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A B S T R A C T   

Cement production is linked to a substantial CO2 emission contributing to about 5–8% of the man-made emis-
sions. However, hardened cementitious materials can absorb CO2 in the process called carbonation, both during 
the service life of the structures and during their demolition and recycling phase. As experimental data of CO2 
absorption during the recycling phase are scarce, the goal of the study is to experimentally determine the CO2 
absorption of recycled concrete aggregates (RA) from the point of crushing until reuse in recycled aggregate 
concrete (RC). Samples from three plants producing both RA and RC were collected and stored both in the plants 
and in the laboratory for several months. The change in the amount of uncarbonated cement paste of the RA with 
time was determined by using a novel method: image analysis of samples embedded in epoxy, ground and 
sprayed with phenolphthalein. This allowed to calculate the CO2 absorption during the storage of RA. The 
amount of absorbed CO2 corresponds to about 5.4–12.6% of total CO2 emission originally stemming from the 
production of cement.   

1. Introduction 

Concrete represents a major part of today’s built environment and is 
one of the most abundant materials on the planet [1]. Production of 
concrete is associated with high demand for cement – the binder in 
concrete. More than 600 kg of cement are produced per capita world-
wide every year [2]. The production of one ton of cement clinker (the 
major binding phase in cement) is linked to a total CO2 emission of 842 
kg [3]. 507 kg per ton are attributable to the geogenic emission (thermal 
decomposition of the carbonate phases necessary to create reactive 
phases in cement clinker) [4], whereas the remaining part of the emis-
sions is mainly caused by the operation of the cement kiln. As a conse-
quence, cement production is responsible for 5–8% of the man-made 
CO2 emissions [2,5–7]. One important aspect of estimating the contri-
bution of cement to the global CO2 balance is the fact that the hardened 
cement has the ability to absorb CO2 by carbonation. As a result, part of 
the CO2 originally emitted during cement production is later absorbed 
by concrete during the service life of structures [4–8]. The calculations 
for some European countries indicate absorption values of 7–19% of the 
geogenic CO2 emission [8–12]. Although many assumptions have to be 
made for such calculations, there is a solid data base on carbonation 
coefficients of different concrete qualities and compositions and the 
effect of the environment [13–17]. The carbonation of concrete con-
tinues after demolition and crushing of concrete into recycled concrete 

aggregates (RA), however, the boundary conditions and hence the rate 
of carbonation change significantly. Due to the increase of the surface 
area per volume, the carbonation rate is greatly increased [8,9,12, 
18–22]. The grain size of the crushed concrete is not the only factor 
influencing CO2 absorption of RA. A laboratory study on model mate-
rials has shown that the carbonation rate of RA is dependent on the 
moisture content as well [20]. Exposing RA to drying and wetting cycles 
in the laboratory accelerates carbonation at natural CO2 level [19]. In 
addition to the beneficial effect of CO2 absorption by RA on the envi-
ronment, the use of carbonated RA has been shown to improve the 
quality of recycling concrete and pavements [23–29]. There are several 
studies assessing the CO2 uptake of concrete during the recycling and 
demolition phase. For the Northern European countries it has been 
estimated that 6–33% of the original geogenic CO2 is absorbed during 
the recycling phase in addition to the absorption during service life [9]. 
An estimation for the situation in Switzerland considering four different 
scenarios resulted in values of 6–15% (respect to the original geogenic 
emissions of cement) with the assumption that 70% of the demolished 
concrete is recycled and reused as RA [12]. Based on the conditions 
present in South Korea, it was assessed that an amount of 20–23% of the 
geogenic CO2 emission is absorbed [22]. However, due to the scarcity of 
experimental data, such studies rely heavily on assumptions in regard to 
CO2 absorption during the demolition and recycling phase. This results 
in a high degree of uncertainty for such results. Experimental data on RA 
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exposed to natural conditions in recycling plants before their reuse are 
needed in order to improve the data base. 

The goal of this study is to determine the CO2 absorption of RA 
during storage in natural conditions. The change in the degree of 
carbonation of three different RA was analyzed during an exposure time 
of several months. The major part of the RA were stored in concrete 
plants and subsamples were stored sheltered and unsheltered at the 
laboratory facility. Grain size distribution, water absorption and bulk 
density of the RA were determined. The amount of uncarbonated cement 
paste in the RA particles was determined with image analysis of 
embedded and ground particles sprayed with phenolphthalein. We 
developed a novel approach for image segmentation using 3-dimen-
sional color space (HSV) that allowed to take advantage of the distinct 
colors originating from green resin and pink coloring of uncarbonated 
paste caused by phenolphthalein. Based on the change in the degree of 
carbonation of the RA during storage, the CO2 absorption was calculated 
for different RA types. These results enable assessing contribution of CO2 
absorption in recycling phase to the overall CO2 emissions balance of 
cement. 

2. Materials and methods 

2.1. Materials 

A survey in eight concrete plants showed that five plants store RA 
unsheltered and three sheltered. The duration between crushing and use 
of the RA for concrete production ranges from 0.5 to 12 months, with an 
average of three months. Based on this situation, the duration of expo-
sure for the RA studied in the project was chosen as described in the 
following. 

