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Highlights 11 
12 

� Assessment of water migration during mixing of recycled aggregates concrete 13 

� Highlighting the difference between theoretical effective water and the real one and, 14 

the overestimation of effective water according to standards 15 

� Investigation of influence of the history and level of initial moisture of recycled 16 

aggregates on the water migration kinetics during recycled concrete mixing 17 

� Monitoring of concrete mixing using power curves of the mixer and, the stabilization 18 

of effective water during the mixing 19 

Abstract 20 
21 

Composed of several components (natural aggregates and attached cement paste), 22 

crushed concrete aggregates (CCA) are not widely recommended in new concrete 23 

formulations. Their properties considerably complicate the determination of effective water 24 

in fresh concrete. The evolution of effective water in fresh concrete during mixing was 25 

studied using an original method based on the power evolution of the mixer. The presented 26 

experiments analyzed the water migration kinetics during mixing and the level of 27 

stabilization of the effective water at the end of the mixing. This analysis was established 28 

according to the initial moisture of the CCA and of the type of pores filled with water in 29 

these aggregate, and, of the total water in the new concrete mixture. It was shown that the 30 

exchange of water between recycled aggregate and the new concrete mixture during the 31 

mixing is more complex than generally considered. The water can get into or get out from 32 

the CCA, depending on the history of their initial moisture. The direction of water migration 33 

can also change at different stages of concrete mixing. Therefore, the amount of effective 34 
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water decreases or increases during mixing and tends to stabilize once the uniform new 35 

concrete is obtained.  36 

Keywords: Recycled aggregate concrete, crushed concrete aggregates (CCA), effective 37 

water, initial moisture, power curves monitoring. 38 

1. Introduction 39 
 40 
The world faces crucial environmental issues such as the over exploitation of natural 41 

resources and the production of million tons of construction and demolition wastes (C&D) 42 

in the building and public works sector [1-3]. The reuse of recycled concrete aggregates 43 

(RCA) (aggregates containing crushed concrete, brick, asphalt and other impurities), 44 

representing a major part of the C&D wastes in new concretes seems a solution for these 45 

two problems [4-5]. In this paper, crushed concrete aggregates (CCA) will be used and 46 

distinguished from RCA. CCA were made of more than 99% concrete. Composed of several 47 

components (natural aggregates and adherent cement paste), CCA are not widely 48 

recommended in new concrete formulations [6-7]. However, different studies were aiming 49 

to develop concrete production with RCA that comply with applicable codes and standards 50 

[8-12]. Until now a small percentage (20-30%) of these materials was reused to produce new 51 

recycled concretes [13]. The new concretes are therefore part of the NF EN206-1 standard. 52 

This standard defines effective water as the difference between the total amount of water 53 

contained in fresh concrete and the amount of water absorbable by aggregates. Its 54 

determination is generally not a problem for non-porous natural aggregates, but this concept 55 

leads to different performance for porous natural aggregates [14] and recycled aggregates. 56 

Their intrinsic properties (high absorption, heterogeneity, etc.) [15-16], compared to natural 57 

aggregates, considerably complicates the control of effective water in fresh concrete [17]. It 58 

has been shown in previous works [18] that water exchange between recycled aggregates 59 

and a medium other than water (such as a fresh cement paste [18]) is more complex than 60 

generally considered. Therefore, the real effective water (Weff (real)) in recycled aggregate 61 

concrete may decrease and/or increase during mixing. Weff (real) represents here the amount 62 

of water present in the cement paste at a given time of mixing, excluding the water present 63 

in the porosity of aggregates. When using RCA, the real effective water could differ, at a 64 

given mixing time, from the theoretical effective water (Weff (th)), computed according to 65 

standards from the difference between total water and water absorbed by aggregates.  66 



Several technical solutions can be found in the literature to improve the quality of 67 

recycled aggregates before incorporating them in new formulations of recycled concretes 68 

[19-20]. The pre-saturation of RCA could be a potential technical solution to this problem. 69 

