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Abstract 

The widespread use of natural aggregates in construction activities, together with the global 
population increase, gave rise to a depletion of this natural resource and to a progressive 
increase of its transport distances. On the other hand, the construction and demolition wastes 
(C&DW) are deposited in landfills and city outskirts, causing environmental and social 
problems. The reuse of C&DW in concrete preparation would be a good solution for both 
problems. Recycled aggregates show however high water absorption. At saturation, water flows 
from the inside of aggregates to the engaging cement paste matrix and at dryness the opposite 
process occurs. This water flow breaks down the aggregate-cement paste bonds and increases 
the W/C ratio in the interfacial transition zone, degrading this way the concrete properties.  

In this work a staged mixing procedure was optimized to regulate the water flow, reducing 
its negative effects on concrete technology. The optimization was based on the aggregate water 
absorption over time and workability test over time. The physical and geometrical 
characteristics of the aggregates were related to the properties of concrete in its fresh state. 
Three types of commercial recycled aggregates were evaluated. Two types of natural aggregates 
were also studied for comparison purposes.  
 
Keywords: Recycled aggregate, concrete, interfacial transition zone, water absorption, 
workability 
 

 
  

1



1. INTRODUCTION 
Construction activity is a high consuming sector, accounting for the depletion of more than 

40% of the energy and more than 50% of natural resources [1]. The current consumption of 
natural aggregates per year and per person is 3-5 tons [2]. The global use of natural aggregate 
will reach 26-44 Giga Tons per year in 2030 [2]. Construction is also responsible for the 
production of 50% of the global waste [1]. Recycling of C&DW has been pointed by several 
governments as a solution to face these problems. The recycling of C&DW is however a 
complex challenge due to the high heterogeneity associated to these materials. C&DW and 
recycled aggregates (RA) prepared thereof generally show lower quality properties than 
natural aggregates (NA). Studies to define the conditions for their advantageous incorporation 
in concrete are therefore required [3]. Several works reported that the major problem of RA 
is their high water absorption due to the high porosity of these materials [4, 5, 6, 7]. If the 
origin of aggregates is crushed concrete, the amount of water absorption depends on the 
porosity of the mortar attached to the natural stone [4]. The water absorption capacity ranges 
from 5 to 15%, depending if the old mortar comes from low or high strength concrete, 
respectively [8]. RA obtained from ceramic CD&W can absorb more than 30% of water [9].  

A major challenge of the concrete technology is the preparation of concrete, showing high 
performance in both, fresh and hardened states. It is well known that improving the 
workability reduces the properties of hardened concrete and vice-versa. The high water 
absorption of the RA makes this optimization even more difficult.  Water addition to the mixes 
results in a higher W/C ratio, increasing the average distance between the binder particles, 
leading to high microstructural porosity of the concrete. Moreover, when the aggregates are 
pre-saturated with water, a water flow takes place from its inside to the involving cement paste 
matrix. This flow breaks the bonds [4], and leads to a higher W/C ratio on the interfacial 
transition zone (ITZ), which weakens the strength. It has been reported that the optimum water 
pre-saturation of RA should be about 80% [10].  

This work reports an evaluation of the performance of different concrete mixtures prepared 
using distinct RA. All aggregates, including the control NA, were pre-saturated with water to 
its optimum moisture state, before cement addition. Tests of water absorption over time 
allowed the calculation of the extra water and absorption time required to reach the optimum 
moisture state. Based on the obtained results, a staged mixing approach [4] was followed and 
optimized to obtain the moisture state of the aggregates before addition of the binder to the 
mixture. After mixing, a slump test over time proved that there was no significant ITZ water 
flow and consequently no negative effects on the concrete microstructure. Several other 
aggregate properties were tested and related to the concrete performance in its fresh state. 

2. CHARACTERIZATION OF AGGREGATES 
In this work 5 types of coarse aggregates, labeled RA1, RA2, RA3, NA1 and NA2 and two 

types of fine aggregates, labeled RS and CS, were analyzed. The NA’s and CS are of crushed 
limestone and RS is a fine limestone river sand.  
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2.1 Constituents of recycled aggregate 
 

Table 1: Constituents of recycled aggregates (NP EN 933-11 [11]) 

Aggregate/Constituent Rc (%) Ru (%) Rb (%) Ra (%) Rg (%) X (%) FL (cm³/kg) 

RA1 74.50 21.30 3.57 0.14 0.10 0.40 0.55 

RA2 37.26 26.20 34.06 0.08 0.03 2.38 0.62 

RA3 52.40 10.20 37.20 0.07 0.05 0.09 7.13 

             
Rc - Concrete, concrete products, masonry concrete blocks; 
Ru - Unbounded aggregates, natural stone, treated aggregates with hydraulic binder; 
Rb - Ceramic elements (e.g. bricks, roof tiles, etc.), non-floating cellular concrete and 
masonry blocks; 
Ra- Bituminous materials; 
Rg - Glass; 
X - Cohesive materials (soil, clay, etc.), metals, wood, plastic, rubber, stucco;  
FL - Floating materials. 