Three industrially produced RA (RA-1, RA-2, RA-3) from established 
producers of RA and RC (plant-1, plant-2, plant-3) were studied. In 
plant-1 decommissioned railway sleepers were available for crushing. 
The concrete available for crushing in plant-2 and plant-3 mainly orig-
inated from the demolished buildings. After crushing and sieving, the 
RA were stored at the respective plants. In plant-1, the pile of RA-1 was 
more than 30 m wide and about 5 m high. In plant-2, the pile of RA-2 
was about 14 m wide and about 2.5 m high. In both cases, the piles 
were not sheltered and accordingly exposed to the weather. Annual 
rainfall at the location of the plants and in the courtyard of the labora-
tory facility of Empa is about 1000 mm. RA-3 (0–16 mm) in plant-3 was 
stored sheltered in plastic containers with a width of 10 × 14 m2 and a 
height of 7.5 m. However, it has to be pointed out that the demolished 

concrete was stored unsheltered for a few months and the crushing was 
performed unsheltered as well. Consequently, the concrete was exposed 
to the weather before being moved to sheltered conditions. 

Batches of RA-1 (~ 250 kg) and RA-2 (~ 75 kg) were delivered in 
airtight bags to Empa a few days after crushing and sieving. The RA were 
stored at Empa in layers with a thickness of ~ 25 cm (RA-1) and ~ 10 cm 
(RA-2), both outside in sheltered and unsheltered exposure. A layer 
thickness of only ~ 10 cm was chosen in the case of RA-2 due to the 
relatively small sample size. The first analysis of degree of carbonation 
was performed right after receiving the RA from the plants (Fig. 1). The 
samples stored at Empa were analyzed additionally after 1.5 and 6 
months of exposure. The entire layer thickness of the beds of RA was 
sampled. Samples from the piles in the plant were analyzed after 6 
months (RA-1) and after 8 months (RA-2). This included samples taken 
close to the surface of the pile (depth of 0–25 cm) and from the inner part 
of the piles (depth 1.5–2.5 m). RA was removed by a digger to reach the 
inner part of the pile. 

No samples were taken in plant-3 right after crushing. Two months 
after crushing, samples of RA-3 were taken from a depth 0–25 cm and 
from ~1.0–1.2 m and delivered to Empa in airtight bags. Images of RA-1 
and RA-3 are shown in Fig. 2. 

2.2. Methods 

2.2.1. General 
A sample of about 40 kg of each RA was taken, homogenized and 

subsamples were used for the different tests described in the following 
(Fig. 3). 

The moisture content of the RA as delivered after exposure was 
determined by drying approximately 3 kg in an oven at 110 ◦C for 24 h. 
The 3 kg were taken from a homogenized sample of about 20 kg. The 
grain size distribution of the RA was determined with sieving according 
to EN 933–1 [30]. Bulk density and water adsorption were determined 
on the grain size classes 0–4, 4–8, 8–16 and 16–22 mm according to EN 
1097–6 [31]. 

The different grain size classes obtained by sieving were used for the 
analysis of the degree of carbonation. The duration of exposure to air 
was kept as short as possible to reduce the carbonation in the entire 
process from taking the samples to embedding them in epoxy. 

2.2.2. Sample preparation for determining degree of carbonation 
The typical aggregates used in the Swiss Midland from which the RA 

in this study originate contain a substantial amount of CaCO3 

Fig. 1. Type of storage and time of analysis of the different RA.  
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(approximately 40 mass-%). This excludes thermogravimetric analysis 
(TGA) as a method to determine the amount of CaCO3 formed by the 
carbonation of portlandite, calcium-silicate-hydrate (C-S-H) and ettrin-
gite, as the TGA signal from these products would overlap with that of 
the aggregates. At the same time, TGA allows only to accurately deter-
mine the amount of portlandite in uncarbonated cement paste but not 
the amount of C-S-H and ettringite. Therefore, an alternative approach 
was chosen and the amount of uncarbonated cement paste in the RA- 
particles was determined with image analysis on samples sprayed with 
phenolphthalein. 

RA-particles from the grain size classes 0–4, 4–8, 8–16 and 
16–22 mm were embedded in epoxy resin containing a green dye. 15 g 
of the sand (0–4 mm) was put into a plastic container with an inner base 
area of 8.5 × 10.3 cm2 resulting in a layer with particles lying on top of 
each other. The coarser fractions were placed in plastic containers with 
an inner base area of 10.8 × 14.4 cm2. The particles were carefully 
placed next to each other creating a single particle layer. After placing 
the particles, the containers were flooded with epoxy. They were placed 

in a water bath during the hardening of the epoxy to cool them and 
prevent the formation of air bubbles due to heat generation. After 
hardening, the bottom of the container and part of the epoxy- 
impregnated aggregates were removed by grinding under water. The 
layer thickness of the impregnated aggregates removed by grinding was 
1 mm in the case of the sand and one third of Dmax of the coarser grain 
size class (e.g. ~ 5.3 mm in the case of 8–16 mm). The layer to be 
removed by grinding was marked on the outside of the containers before 
the process to establish reference points. After wet grinding, the samples 
were put in an oven at 40 ◦C for 30 min to remove the water from the 
preceding grinding. In the next step, the samples were carefully sprayed 
with small amount of phenolphthalein that was adsorbed by capillary 
suction of the dry RA. The sprayed samples were put into an air tight zip 
lock bag for 24 h. In a next step the ground surface was cleaned using a 
brush and isopropanol. The ground surface was sprayed with iso-
propanol to enhance color saturation and contrast and was scanned with 
a flatbed scanner. While a resolution of 2400 dpi was chosen for the sand 
fraction, 1200 dpi were used for the coarser particles. 