However, the pre-saturation of RCA, especially recycled fine aggregate, without excess 70 

water, is a very complex task in the industrial production of concrete [21].  71 

In addition, usually the initial moisture found in RCA is greater than the initial 72 

moisture of natural aggregates. Thus, the initial water content in natural aggregates (NA) 73 

does not exceed 1% while in RCA it can exceed 3.5% [17]. A higher moisture is not 74 

problematic, in case of using the RCA without any preparation, the real question here is to 75 

know if the initial water will affect the effective water content in concrete formulation or 76 

not. The effective water content has a major influence on the properties of cement-based 77 

materials. Therefore, the formulations of new recycled concrete can be wrong due to the 78 

extra ignored water in mixing [22] according to the specifications. The determination of the 79 

water absorption capacity (WA) and the knowledge of the initial state of saturation of the 80 

RCA are necessary for the formulation of new concretes. Several studies, like [22], show the 81 

variability of the actual absorption of aggregates in water depending on their initial moisture 82 

state. Khoury et al. [22] investigated the influence of pre-wetting history of CCA on their 83 

water absorption capacity. For this purpose, 6.3/10 mm CCA were pre-wetted using 84 

different methods simulating long-term (LT) and short-term (ST) pre-moistened aggregates. 85 

It was shown that this pre-moistened history (LT or ST) leads to different levels of total 86 

water absorption for a same initial moisture level. Previous studies already demonstrated 87 

that different initial moisture conditions lead to different mixing results for the concrete 88 

[23]. 89 

Recent improvements [24-25] have been made to existing procedures to take into 90 

account the specifications of recycled aggregates and their water absorption kinetics. 91 

However, the results obtained from previous studies have left questions to which the present 92 

experimental work provides answers. 93 

Concrete mixing goes through several stages leading to agglomeration of powders and 94 

granulation [26]. The wet agglomeration behaviors of powders and the granulation process 95 

can differ and be modified by several parameters like the amount of water in the mixture. In 96 

the literature, the different states of wet particles were described as a function of the amount 97 

of added liquid [27]. The use of the power curves consumed by the mixer during concrete 98 



mixing is one of the methods for monitoring the evolution of the mixture. This technique 99 

was developed by Cazacliu et al. [26] and was more recently calibrated by coupling with 100 

image analysis [28]. 101 

The main objective of this paper is to estimate the evolution of Weff (real) during the 102 

mixing of recycled aggregate concretes. At first, the effects of pre-wetting history of CCA 103 

(long-term (LT) and short-term (ST) pre-moistened aggregates) on fresh recycled concrete 104 

properties were investigated. Then, a relevant cut-points of the power consumption curves 105 

recorded during mixing was proposed and based on physical considerations (wet 106 

agglomeration steps [27]). A method was then proposed from this division to estimate the 107 

evolution of the Weff (real) during the mixing as well as the absorption capacity of the CCA 108 

at the end of the mixing. 109 

2. Experimental method 110 

2.1. Materials 111 

Normal concretes based on natural aggregates and recycled aggregates concretes based 112 

on coarse CCA were made. The common materials used for these two types of concretes 113 

were:  114 

- CEMI 52.5 cement from Lafarge Cements (St Pierre La Cour, France), having a 115 

real dried density of 3.13 g/cm3 116 

- limestone filler (BETOCARBHP-EB, Omya) having a real dried density of 2.63 117 

g/cm3 118 

- natural silico-calcareous sand 0/4 mm 119 

- superplasticizer high water reducer of the Chryso company (HRWR) of type 120 

Optima 352 EMx. 121 

In addition, recycled aggregates concretes were prepared using CCA as the coarse 122 

aggregates. The 6.3/10 mm CCA were sourced from the "Gonesse recycling platform" in 123 

France and were composed of 99% of crushed concrete and 1% of other inert materials. 124 