The major constituent of RA is old concrete or mortar, followed by ceramic materials and 
natural stone. This is in agreement with literature [12, 13], where the natural stones are included 
in the concrete category. The crushing process might lead to a separation of natural stones from 
mortar. The fraction of other constituents is very low. 

2.2 Sieve analysis 
RA3 is coarser than RA1 and RA2 despite the same crushing process was followed (Figure 

1). RA2 has significantly more fines. These differences may be attributed to the nature of 
constituents, but all RA can give rise to a compact size distribution near to reference grades. 
RA shows generally higher content in fines than NA. 
 

 
Figure 1: Aggregate sieve analysis 
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2.3 Physical properties of aggregates 
 

Table 2: Physical properties of aggregates 

Property/ 
Aggregate 

NP EN RS CS NA1 NA2 RA1 RA2 RA3 

Size class 12620+A1 [14] 0/2 0/4 4/12.5 12.5/20 4/20 4/20 6.3/25 

Fines (%) 933-1 [15] 1.5 1.8 0.8 0.3 2.9 5.6 1.4 

Shape index (%) 933-4 [16] ------ 15.0 10.0 9.7 24.2 29.2 

Dry specific 
density 1097-6 [17] 2.626 2.662 2.648 2.283 2.286 2.162 2.096 

Saturated specific 
density 1097-6  [17] 2.631 2.691 2.676 2.696 2.420 2.331 2.272 

Water absorption 
(%) 1097-6 [17] 0.2 1.1 1.1 0.5 5.9 7.8 8.4 

2.4 Specific density and water absorption 
 

 
Figure 2: Aggregate water absorption over time, in percentage of the total absorption capacity 

With the exception of RS, water absorption behaviour is similar for all aggregates (Figure 
2). This behaviour can be separated in 2 phases. In the 1st phase, a quick rate absorption occurs 
involving the superficial larger pores. In the 2nd, the absorption involves the deeper and smaller 
pores and takes place at a slower rate. For all aggregates the transition from the 1st to the 2nd 
phase occurs after 5 minutes, which matches a water absorption of about 80% of its maximum. 
The optimum amount of pre-saturation water and pre-saturation time should take place at the 
end of the 1st phase, i.e. after 5 minutes. RS only absorbs 0.2% water meaning that its behaviour 
is negligible.  
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The absorption rate of the RA is somewhat faster than that of NA but the differences are 
negligible after 5 minutes. As expected, RA shows a higher water absorption capacity than the 
NA, and this increases with the content of ceramic material that can be matched to its densities.  

The density of the 4 NA is in the expected range for limestone [18] and that of RA is much 
lower, decreasing with the content of ceramic particles. The values are also in the range 
obtained by others [9, 19].  

2.5 Shape index 
The shape index of old concrete particles is lower than that of NA but it increases 

dramatically with the content of ceramic materials. Ceramic elements like bricks, roof, floor or 
wall tiles show a dimension much smaller than the other 2 dimensions, which causes a high 
shape indexes of ceramic RA. The results are in agreement with the reported by others [20, 18]. 

3. CONCRETE TEST PROGRAM AND MIXING METHOD 

3.1 Mix compositions 
The compositions were calculated by following the Faury´s method. The cement and water 

contents were further adjusted experimentally to reach a concrete class of C30/37 [21] and an 
initial slump of 130±20 mm, corresponding to the workability class S3 [21]. Five compositions 
were prepared, a reference mix with NA (NAC) only, and 4 mixes with different types and 
percentages of RA (RA2C50%; RA1C100%; RA2C100% and RA3C100%). The effective W/C 
ratio is 0.6 for all mixes and the binder is a CEM I 42.5. Table 3 presents the mix compositions. 