2.3. Image analysis 

Initially, a segmentation of the scan into three distinct regions is 
achieved: (1) epoxy resin, (2) material with original color exhibited by 
concrete (carbonated cement paste and primary aggregates), and (3) 
pink colored material (uncarbonated cement paste). The high satura-
tions of the green epoxy resin and of the magenta colored uncarbonated 
cement paste are the key characteristics for an unambiguous classifica-
tion. The HSV (h: hue, s: saturation, v- value, [32]) color space is 
particularly convenient for proper finding of the distinct boundaries of 
the respective color gamut. The top image of Fig. 4 illustrates the layer of 
the 3D HSV color space at highest brightness (i.e. at highest v). The 
bottom image illustrates the typical color distribution of a concrete mix 
(here Jura 0/4 mm). The segmentation is effected in two steps: the first 
step is the division of concrete and epoxy resin representing the back-
ground; the second step is the division of the concrete class into sub-
classes of carbonated (including the natural aggregate particles in the 
RA) and uncarbonated. The magenta color gamut effectuated by dyeing 
with phenolphthalein can be isolated by a single h,s-color sector 
(including all brightness values v) into the HSV color space (see lower 
right sector in both illustrations of Fig. 4). The zones delimiting the 
epoxy resin (colored from bright green to yellow) were determined by 
three color sectors at different ranges of brightness (see upper sectors in 
the illustrations of Fig. 4). Refined elaboration using three sectors was 
particularly necessary due to the fraction 0/4 mm containing finest dust 
particles mixed with epoxy resin which are severely complicating a 
straightforward distinction of epoxy resin and concrete granules. The 
unique choice of the color sectors was selected by visual assessment. 
Their position and size was uniformly defined such that optimal seg-
mentation was achieved over all evaluated scans. Uniform definition of 
the sectors allows direct quantitative comparison between any mea-
surements of any fractions. The boundaries of the chosen color sectors 
are listed below (the values h,s,v are normalized to the interval [0.1], 
respectively). 

HSV sectors for delimiting the aggregates from the epoxy resin in the 
background:  

1. (hmin…hmax, smin…smax, vmin…vmax) = (0.22…0.4, 0.65…1, 0.4…1)  
2. (hmin…hmax, smin…smax, vmin…vmax) = (0.16…0.4, 0.85…1, 0.5…1)  
3. (hmin…hmax, smin…smax, vmin…vmax) = (0.16…0.4, 0.50…1, 0.9…1) 

HSV sector for delimiting the uncarbonated regions from the other 
regions:  

1. (hmin…hmax, smin…smax, vmin…vmax) = (0.7…1, 0.1…1, 0.2…1) 

The images of the concrete granule scans are afflicted by a certain 

Fig. 2. Recycled aggregate RA-1 after an exposure of 1.5 months at Empa (A) 
and recycled aggregate RA-3 as delivered to Empa (B). 

Fig. 3. Flow chart showing the sequence of sample preparation and analysis 
(see also Fig. 5 for the detailed steps of image analysis). 
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noise. To remove the noise, the binary masks being identified by the 
above procedure subsequently undergo a morphological post processing 
by eliminating all regions smaller than a certain threshold size (see  
Table 1). 

The implemented processing steps are displayed in Fig. 5. From each 
color scan (A), the image values are converted from Adobe RGB (B) to 
the HSV color space (C). Subsequently, the values are split into two color 
sectors, the first one containing granules (D) and the second one con-
taining epoxy resin (E). Subsequently, the image values belonging to the 
granules class are further divided into "uncarbonated" (F) and "carbon-
ated" (G) color sectors. Finally, the images belonging to the respective 
color spaces are being reconstructed (H: epoxy resin, I: uncarbonated, J: 
carbonated) (Fig. 6). 

2.4. Volume of carbonated paste and estimation of error 

The change in the amount of uncarbonated paste of the RA-particles 
was determined for each grain size class. The reference for RA-1 and RA- 
2 were the values determined right after delivery. As no samples were 
taken from RA-3 immediately after crushing, an alternative approach 
was used in this case. As the degree of carbonation decreases consider-
ably with increasing particle size, the amount of uncarbonated cement 
paste in the largest grain size class (16/32 mm) was chosen as reference. 
This may cause a minor underestimation of the degree of carbonation of 
RA-3. 

The measurements were carried out at different ages on different 
types of RA using single specimens only (see values in Table 4). Yet, in 
order to assess the error of the method, a larger number of specimens 
was studied initially. To this end, six specimens per each of the three 
grain size classes of RA-1 (0–4, 4–8 and 8/16 mm) and four specimens of 
RA-2 (grain size class 4/8 mm) were measured. 

The values for volume percentage of uncarbonated paste in the RA- 
particles were (average ± standard deviation) 12.5 ± 2.77% (RA-1, 
0–4 mm), 30.5 ± 2.47% (RA-1, 4–8 mm), 28.5 ± 3.56% (RA-1, 
8–16 mm) and 14.0 ± 1.46% (RA-2, 4–8 mm). As no trend in the stan-
dard deviation between the different fractions/types of RA was 
apparent, we assumed that the pooled standard deviation from these 

data (22 specimens in total), equal to 2.78 vol%, corresponds to a 
representative error. Then, considering that the determined values of 
carbonated paste volume and CO2 absorption are based on single spec-
imens, we estimated the propagation of the error in the determination of 
the uncarbonated volume-% using parametric bootstrapping [33]. In 
each of the bootstrapping steps (with a total of 10000 steps), samples of 
six specimens were simulated assuming a normal distribution with 
standard deviation equal to the pooled value of 2.78 vol%. This pro-
cedure yielded the 95% confidence intervals presented together with the 
experimental results (in Figs. 10–12 and Table 5). 

2.5. Calculation of CO2 absorption 

An assumption for the amount of cement clinker in the cement paste 
of RA has to be made to enable a calculation the CO2 absorption due to 
carbonation. In the case of RA-1, the type of source concrete was known. 
Railway sleepers with a strength class of C40/50, C50/60 und C60/75 
were processed to RA. An average Portland cement content of 380 kg/ 
m3 of concrete and a water-to-cement-ratio (w/c) of 0.42 were assumed. 
The clinker content of the PC was assumed as 95 mass-% [34]. Portland 
cement with such percentage was the dominating cement type > 30 
years before today in Switzerland. 