Normal concretes were made from 5.6/11.2 mm rolled natural siliceous aggregates (NA) as 125 

coarse aggregates.  126 

Table 1 summarizes the most significant characteristics of the used materials. The 127 

water absorption coefficient (WA24) and the real dried density in water of the CCA were 128 

determined according to European standard NF EN 1097-6.  129 



 130 

 131 

 132 

Table 1. Properties of materials 133 

Materials Cement Filler Sand CCA NA 

Size range (mm)   0/4 6.3/10 5.6/11.2 

Real dried density (g/cm3) 3.13 2.63 2.64 2.31 2.58 

WA24 (%)   0.3 4.9 0.65 
 134 

The CCA were prepared and pre-wetted prior to mixing using different initial 135 

moistures conditions and different modes of pre-wetting. Three different initial moisture 136 

conditions were used: 137 

- Oven-dried (coded OD): samples were dried at 70±5°C in the oven for 48 hours to 138 

obtain constant mass and were cooled down to room temperature prior to mixing 139 

- Under-saturated surface dry state (coded USSD) 140 

- Saturated surface dry (coded SSD) 141 

Under-saturated and saturated surface dry CCA were obtained from aggregates pre-142 

wetted using four different methods:  143 

1) In the first method, CCA were immersed in water under atmospheric pressure for 144 

24 hours, then they were brought to saturated surface dry state by letting them 145 

drained on sieves and gently drying their surface with absorbing paper (according 146 

to NF EN 1097-6), they are coded by “air-SSD” (initial water content (wi) = 4.9%) 147 

2) In the second method, CCA were under-saturated: varying amounts of water (wi 148 

=1, 2, 3 or 4%) were sprayed on dry CCA sited on a sieve under the atmospheric 149 

pressure. The under-saturated CCA are coded by “air-USSD1%”, “air-150 

USSD2%”,“air-USSD3%”, and “air-USSD4%” 151 

3) In the third method, CCA were immersed in water under low pressure (40 mbar) 152 

for 24 hours then drained and gently toweled, they are coded by “void-SSD” (wi= 153 

6%) 154 

4) In the fourth method, CCA were soaked in water under partial vacuum according 155 

to the third method. Then, they were left air drying for several time intervals to 156 

obtain different water contents, wi= 1.2, 2, 3.22, and 4.3%. These tests are coded 157 



by “void-USSD1.2%”, “void-USSD2%”, “void-USSD3.22%”, and “void-158 

USSD4.3%”. 159 

For all cases, the real water content was measured before using the pre-wetted CCA in 160 

concrete mixtures by taking a sample from the pre-wetted aggregates. After their 161 

preparation, the CCA were kept in large waterproof bags then used in the formulations of 162 

the concrete.  163 

 2.2. Mix design 164 

Normal and recycled aggregate concretes were produced following the recipes given 165 

in Table 2. Recycled aggregate concretes were formulated by performing a total substitution 166 

of NA with the same real volume of CCA. The values of the other parameters in the Table 2 167 

were changed according to the correction of the compositions to have total volume of 1 m3. 168 

Table 2. Normal and recycled concrete formulations 169 

Materials (kg/m3) Cement Filler NA CCA Sand SP  Weff (th) 

Recycled concrete 293 146.5 - 740.3 861.2 8.8 132�152 

Natural concrete 302.2 151.3 868.3 - 888.5 9 153�168 
 170 

A total of 41 batches of recycled concrete and 4 batches of normal concrete were carried out. 171 
Four series of concretes are prepared by varying only the effective theoretical water-to-172 
powder ratio (Weff (th)/P), between 0.3 and 0.34 for recycled concretes and between 0.34 173 
and 0.37 for normal ones. Here, Weff(th) vary from 132 to 152 kg/m3 in the recycled 174 
concretes formulations and from 153 to 168 kg/m3 in the natural concretes. 175 

 176 

Table 3 presents the different types of water that can be found in the concretes 177 

formulated with NA or CCA. For recycled aggregate concretes, and for each Weff(th)/P, 178 

eleven batches were made incorporating CCA used in different conditions of initial 179 

moisture. Concretes are noted according to the initial moisture state of the CCA.  180 