 
Table 3: Mix compositions 

Materials/Mixes NAC 
RA1C 
50% 

RA1C 
100% 

RA2C 
100% 

RA3C 
100% 

RS (kg/m³) 289 274 261 250 246 

CS (kg/m³) 343 325 310 297 292 

NA1(kg/m³) 523 248 
0 

NA2 (kg/m³) 649 308 

RA1-2-3 (kg/m³) 0 556 1059 1018 998 

CEM I 42,5 R (kg/m³) 350 

Water (l/m³) 210 

Extra Water (l/m³) 9.52 31.8 51.98 69.83 69.91 

3.2 Mixing method 
A two-staged mixing approach (Figure 3) was designed to overcome the high water 

absorption of RA and mitigate any negative effects of the concrete properties, on its fresh and 
hardened states. After the first mixing stage, all extra water should be absorbed and the cement 
can be introduced without influencing the effective W/C ratio and the ITZ water flow. The 
second mixing stage was 2 minutes long, the time required to obtain a homogeneous 
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consistency. A 5 minutes time was taken for the first mixing stage (Figure 2). The percentage 
of extra water to compensate the aggregate water absorption was also deduced from Figure 2. 
After mixing, a slump test was prepared during 3 hours to verify if the chosen pre-saturating 
time and amount of extra water led to the optimum humidity state of the aggregates. 

 

 

Figure 3: Followed two-staged mixing method 

3.3 Test of the workability over time 
A long term workability test was performed to evaluate the water flow in the ITZ and the 

concrete’s performance. Workability was evaluated by the slump test according to NP EN 
12350-2 [22]. The first reading was performed after finishing the mix and the following 
readings were taken every 30 minutes for 3 hours. The materials were kept at 20.5 ± 2 ºC and 
the mixing room was maintained at 23 ±1 ºC. The relative humidity was not controlled. 
Between measurements, the fresh concrete stayed in the stopped mixer, which was covered, 
but the moisture exchange with the surroundings was not completely avoided. Before each 
test the mixer was turned on for about 20 seconds to break the concrete bonds.  

4. RESULTS AND DISCUSSION 

 
Figure 4: Slump test over time 
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result was unexpected, as their absorption rates were found to be lower than those of RA and 
at the stage of 5 minutes they reached only 70% of their absorption capacity. The test results 
shows that the staged-mixing approach, with the chosen parameters, can successfully 
eliminate the negative effects of recycled aggregate water absorption. The results indicate that 
this approach works for RA, but should not be used for OC. 

Figure 4 also shows that the concrete containing NA has a somewhat higher slump peak 
and a larger “S3” period. The 3 mixes with 100% RA have a lower slump peak and “S3” 
period, but after 120 minutes the slump of all mixes became very similar. As the initial mixing 
water is the same for all compositions, the somewhat lower slump of the 100% RAC was 
assigned to the undesirable water flow explained previously to a higher surface roughness and 
shape indexes. After 120 min, the effect of the NA water loss relieves and the new mortar gets 
attached to the aggregates, lowering the initial slump differences between the mixes. On one 
hand, the workability of RA1 concrete is reduced due to a greater friction between the rough 
particles. On the other RA2C100% and RA3100% had shape indexes more than 2 times higher 
when compared to other mixes, affecting the rheology of the fresh concrete.  

Pre-saturation of the RA reduces the fast slump decrease and the high amount of mixing 
water, needed to compensate this decrease, as observed by Poon et al [6].  

5. CONCLUSIONS 
It was demonstrated that the staged-mixing approach can be followed to reduce the ITZ 

water flow of RAC to negligible amounts, in its fresh state. The extra water does not affect 
the effective W/C and a compact ITZ structure can be develop [4]. A pre-saturation time of 5 
minutes and the corresponding extra water incorporated in a two-staged mixing approach, 
mitigates the negative effects of recycled aggregate water absorption, in concrete technology. 
However, the procedures should not be followed for natural aggregates. 

RA water absorption behavior follows the same pattern for all evaluated aggregates, and 
for 9 other not reported in this paper. Therefore, the obtained “absorption-time” graphics can 
be used for concrete mix design and optimization of mixing times.  

It was proven that the already suggested 80% pre-saturation [10] is near the optimum 
because it avoids water exchange in the ITZ.  

The maximum slump and “S3” period of the RAC is somewhat lower than that of NAC 
due to the aggregate surface roughness and higher shape indexes. The staged-mixing approach 
reduces the fast slump decrease of RA concrete. 

It was confirmed that RA has lower properties than NA. The ceramic content increases the 
shape indexes, water absorption and densities of RA.  

Fine RA should be tested to see if the ITZ water flow can be completely mitigated. 
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