The source of RA-2 and RA-3 was concrete used for housing. 
Nowadays about 95% of the concrete produced in Switzerland are type 
A (cement content ≥ 280 kg/m3, w/c ≤ 0.65), type B (cement content ≥
280 kg/m3, w/c ≤ 0.60) and type C (cement content ≥ 300 kg/m3, m w/ 
c ≤ 0.50) according to SN EN 206–1:2013 [35]. The share of type A and 
C are about equal and type B amounts to only a third of each of the two 
other types [12]. Based on this, a Portland cement content of 300 kg/m3 

of concrete and a w/c of 0.55 was assumed for the composition of RA-2 
and RA-3. 

The starting point to calculate CO2 absorption of the RA is the vol-
ume of cement paste Vcp in the source concrete. 

A typical density for PC is ρ = 3.14 g/cm3. Air void content VAV is 
assumed to be 2.0 vol%. This results in a cement paste content of 
0.301 m3/m3 for RA-1 and 0.281 m3/m3 for RA-2 and RA-3, using the 
following equation:  

Vcp = c/ρ + w + VAV                                                                       (1) 

with c = cement content, w = water content and VAV = air void content. 
The amount of CaO in the cement clinker is calculated according to 

the data given in [34]:  

CaO = c ⸱ 0⋅95 ⸱ 0⋅65                                                                       (2) 

The CaO originally present in the clinker and then in the cement 

Fig. 4. h-s-plane of the HSV color space at maximal brightness v (top), h-s-distribution from the pixel values of a typical concrete granulate scan (bottom).  

Table 1 
Minimum object size in number of pixels for all examined fractions.  

fraction [mm] minimum object size [# pixels] 

0/4  15 
4/8  60 
8/16  250 
16/32  1000  
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hydrates is only partially converted to CaCO3 upon carbonation in at-
mospheric conditions [36]. In [8] a value of 75% was used. Experi-
mentally determined values differ. A value of 55% was determined in 
[20] for a mortar produced with CEM I. There seems to be a certain 
dependence on the water-to-cement-ratio (w/c), as indicated by values 
of 52% in mortar produced with PC and a w/c of 0.48 opposed to a value 
of 65% in a mortar produced with PC and a w/c of 0.65 [37]. On the 
other hand, there may be already partial carbonation in the cement 
paste that still turns to magenta when sprayed with phenolphthalein 
[38,39]. In this study, it was assumed that 60% of the CaO present in the 

clinker reacts with CO2 to form CaCO3 in the carbonated cement paste. 
Furthermore, values of 507 and 842 kg were used for the geogenic [4] 
and for the total CO2 emission [3] during production per ton of clinker to 
enable comparing the absorbed CO2 to the original emissions of 
concrete. 

An example calculation for CO2 absorption due to carbonation is 
given using RA-2. 

In this example the change in the amount of uncarbonated cement 
paste in the total volume of RA-2 from time t0 to t1 changes from 20.0 to 
12.5 area-% of the entire aggregate particles. As area-% equates volume- 

Fig. 5. Segmentation of concrete granules for the distinction of (H) epoxy resin, (I) uncarbonated as well as (J) carbonated cement paste including natu-
ral aggregates. 

Fig. 6. Image analysis steps for the segmentation of an example fraction 4/8 mm: 1 = original scan, 2 = segmentation of aggregates, 3 = segmentation of uncar-
bonated parts of aggregates (see "A", "H", "I", respectively, in Fig. 5). 
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% according to the Delesse principle [40], this corresponds to a differ-
ence of 7.5 vol%. The volume of cement paste in RA-2 equals 
0.278 m3/m3. Accordingly, the volume of cement paste carbonated from 
t0 to t1 is:  

Vcp,carb = 7⋅5/0⋅278 = 27⋅0 vol%(3)                                                         

The amount of carbonated CaO in this volume per m3 of concrete, 
assuming that 60% of CaO carbonates, is calculated as:  

CaOcarb = 300 kg/m3 ⸱ 0⋅95 ⸱ 0⋅65 ⸱ 0⋅60 ⸱ 0⋅27 = 30⋅0 kg/m3 RA           (4) 

This corresponds to an amount of absorbed CO2 of 23.6 kg/m3 of RA 
(molar mass CO2 = 44 g and CaO = 56 g). If the RA density of 2380 kg/ 
m3 is assumed, the amount of absorbed CO2 is 9.9 kg/t of RA. This 
further corresponds to 16.4% absorbed CO2 relative to the geogenic 
emission of the original concrete (507 kg CO2 per ton of clinker). 

3. Results 

3.1. Grain size distribution 

RA-1 and RA-3 correspond to the grain size class 0–16 mm with a 
minor part of particles > 16 mm and RA-2 corresponds to the grain size 
class of 0–22 mm (Fig. 7). RA-1 contains the highest amount of sand 
(0–4 mm) followed by RA-3 and RA-2. 

3.2. Bulk density and water adsorption WA24 

There is a general trend of decreasing bulk density and increasing 
water adsorption WA24 with decreasing grain size in all three RA 
(Table 2). This is a result of a slightly increasing cement paste content 
with decreasing grain size. 

If the grain size distribution is taken into account, the average of 
WA24 are 4.30, 4.38 und 4.74% for RA-1, RA-2 and RA-3. 

3.3. Moisture content at delivery 

The moisture content of the RA at the time of delivery after exposure 
in the plants is shown in Table 3. In all cases the moisture content at the 
edge of the pile is lower than in the interior, where the values are well 
above the water adsorption WA24. At the edge of the pile the moisture 
content in RA-1 is slightly below and in RA-2 slightly above WA24. Only 
in the case of RA-3 stored in sheltered conditions the moisture content is 
about half of WA24. 