For each recycled concrete formulation, the Weff(th) and the mixing water added after 181 

dry mixing of components (Wmixing) were determined according to Eq.1 and Eq.2 182 

respectively. The total water (Wtotal ) corresponds to the volume of water added to the mixer 183 

plus the initial water (wi) contained in all the constituents (natural or recycled aggregates) 184 

and the water brought by the superplasticizer (wsp). The Wmixing was calculated to have 185 



approximately the same Weff(th) in all concretes of the same series, regardless of the initial 186 

moisture of CCA. 187 

����(�ℎ) = �	
	�� − ����,   ����. ����� − ����,�. ��   Eq.1 188 
 189 ������� = �	
	�� − ��� − ��. �  �  Eq. 2 190 

 191 
In the Eq. 1 and Eq. 2, WA24, sand and WA24,A correspond to the water absorption 192 

coefficients determined according to standard NF EN 1097-6 for aggregates. wi is the initial 193 

water quantity in CCA and in the sand. The NA were used dry in the mixtures. 194 

Table 3. Different types of water that can be found in normal concrete containing  natural 195 
aggregates (NA) and in recycled concretes containing CCA with  different initial humidification 196 

states (OD, air-SSD, void-SSD, air-USSD1%, ...) 197 

Concretes 
Types of water presented in the concretes (kg/m3) 

wi (%) Wmixing Wtotal Weff (th) Weff(th) / P 

NA 

0 153.0 161.4 153.1 0.338 
0 159.0 167.4 159.1 0.351 
0 161.8 170.1 161.8 0.357 
0 168.0 176.4 168.1 0.371 

OD 

0.12% 162.5 171.6 132.7 0.302 
0.12% 166.8 175.8 137.0 0.312 
0.12% 168.8 177.8 139.0 0.316 
0.12% 179.0 188.1 149.2 0.340 

air-SSD 
4.90% 126.3 170.7 131.9 0.300 
4.90% 132.5 177.0 138.1 0.314 
4.90% 142.5 187.0 148.1 0.337 

void-SSD 

6.00% 122.0 174.6 135.7 0.309 
6.00% 126.3 178.9 140.0 0.319 
6.00% 128.0 180.6 141.7 0.323 
6.00% 138.3 190.9 152.0 0.346 

air-USSD1% 

1.00% 155.0 170.6 131.7 0.300 
1.00% 159.3 174.8 136.0 0.309 
1.00% 161.3 176.8 138.0 0.314 
1.00% 171.5 187.1 148.2 0.337 

void-
USSD1.2% 

1.20% 155.0 172.1 133.2 0.303 
1.20% 161.3 178.3 139.5 0.317 
1.20% 171.5 188.6 149.7 0.341 

air-USSD2% 

2.00% 147.8 170.7 131.9 0.300 
2.00% 152.0 175.0 136.1 0.310 
2.00% 154.0 177.0 138.1 0.314 
2.00% 164.3 187.2 148.4 0.338 

void-USSD2% 

2.00% 147.8 170.7 131.9 0.300 
2.00% 152.0 175.0 136.1 0.310 
2.00% 154.0 177.0 138.1 0.314 
2.00% 164.3 187.2 148.4 0.338 

air-USSD3% 

3.00% 140.3 170.6 131.8 0.300 
3.00% 144.5 174.9 136.0 0.310 
3.00% 146.5 176.9 138.0 0.314 
3.00% 156.8 187.1 148.3 0.337 

void-
USSD3.22% 

3.22% 140.3 172.3 133.4 0.304 
3.22% 144.5 176.5 137.7 0.313 
3.22% 146.5 178.5 139.7 0.318 
3.22% 154.0 186.0 147.2 0.335 

air-USSD4% 4.00% 133.0 170.8 131.9 0.300 



4.00% 137.3 175.1 136.2 0.310 
4.00% 139.3 177.1 138.2 0.314 
4.00% 149.5 187.3 148.4 0.338 

void-
USSD4.3% 

4.30% 133.0 173.0 134.2 0.305 
4.30% 139.3 179.3 140.4 0.319 
4.30% 149.5 189.5 150.7 0.343 

