution data. Despite the higher Na2Oeq of concrete A2 
compared to A3 (Table 4), their expansion is the same. This may be 
attributed to the repeatability of the method (Section 2.2). 

4.2.2. Scenario B 
The Na2Oeq values of concrete mixtures B1 and B2 are very close, 

resulting in very similar induced expansion. The only difference be-
tween the two concrete mixtures is that the expansion at four weeks was 
higher for concrete mixture B1. As the sand fraction of aggregate RA-R-1 
is only present in concrete mixture B1, its faster expansion may be 
attributed to fast reaction within the reactive sand fraction. In any case, 

the expansion caused by the recycled aggregate RA-R-1, originally 
containing a low alkali level, shows that alkalis present in the new 
cement paste may trigger ASR. 

4.2.3. Scenario C 
The lower expansion of concrete mixture C1 when compared to C2 

can be explained by the equilibration of the alkalis between the new 
cement paste and the cement paste present in the RA particle. ASR in 
concrete mixture C1 mainly relays on the alkalis initially present in the 
recycled aggregate RA-R-2. Otherwise, the alkali content of the new 
cement paste in concrete mixture C2 is slightly higher than the one in 
aggregate RA-R-2, boosting a further reaction. 

4.3. Microstructure 

The crystalline ASR product formed in concrete mixture A1 is likely 
shlykovite that is typically formed in aggregates when the concrete is 
exposed to 60 ◦C [26,28]. Both the crystalline and the amorphous ASR 
products contain similar amount of Cs indicating the same binding ca-
pacity. The lower K and higher Cs content of the ASR products in con-
crete mixture B1 when compared to concrete mixture A1 clearly 
indicates that Cs can substitute K in ASR products. K and Cs have a 
similar ion radius [29] enabling this substitution. 

The presence of Cs in the ASR products of concrete mixture C2 after 
6 weeks shows that the pore solution of the new cement paste and the 
one of the RA equilibrates relatively fast. Moreover, it highlights that 
ASR products already present in the RA at the time of concrete pro-
duction are able to sorb Cs. The lower K content of the ASR products of 
concrete mixture C2 when compared to C1 shows that the Cs substitutes 
K as already shown in the comparison between concrete mixtures A1 
and A2 with B1. 

Typically, the Ca/Si-ratio of ASR products increases as a function of 
time [30]. In the case of concrete mixture C2 the opposite is observed. 
The ASR products present in aggregate RA-R-2 have a higher Ca/Si-ratio 
after 6 weeks than after 20 weeks. This can be explained by the fact that 
the majority of the ASR products present at 6 weeks were formed in the 
source concrete of aggregate RA-R-2 crushed at the age of 23 weeks. 
Consequently, these ASR products exhibit a relatively high Ca/Si-ratio. 
The ASR products formed between 6 and 20 weeks have a lower Ca/ 
Si-ratio leading to a lower average value (Table 7) and two groups in 
the ratio plots (Fig. 13). 

4.4. General considerations 

The Na2Oeq of RC is mainly governed by the alkalis present in the 
new cement paste. However, the use of a recycled aggregate with a high 

Fig. 13. (Na + K + Cs)/Si-ratio as a function of Ca/Si-ratio (A) and Na/K-ratio as a function of Ca/Si-ratio of ASR products formed in aggregates of concrete C2 after 
6 and 20 weeks. 
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alkali content can increase expansion (scenario A). The potential for an 
increase of expansion seems to be limited, because the volume of cement 
paste present in RA is lower than the one of the new cement paste 
(Table 4). The potential for expansion is higher when reactive RA with a 
low alkali level is used for a recycling concrete with a high alkali level, 
thus triggering ASR (scenario B). The expansion potential is likely 
increasing with the amount of reactive RA used. The highest risk seems 
to be present when the source of RA is a concrete already damaged by 
ASR (scenario C). Even a low alkali content in the new cement paste 
seems not to be able to suppress expansion. Therefore, supplementary 
cementitious materials such as fly ash, silica fume or metakaolin should 
be used to avoid expansion and damage. However, SCMs seem to be less 
effective to prevent ASR in RC when compared to concrete with natural 
aggregates [9,10,12]. The duration between the crushing of the 
demolished concrete and its reuse as RA in RC is in the range of two 
months in Switzerland. Such a time span makes only ASR tests with a 
duration of a few weeks feasible to assess the reactivity of RA. ASR tests 
such as the accelerated mortar bar tests [31–33] can be used to identify 
reactive RA. However, the way RA are prepared to conduct accelerated 
ASR tests can impact on the measured expansion and an adaptation of 
the test protocol has to be considered [12,34]. In addition to the reac-
tivity of the RA, their soluble alkali content may be also determined. 
There are several techniques that can be used for such a determination 
[35,36]. Results from these types of tests are typically available within 
days. 

Additional process steps in the production of RA to reduce the 
cement paste content as summarized in [37,38] would lead to a lower 
alkali content of the RA. However, as the new cement is the main source 
of alkalis in the RC and as the reuse of all concrete components is in the 
interest of circular material flow [39–41] this seems to be an unnec-
essary measure. 

5. Conclusions 

RC mixtures were produced exploring three scenarios of different 
alkali levels of the new cement paste and the cement paste of the RA as 
shown in Fig. 1. CsNO3 added to specific concrete mixtures was used as a 
tracer to follow alkali transport. Expansion was determined with the 
CPT and the composition of the ASR products in selected RC was 
analyzed with SEM and EDS. Additionally, pore solution extraction of 
two mortars was performed. The results allow to draw the following 
conclusions: 

• The alkalis present in the RA are instantly available in the pore so-
lution as per its composition observed after 1 day.  

• An equilibration between the pore solution of the new cement paste 
and the cement paste of the RA takes place by diffusion.  

• The alkali equilibration can impact ASR in RC containing RA and 
natural aggregates in several ways: 
o Scenario A: RA containing non-reactive aggregates and a high al-

kali level can trigger ASR in an RC with a moderate alkali level 
containing reactive natural aggregates.  

o Scenario B: RA containing reactive natural aggregates with a low 
alkali level can cause ASR in an RC with a high alkali level of the 
new cement paste.  

o Scenario C: RA with reactive natural aggregates and high alkali 
level and signs of ASR, lead to ASR-induced expansion even in RC 
with a low-alkali level of the new cement paste. ASR is further 
boosted when the RC has a high alkali level.  

• Consequently, both the potential reactivity of the RA and its alkali 
level should be known if ASR is suspected to be an issue in a new 
concrete. 

Due to the relatively short time span of RA in a concrete plant prior to 
their use, only accelerated ASR tests with a duration of a few weeks 
should be considered to assess the reactivity of RA. Further research is 

still required to assess the reliability of such tests to evaluate ASR 
derived from RA. 
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