3.4. Degree of carbonation 

The amount of uncarbonated cement paste in the RA-particles 

decreases only in the sand fraction in case of RA-1 (Table 4). There is no 
carbonation at all in the grain size classes 4–8 and 8–16 mm (Fig. 8). The 
variations in the amount of uncarbonated paste at a grain size > 4 mm 
are caused primarily by differences in the ratio between uncarbonated 
paste and natural aggregates included in the RA-particles. There is no 
significant difference in the degree of carbonation of the RA-1 sand 
between sheltered and unsheltered exposure of the samples stored at the 
laboratory. Moreover, there is no difference in the degree of carbonation 
between the samples taken from the edge and the interior of the pile in 
the plant. Generally, the samples stored at the plant have a slightly 
higher degree of carbonation than the samples stored at Empa. 

RA-2 shows a rapid CO2 absorption in the sand fraction, leading the 
nearly complete carbonation after 1.5 months (Table 4). RA-2 4–8 mm 
and 8–16 mm show a decreasing amount of uncarbonated paste as well. 
However, the decrease is less pronounced than in the sand. No carbon-
ation is observed in the grain size class 16–22 mm. The samples from the 
edge and the interior of the pile show no difference in the degree of 
carbonation. However, the amount of uncarbonated paste in the RA- 
particles is higher compared to the samples stored at Empa. 

The amount of uncarbonated cement paste in the RA-particles of RA- 
3 decreases with grain size (Table 4). Here, the RA-particles at the edge 
of the pile show a higher degree of carbonation. An example of the grain 
size class 4/8 mm of RA-3 is given in Fig. 9. 

4. Discussion 

4.1. Carbonation 

The amount of uncarbonated cement paste in the RA-particles of the 
sand fraction at time t0 is lower than of the grain size classes ≥ 4 mm 
with average values of 22.8 (0–4 mm) and 28.9% (> 4 mm) for RA-1 and 
12.9 (0–4 mm) and 18.4% (> 4 mm) for RA-2. The amount of uncar-
bonated cement paste at the time of crushing can be expected to be the 
same in all grain size classes. Obviously, some carbonation took place 
between crushing and analysis in spite of the fact that the samples were 
delivered from the plants to Empa within a few days. Additionally, a 
minor carbonation in the laboratory cannot be excluded during the Fig. 7. Grain size distribution of the three RA.  

Table 2 
Apparent density (AD), bulk density (BD) oven dried and water adsorption after 
24 h (WA24) according EN 1097–6 for the different grain size classes and the 
aggregate 0-dmax taking into account the grain size distribution presented in 
Fig. 7.    

0/ 
4 mm 

4/ 
8 mm 

8/ 
16 mm 

> 16 mm 0- 
dmax 

RA- 
1 

AD [kg/m3]  2.69  2.68  2.67 -  2.68 
BD [kg/m3]  2.37  2.42  2.44 -  2.40 
WA24 [mass- 
%]  

4.92  3.99  3.49 -  4.30 

RA- 
2 

AD [kg/m3]  2.67  2.64  2.66 2.64  2.65 
BD [kg/m3]  2.35  2.38  2.44 2.40  2.38 
WA24 [mass- 
%]  

5.12  4.19  3.47 3.85  4.38 

RA- 
3 

AD [kg/m3]  2.71  2.70  2.69 -  2.70 
BD [kg/m3]  2.33  2.42  2.47 -  2.40 
WA24 [mass- 
%]  

6.00  4.30  3.31 -  4.74  

Table 3 
Moisture content of the RA after exposure at the time of delivery. Water 
adsorption (Table 2) is shown for comparison.   

RA-1 RA-2 RA-3  

[mass-%] [mass-%] [mass-%] 
edge 3.8 5.9 2.6 
interior 6.1 10.4 7.8 
WA24 4.3 4.4 4.7  

A. Leemann et al.                                                                                                                                                                                                                               



Materials Today Communications 36 (2023) 106569

7

homogenization of the samples and sieving prior to embedding the RA- 
particles in epoxy in spite of minimizing the exposure duration to air. 
This leads to a certain underestimation of carbonation after crushing. 
However, this effect is not considered and only the carbonation after 
time t0 is used for the calculation in case of RA-1 and RA-2. As there is no 
analysis at time t0 for RA-3, the amount of uncarbonated cement paste in 
the RA-particles of the grain size class 16–32 mm is used as the reference 
at time t0. 

The moisture content of the RA as delivered after exposure in the 
plant is high with some of the values exceeding WA24. As such, the RA 
particles contain adsorbed water on their surfaces and in the inter-
granular spaces. The moisture content at the edge in the case of the RA 

stored outdoors can be expected to vary depending on the duration and 
intensity of the last rainfall. Moist RA in a pile dry only slowly as shown 
by the values for RA-3. Even after a sheltered storage of 2 month, the 
moisture content was still double of WA24 at a depth of ~ 1 m and about 
half at the edge of the pile indicating very slow drying. RA-3 was the 
only sample that shows a higher degree of carbonation at the edge of the 
pile compared to the interior. This can be attributed to the low moisture 
content at the edge. With about 55% of WA24 it is the sample with the 
lowest value of all samples (Table 3). The obviously slow drying of moist 
RA in sheltered conditions limits the benefit of this type of storage 
compared to storage in unsheltered conditions in order to increase CO2 
absorption. Anyway, in spite of the high moisture content in the case of 

Table 4 
Amount of uncarbonated cement paste in total volume of RA-1 and RA-2 stored at the Empa and in the plant. A representative error (standard deviation) is estimated as 
± 2.78 vol% (see Section 2.4 for details). In the grain size classes 4/8 and 8/16 mm of RA-1 no carbonation was observed. The grain size class 16/32 mm of RA-3 was 
used as reference for the smaller grain size classes.   