 198 

2.3. Mixer and mixing power monitoring 199 

An inverter with an acquisition frequency of 10 Hz was connected to the mixer to 200 

record the power. The power curves presented in the results were plotted after an application 201 

of two consecutive averages on 10 points each (in total over 2 seconds). 202 

2.4. Experimental Procedure 203 

The CCA were used immediately in the mixing of concrete after their preparation (oven 204 

dried, pre-saturated or pre-wetted). The mixer was first filled with coarse aggregates, sand, 205 

cement and filler. Then all components were dry mixed for 30 seconds. The mixing water 206 

together with the superplasticizer were then added during 10 seconds at a constant flow rate. 207 

Then, mixing was pursued for 5 minutes. Immediately after mixing, the slump of fresh 208 

concrete was measured according to standard slump test procedure (NF EN 12350-2) but 209 

using a mini Abrams cone, half size with the same geometric ratio as the Abrams cone. 210 

3. Results and discussions 211 
 212 

3.1. Slump after mixing 213 
 214 

Figure 1 shows the variation of the initial slump of the fresh recycled concretes as a 215 

function of Weff(th)/P for different initial moisture contents and different pre-wetting 216 

methods of CCA. For each initial water content, the variations of the initial slump were 217 

established for the two types of pre-humidification under air and under partial vacuum.  218 

The slump values of all mixes increased with the Weff(th)/P and the initial slump 219 

varies between 0 and 12 cm. In addition, the initial slumps of all the concretes tested 220 

increase with the Weff(th)/P ratio, whatever the conditions of initial humidity. It is also 221 

observed that recycled concretes containing LT pre-wetted CCA (dashed lines) are less fluid 222 

than those containing ST pre-wetted CCA (continuous lines), for the same ratio Weff(th)/P 223 

and the same amount of the initial water in CCA. This observation can be explained by the 224 

fact that, in recycled concrete, the LT pre-wetted RCA absorb more water than the ST pre-225 

wetted CCA, leading to lack of free water in the mixture influencing the slump. However, 226 



for wi = 3%, it is noted that at low Weff(th)/P, the pre- humidification mode (under 227 

atmospheric or low pressure) did not affect the initial slump of fresh concrete. On the other 228 

hand, the maximum difference was obtained between the initial slump of fresh recycled 229 

concrete containing air-USSD4% CCA and void-USSS4.3% CCA. This is in complete 230 

agreement with the results observed on water absorption tests performed in water on pre-231 

wetted recycled concrete aggregate in the study of Khoury et al. [22]. 232 

 233 
Figure 1. Initial slumps of recycled concretes containing 100% CCA, oven dried (OD), 234 

saturated surface dried (void-SSD and air-SSD) long-term pre-wetted (void-USSD) and short-term 235 
pre wetted (air-USSD) and with different initial moisture condition for different Weff (th)/P. 236 

At low initial moisture, the behavior of both LT and ST pre-wetted samples was rather 237 

similar to the oven dried sample. The behavior remained similar for all ST under saturated 238 

samples, but with some more free water in the mixture for the lower initial moisture CCA. 239 

At opposite, the LT under saturated CCA induced less free water in the mixture for the 240 

higher initial moisture cases. To finish, the air-saturated CCA (air-SSD) had intermediate 241 

behavior between the ST pre-wetted samples and the LT pre-wetted samples.  242 

3.2. Mixing power curves 243 
 244 
 Figures 2 presents the results of mixing power recorded for different batches of 245 

recycled concrete with Weff(th)/P near to 0.34. These results show that variation in the initial 246 



moisture condition changed the mixing behavior of the mixture. By considering the higher 247 

water content level (0.34) it can be observed that the mixing power remains constant during 248 

the dry mixing of the components for 30 seconds (after the stabilization of the effect of 249 

mixer starting). The level of stabilized power is dependent on the initial moisture condition. 250 

When the addition of the mixing water began, the power increased considerably. The power 251 

continued to increase after the end of the addition of the mixing water until reaching the 252 

point of maximum cohesion [26]. This can be explained by the fact that, after the addition of 253 

the mixing water, the amount of liquid in the overall mixture increases. The space between 254 

the particles begins to be filled, it is the funicular state. When the spaces are completely 255 

filled with water, the bridges are saturated but with a dry outer surface, this is the capillary 256 

state. When particles are totally enclosed in a liquid, a state of solid-liquid dispersion is 257 

obtained. So the mixture needs less power to be well mixed. 258 

 Subsequently, the power gradually decreased during the formation of the granular 259 

paste and continued decreasing to reach the fluidity point [26], in these cases there is a 260 

limitation of detection of the point of fluidity. After fluidity point, the power continued to 261 

decrease at a lower rate up to the end of the mixing as a consequence of the dispersion of 262 

fine particles produced by the plasticizer. 263 

 264 

Figure 2. Mixing power evolution with the mixing time for mixture with theoretical effective 265 
water to powder ratio of 0.34 and different initial moisture conditions of the CCA; the initial slump 266 

(si) of each corresponding initial moisture condition is indicated in the legend 267 



It can be observed that the power curves of recycled concrete incorporating CCA pre-268 

moistened under partial vacuum (LT) are upper than the power curves of recycled concrete 269 

incorporating CCA that were pre-moistened under atmospheric pressure (ST). This can be 270 

explained by the fact that the LT pre-wetted CCA absorbed more water than the ST pre-271 

wetted CCA [22]. So, there was less free water in recycled concrete mixture using LT pre-272 

wetted CCA, the concrete was less fluid, and the mixer consumed more power.  273 

A very particular case is the 4% of initial moisture. It was shown in a previous work 274 

that the nearly saturated CCA under spraying, blocked the absorption of new water during 275 

subsequent immersion in water [22]. So, the total water absorbed was lower in this case 276 

compared to all other initial moisture conditions [22]. This was not the case for the same 277 

level of initial moisture obtained by long-term wetting. This phenomenon explains the large 278 

difference between the levels of the power curves for these two tests: the LT test shows 279 

much more absorbed water by the CCA than the ST test. 280 

Results in Figure 2 also show that slightly under-saturated samples (both LT and ST 281 

tests) were more workable than oven dry CCA. The saturated CCA produced much less 282 

workable mixture. These conclusions are in agreement with the experimental results 283 

presented in [23]. 284 

The behavior at lower total water content globally presented the main trends as for the 285 

previously discussed situation. It is interesting to underline that in all cases the lower fluidity 286 

with short-term under saturated CCA was obtained for an intermediate level – 3% (OD, 1%, 287 

2% and 4% produced more workable mixture). The LT and ST saturated CCA produced 288 

very similar workability and had very similar mixing power evolutions with the mixing 289 

time, even if the level of saturation was significantly different for these situations. Finally, in 290 

all cases, the less workable mixture was obtained for the LT highest level under-saturated 291 

CCA (4%). The water absorbed by these CCA during mixing was even higher than the water 292 

absorbed by the LT saturated CCA which was supposed to liberate some water into the 293 

mixture during the mixing. This was a very surprising result consistently observed. 294 

4. Interpretation of power results 295 
 296 

4.1. Different steps of agglomeration during concrete mixing 297 
 298 

In the literature, the evolution of wet granular mixtures is described as a function of 299 

the amount of added liquid [29]. 300 



In this part, the mixing procedure is divided into three stages: - dry mixing - start of 301 

the wet mixing (after the addition of the mixing water) and - end of the wet mixing. During 302 

these three mixing steps, the effective water content in the granular mixture varies. 303 

In the following analysis, three averages of recorded power are performed over three time 304 

intervals: 1- power during dry mixing (average power over the first 30 seconds), 2- power at 305 

the beginning of wet mixing (average between 50 and 60 seconds) and 3- power at the end 306 

of wet mixing (average over the last 10 seconds). 307 

- Dry mixing 308 

Figure 3 shows the average of the power results recorded during dry mixing of the 309 

components of recycled aggregates with different Weff(th)/P ratios in function of initial 310 

moisture of CCA incorporated in the formulations. In this figure, each point represents the 311 

average power measured during dry mixing for concretes with the same initial water 312 

content, corresponding to the four Weff(th)/P ratios tested. Here, the ratio Weff (th)/P does not 313 