Time [month] t0 t1.5 m t6/8 m
a Δ t0-tfinal 

RA-1 uncarbonated paste [volume-%] Empa sheltered 0–4 mm 22.8 14.9 12.5 10.3 
Empa unsheltered 0–4 mm 15.3 13.7 9.1 
Empa sheltered 4–8 mm 30.7 no carb. no carb. 0.0 
Empa unsheltered 4–8 mm no carb. no carb. 0.0 
Empa sheltered 8–16 mm 27.1 no carb. no carb. 0.0 
Empa unsheltered 8–16 mm no carb. no carb. 0.0 
Plant, edge of pile 0–4 mm 22.8 - 10.9 11.9 
Plant, interior of pile 0–4 mm - 11.0 11.8 
Plant, edge of pile 4–8 mm 30.7 no carb. no carb. 0.0 
Plant, interior of pile 4–8 mm no carb. no carb. 0.0 
Plant, edge of pile 8–16 mm 27.1 no carb. no carb. 0.0 
Plant, interior of pile 8–16 mm no carb. no carb. 0.0 

RA-2 uncarbonated paste [volume-%] Empa sheltered 0–4 mm 12.9 1.7 0.9 12.0 
Empa unsheltered 0–4 mm 1.8 0.0 12.9 
Empa sheltered 4–8 mm 17.6 13.1 11.3 6.3 
Empa unsheltered 4–8 mm 14.0 11.7 6.9 
Empa sheltered 8–16 mm 19.1 12.9 10.7 8.4 
Empa unsheltered 8–16 mm 14.8 12.5 6.6 
Empa sheltered 16–22 mm 20.8 20.5 20.9 -0.4 
Empa unsheltered 16–22 mm 20.0 20.5 0.3 
Plant, edge of pile 0–4 mm 12.9 - 4.7 8.2 
Plant, interior 0–4 mm - 4.2 8.7 
Plant, edge of pile 4–8 mm 17.6 - 16.1 1.5 
Plant, interior of pile 4–8 mm - 15.7 1.9 
Plant, edge of pile 8–16 mm 19.1 - 14.3 4.8 
Plant, interior of pile 8–16 mm - 14.7 4.4 
Plant, edge of pile 16–22 mm 20.8  21.2 -0.4 
Plant, interior of pile 16–22 mm  20.3 0.5 

RA-3 uncarbonated paste [volume-%] Plant, edge of pile 0–4 mm 19.9 - 6.9 12.9 
Plant, interior of pile 0–4 mm - 7.6 12.3 
Plant, edge of pile 4–8 mm - 11.4 8.5 
Plant, interior of pile 4–8 mm - 14.2 5.7 
Plant, edge of pile 8–16 mm - 14.2 5.6 
Plant, interior of pile 8–16 mm - 18.1 1.8 
Plant, edge of pile 16–32 mm - - - 
Plant, interior of pile 16–32 mm - - -  

a RA-1 was exposed for 6 m, RA-2 was exposed at for 6 m at Empa and for 8 m in the plant, RA-3 was exposed for 2 m. 

Fig. 8. Grain size class 4–8 mm of RA-1 from the edge of the pile after an 
unsheltered storage of 6 month as scanned for analysis (enlarged section: 2.1 ×

3.5 cm2). Uncarbonated paste in magenta. 

Fig. 9. Grain size class 4–8 mm of RA-3 from the interior of the pile after a 
sheltered storage of 2 month as scanned for analysis (enlarged section: 2.0 ×

3.1 cm2). Uncarbonated paste in magenta. 
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all other samples, RA still carbonate. Particles ≥ 4 mm of RA-1 produced 
from high quality concrete do not carbonate at all based on the pH in-
dicator, both stored unsheltered and sheltered, while particles ≥ 4 mm 
of RA-2 and RA-3 still carbonate. This behavior is comparable to con-
crete components. Concrete specimens stored at different relative hu-
midity in accelerated conditions (4% CO2) show a considerable decrease 
in the carbonation coefficient going from 57% RH to 80% RH. However, 
the decrease is strongly dependent on concrete quality [15]. While 
carbonation at 80% RH essentially stops in case of concrete produced 
with a w/c of 0.40 due to capillary condensation in its pores, lower 
quality concrete produced with a w/c of 0.65 still carbonates, although 
at a slower rate. In contrast to this, fines or powders react differently as a 
function of RH than coarse particles. Portlandite and 
calcium-silicate-hydrate in powder form carbonate considerably faster 
at 91% RH compared to 57% [41]. Such an effect seems to be observed 
in RA-1, where the sand fraction carbonates in spite of the lack of 
carbonation observed in the grain size ≥ 4 mm. Carbonation of the RA 
slows down with time, as it can be expected from a process that follows a 
square root of time law, at least in sheltered conditions [13,14,22]. RA-1 
and RA-2 show a lower rate of carbonation between 1.5 and 6/8 months 
compared to 0–1.5 months. About 80% of the carbonated cement paste 
at the end of storage was already carbonated after 1.5 months. 

The small differences in the degree of carbonation between the edge 
and the interior of the piles in the plants indicate that CO2 is available at 
least to a depth of 1.5–2.5 m (RA-1 and RA-2) in comparable amounts to 
cause a comparable degree of carbonation. The amount of voids in a pile 
of crushed aggregates 0–32 mm typically ranges from 27 to 33 vol% 
[42]. These voids most likely provide a connected network enabling a 
penetration of air even at the high moisture contents. It can be expected 
that the changes in the air pressure caused by wind and temperature 
gradients generate an air flow in the pile that considerably accelerates 
CO2 transport to the aggregates. 

The degree of carbonation of RA-1 stored at Empa and in the plant 
show a good agreement. However, RA-2 carbonated less in the plant 
compared to Empa. This is likely caused by the relatively low amount of 
RA-2 delivered to Empa. The layer of RA exposed at Empa was only ~ 
10 cm in thickness. The layer sampled at the edge of the pile in the plant 
represents the outermost ~ 25 cm of the pile. This effect can be 
explained by a gradient in the degree of carbonation within the few 

outermost centimeters of a pile. If the particles in the outermost 2–4 cm 
display an increased degree of carbonation, this effect is visible in a layer 
thickness of ~ 10 cm, while it is obscured in a layer thickness of ~ 
25 cm. However, such a layer of increased carbonation degree is of 
minor importance for the CO2 absorption of the entire pile. 

4.2. CO2 absorption during storage 

Based on the changes in the amount of uncarbonated cement paste in 
the RA-particles, their CO2 absorption can be calculated using the 
approach detailed in paragraph 2.5 with the error assessment (bootstrap 
95% confidence intervals) as outlined in paragraph 2.4. The values for 
the three RA are shown in Figs. 10–12. 

Based on the assumed clinker content per volume of cement paste 
and accounting for the percentage of different size classes in a RA type 
(Fig. 7), the absorbed CO2 can be related to the geogenic and the total 
CO2 emissions during cement production. These values are presented for 
the plant-stored RA in Table 5. 

These numbers apply to RA. However, not all concrete is recycled. It 
is assumed that demolished concrete not used for RA production is 
buried in disposal sites and therefore does not carbonate significantly. In 
[12] CO2 absorption for three levels of recycling rates was calculated: 
40%, 70% and 100%. The values of 5.4–12.6% absorbed CO2 in relation 
to total CO2 emission at a recycling rate of 100% decrease to 3.8–8.8% at 
a recycling rate of 70% and to 2.5–5.0% at a recycling rate of 40%. These 
values are included in (Fig. 13) (see also [12]). The values are in the 
same range as CO2 absorption calculated based on data from Kikuchi 
[19] (scenario a), hypothetical CO2 absorption of RA during a two week 
storage (scenario b) and observation of the degree of carbonation of RA 
evaluated on thin sections of two randomly chosen RA (scenario c). 

The percentage of absorbed CO2 in relation to the geogenic emission 
during recycling in North of Europe is assessed to be 15% (Sweden), 17% 
(Norway), 33% (Denmark) and 6% (Iceland) [9]. The recycling rate in 
Switzerland is estimated to be between 65% and 90%, depending on the 
region. Assuming a recycling rate of 80%, between 7.1% and 16.7% of 
the geogenic emission is absorbed based on the values presented in 
Table 5. This is in the same range as the numbers for Sweden (15%), 
Norway (17) and Iceland (6%) [9]. 

Fig. 10. CO2 absorption in kg per ton of RA-1 (grain size class 0–4 mms) at Empa after 1.5 and 6 months in sheltered (S) and unsheltered (US) exposure and in the 
plant after 6 months. Grain size classes 4–8 mm and 8–16 mm are not shown as no carbonation was visible. 
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4.3. CO2 absorption before time t0 

Image analysis provides the amount of uncarbonated cement paste in 
the RA-particles at time t0. Based on the assumed concrete compositions, 
the total volume of cement paste is known. The difference between total 

cement paste volume and the uncarbonated volume of cement paste 
provides the amount of cement paste carbonated before time t0. The CO2 
absorbed before time t0 can be calculated as described in paragraph 2.5. 
This includes the carbonation in the concrete structure during its service 
life, the carbonation during and after demolition and the carbonation 
during crushing, sieving and piling before delivery to Empa and the 
handling in the laboratory at Empa. The results are presented in Table 5. 

The percentage of CO2 absorption respect to the original total 
emissions for RA-2 and RA-3 are close to the 10% calculated for the 
situation in Switzerland [10,12]. The absorbed CO2 of RA-1 is consid-
erably smaller. This can be explained by the differences in exposure 
conditions. The railway sleepers were exposed to unsheltered condi-
tions, while it can be assumed that the majority of the concrete used to 
produce RA-2 and RA-3 originates from buildings. The major share of 
concrete in buildings is exposed to sheltered conditions where carbon-
ation proceeds about twice as fast compared to unsheltered conditions 
[15]. Moreover, low quality concrete carbonates faster than high quality 
concrete [15] leading to a higher CO2 absorption in RA-2 and RA-3 
compared to RA-1. 

4.4. Possible sources of error 

During demolition, concrete sections in the size of about one meter 
long in their largest dimension are produced. After demolition, they are 
transported to a concrete plant. In the plant from which the RA for the 
project originates, demolished concrete is stored until its amount rea-
ches 2000–4000 m3 (4800–9600 tons). Then a mobile impact or cone 

Fig. 11. CO2 absorption in kg per ton of RA-2 at Empa after 1.5 and 6 months in sheltered (S) and unsheltered (US) exposure and in the plant after 8 months for the 
different grain size classes. 

Fig. 12. CO2 absorption in kg per ton of RA-3 of the different grain size classes 
after 2 months of exposure in the plant in sheltered conditions. 

Table 5 
CO2 absorption of RA at the end of exposure in the plant: absolute value per mass of RA and relative values referred to the original emissions of concrete. Before and 
after t0" refers to the time instant of the first measurement and hence roughly to the service life before demolition and storage as RA after crushing, respectively. Errors 
correspond to bootstrap 95% confidence intervals.  