affect the interpretation of the powers during the dry mixing. In all recycled concrete 314 

mixtures, the same quantities of dry materials (cement, filler and sand) were used and the 315 

only difference was in the initial saturation state of the CCA. At the beginning of the dry 316 

mixing the power fluctuations are negligible (average standard deviation for all the mixtures 317 

is around 0.0018 kW). These differences are very small compared to the small amount of 318 

concrete produced (4 liters) and the error can be considered systematic because the mixing 319 

tests were performed at the same time, in the same period of the year. 320 

It can be observed that, during the dry mixing, and when the wi increases the power 321 

increases because the capillary bridges increase in the mixture. This observation can be 322 

explained by the fact that during dry mixing, the water in the pre-moistened CCA tends to 323 

come out in the mixture. The power of the mixer therefore increases with the initial 324 

humidity of the CCA. But it should not be forgotten that at this stage the water content is 325 

very low in the overall mixture (CCA pre-humidified or not, dry sand, cement and filler) 326 

before the addition of the mixing water. The phenomenon observed at the beginning of dry 327 

mixing corresponds to the distribution of the liquid on the surface of the particles. The 328 

amount of water is still low so as not to form enough liquid bridges and increase the 329 

cohesion of the system. 330 



In addition, it can be observed that, in the recycled concrete with CCA pre-moistened 331 

with LT mode, the power during dry mixing is smaller than that for concretes with GBR pre-332 

moistened with ST. This can be explained by the fact that, in LT pre-wetted CCA, the water 333 

was located in a less accessible porosity than that contained in ST pre-wetted CCA. The 334 

amount of water released in the mixture is therefore in this case lower than in the concrete 335 

with ST pre-wetted CCA. 336 

The recycled concrete incorporating dry CCA and LT pre-wetted CCA with small wi = 337 

1.2% have the same power in dry mixing. Therefore, initially wet CCA with a very small 338 

amount of water have the same behavior in the concrete as if they are dry. 339 

 340 

Figure 3. Global average of power of the mixing of recycled aggregates with four ratios 341 
Weff(th)/P for each initial moisture amount wi and modes under atmospheric pressure (ST) and under 342 

lower pressure (LT) 343 

- Wet mixing: beginning and end 344 

Figure 4 shows the evolution of the power of the mixer at the beginning and the end 345 

of wet mixing for one case with wi = 4-4.3%. The wet mixing begins just at the end of 346 

loading of mixing water. In the two graphs presented in Figure 4, same phenomenon is 347 

observed at the beginning and at the end of the wet mixing. It can be observed that, the 348 

power decreases with the Weff /P ratio. And this is observed for all initial conditions of pre-349 

wetting of CCA. 350 
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 351 
Figure 4. Powers of the mixer at the beginning (left) and the end (right) of wet mixing of 352 

recycled concrete with 4% initial moisture (LT and ST) for CCA incorporated in recycled concretes 353 
in function of the ratio Weff(th)/P. 354 

 355 

4.2. Evolution of the real effective water according to the power curves 356 
 357 

In this section, an original method to estimate the evolution of Weff(real) in recycled 358 

aggregates concrete during mixing is developed. To do this, the power curves registered 359 

during mixing of normal concretes are used as calculation charts for the recycled aggregate 360 

concretes. 361 

Figure 5 shows the power consumed during the mixing of normal concretes for the 362 

four Weff(th)/P ratios (0.338, 0.351, 0.357 and 0.371). It is observed that the power 363 

consumed increases when the ratio Weff(th)/P decreases, therefore with the Weff(real) 364 

reduction in the mixer. It can be considered in this analysis that the Weff(th)/P ratios of 365 

normal concretes are equal to Weff(real)/P because the NA used are quasi non absorbing. It is 366 

thus considered that there was no water exchange between the NA and the mixture of 367 

normal concrete. 368 

In addition, we hypothesize that, when the dissipated power for a recycled concrete is 369 

the same as that dissipated for a normal concrete, then the Weff(real) they contain are 370 

identical for the two concretes. This assumption can be justified on the basis of the 371 

following arguments: 372 

- Formulations of recycled aggregate concrete were close to those of normal concretes 373 

and were designed to remain in the same consistency range as normal concretes (initial 374 

slumps ranged from 0 to 11 cm). The NA were notably replaced by the same real volume of 375 