RA type Before t0 After t0 

CO2 absorption [kg/t 
RA] 

Relative to geogenic CO2 

[%] 
Relative to total CO2 

[%] 
CO2 absorption [kg/t 
RA] 

Relative to geogenic CO2 

[%] 
Relative to total CO2 

[%] 

RA-1, edge of pile 6.1 ± 3.5 8.0 ± 4.5 4.8 ± 2.7 10.0 ± 4.9 13.0 ± 6.3 7.9 ± 3.8 
RA-1, interior of 

pile 
9.9 ± 4.9 12.9 ± 6.3 7.8 ± 3.8 

RA-2, edge of pile 13.4 ± 3.0 22.1 ± 4.9 13.3 ± 2.9 5.3 ± 4.1 8.8 ± 6.8 5.3 ± 4.1 
RA-2, interior of 

pile 
5.6 ± 4.1 9.2 ± 6.8 5.6 ± 4.1 

RA-3, edge of pile 10.6 ± 3.0 17.4 ± 4.9 10.5 ± 2.9 12.5 ± 4.1 20.6 ± 6.8 12.4 ± 4.1 
RA-3 interior of 

pile 
9.7 ± 4.1 16.0 ± 6.8 9.6 ± 4.1  
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crusher is installed in the plant to produce RA. Particles > 16 or 32 mm 
(depending on the plant) are crushed again. The producers of RA-1 and 
RA-2 separated a pile for the project. In plant-1 the pile encompassed 
about 2000 tons RA and in plant-2 about 150 tons. ~ 250 kg (RA-1) and 
~ 75 kg (RA-2) were delivered to Empa at the start of the project. Two 
times ~ 100 kg (RA-1, edge and interior of the pile) and two times ~ 
80 kg (RA-1) were delivered to Empa after the exposure in the plants. 
Although there is a certain homogenization in the entire production 
chain of RA, a certain sample variation between the first and the second 
delivery cannot be excluded. As only one delivery was used the above is 
not of concern for RA-3. 

The pooled standard deviation of the carbonated RA determined 
with the method proposed here was 2.78 vol% (see paragraph 2.4). This 
leads to a relatively high error for lower volume-%. This error stems 
most likely from the intrinsic variability of the RA grains (see Figs. 8 and 
9). 

The calculation of CO2 absorption is based on an assumed concrete 
mix design. A parameter with the most varying values reported and 
hence the one with the highest effect on the estimation is the amount of 
CaO converted to CaCO3 in the carbonated cement paste (here assumed 
as 60%). The effect of this parameter can be however easily accounted 
for as the calculated CO2 absorption is a linear function of the parameter 
(see Eq. 4). Hence, assuming the value of 75% instead of 60% would 
increase the estimated absorption 1.25 times. On the other hand, rather 
small relative differences are to be expected for the parameters of the 
concrete mix (cement content, w/c, air content) and hence they should 
have much lower effect on our estimations. 

5. Summary 

The amount of uncarbonated cement paste was determined on three 
different RA as a function of duration of exposure, exposure conditions 
and grain size class using a novel approach based on image analysis of 
the sections of RA particles treated with phenolphthalein. The changes 
in the amount of uncarbonated cement paste in the RA-particles during 
exposure made it possible to calculate CO2 absorption assuming a 
certain concrete mix designs. The results improve the data base on 
experimentally determined natural CO2 absorption during the recycling 
process. The following conclusions can be drawn in regard to the natural 
carbonation of RA:  

• RA, in particular the fines, carbonate even when their moisture 
content is higher than the full water saturation (WA24).  

• Moist RA in sheltered exposure dries only slowly limiting the benefit 
of this storage type for increasing CO2 absorption.  

• Progress of carbonation slows down with time. About 80% of the 
cement paste carbonated until the end of storage (6 and 8 months, 
respectively) was already carbonated after 1.5 months.  

• The highest amount of carbonated paste is formed in the sand 
(0–4 mm) representing 100% (RA-1), 53% (RA-2) and 61% (RA-3) 
on average of all grain size classes of the RA at the end of storage.  

• The difference between the degree of carbonation at the edge of the 
pile (0–25 cm) is only marginally higher than in the interior of the 
pile (at a depth of 1.0–2.5 m).  

• Sheltered RA carbonates only marginally faster than unsheltered RA 
during the chosen exposure durations. 

The change in the volume of uncarbonated cement paste in the RA- 
particles allows to calculate CO2 absorption of RA before and during 
exposure:  

• The absorbed CO2 during storage of the RA in the plants corresponds 
to a range of 9 – 21 ± 7% of the geogenic emission and 5 – 12 ± 4% 
of the total emission during clinker production (depending on the RA 
type and exposure, with errors corresponding to 95% confidence 
intervals).  

• The absorbed CO2 before crushing and storage corresponds to 8 – 22 
± 5% of the geogenic emission and 5 – 13 ± 3% of the total emission 
during clinker production. Although these numbers span a similar 
range as those corresponding to absorption after crushing and during 
storage as RA, they will strongly depend on the actual exposure 
conditions during service life for a particular type of RA. 

6. Outlook 

The types of concrete used and the demolition and recycling pro-
cesses in different countries vary. Therefore, it is essential that the data 
base on natural CO2 absorption is further improved by experimental 
data. Additionally, it may be of particular interest, how the degree of 
natural carbonation of the RA influences the potential to subsequently 
sequester CO2 by accelerated carbonation. 
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Fig. 13. Absorbed CO2 relative to the total emission during the service life of 
concrete structures in Switzerland and during the recycling phase with rates of 
40%, 70% and 100%. The range of values determined in this study are marked 
in red. 
Figure adapted from [12]. 
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