CCA 376 



- In the 4 formulations of normal concrete, only the effective amount of water 377 

changed. Consequently, the differences observed between the powers of these 4 concretes 378 

are due solely to the variation of the effective water from one batch to another 379 

- Finally, the power consumed during the dry mixing of normal concrete was almost 380 

identical to the power consumed by recycled concrete. It is therefore assumed here that it 381 

was only the variation of the effective water during mixing which was responsible for the 382 

variation of power from one concrete to another. 383 

 384 
Figure 5. Mixing power curves for ordinary concrete, and intersection with an example of 385 

power curve of recycled concrete 386 

In addition, Figure 5 shows an example of how to exploit a power curve obtained for 387 

a normal concrete in order to estimate the Weff(real)/P in a recycled aggregate concrete 388 

(void-SSD 0.337). We can, from the points of intersection and with an interpolation, 389 

determine the evolution of the Weff(real)/P at every moment of concrete mixing. 390 

From the intersection of the power curves of each recycled aggregate concrete with the 391 

power curves of the four normal concretes, the  Weff(real)/P  is determined for each recycled 392 

aggregates concrete for 9 given  intervals of mixing time (Ti= 0, 10 , 30, 60, 90, 120, 180, 393 

260 and 290 seconds?). Here, the intervals of time are taken from the end of the introduction 394 



of water into the mixture. For each of these intervals (Ti), the power taken into account is 395 

the average of the powers consumed between the instants Ti and Ti + 10s.   396 

At the instant T0, Weff(real, T0)/P is determined according to Eq. 3 neglecting the 397 

water exchanged by the humidified CCA with the mixture during dry mixing. 398 

���� (real, %&) =  �	
	�� − �� ∗ �  �    Eq. 3 399 
 400 
Where, wi is the initial amount of water and MCCA mass of CCA. 401 
 402 
At 10, 30, 60, 90, 120, 180, 260 and 290 seconds after the end of the water 403 

introduction, Weff(real)/P is extrapolated linearly at each moment using the power curves 404 

and the Weff (th )/P of the normal concretes. The same procedure is used for all formulations 405 

with CCA in different initial moisture states and with different Weff(th)/P. For the 406 

presentation of results in the following figures the very beginning of wet dry mixing is 407 

considered as the origin of the time axis. 408 

Figure 6 shows the evolution of Weff(real)/P in recycled aggregate concrete, 409 

incorporating OD CCA, during mixing. It can be observed in this figure that the Weff(real)/P 410 

estimated decreases with the mixing time. It is also observed that, whatever the mixing time 411 

is, the effective water actually present in the concrete is systematically higher than the 412 

effective water theoretically determined according to the European standard NF EN 206-413 

1/CN. As a result, CCA are unable to absorb the full amount of water added according to the 414 

standard to compensate for their absorption. We can conclude from this that the water 415 

absorption of CCA in concrete must be determined by another method than that used for NA 416 

in normal concretes. 417 



 418 

Figure 6. Evolution of the Weff (real)/P ratios for recycled concretes incorporating dry CCA 419 
for different theoretical Weff (th) / P ratios. 420 

Figure 7 shows the evolution of Weff(real)/P in the recycled concrete mixture 421 

containing CCA pre-wetted with different modes under air (ST) and under partial vacuum 422 

(LT) and with different amounts of initial water (wi = 2% and 4-4.3%).First, it is observed 423 

that the same behavior is obtained for the evolution of Weff (real) /P in all the cases 424 

presented. Indeed the effective water decreases during the first 300 seconds of mixing time. 425 

After it remains substantially constant until the end of mixing. Weff (real) / P thus stabilizes 426 

after about 300 seconds during mixing, for recycled concretes incorporating initially CCA 427 

pre-moistened with small amounts of water either under vacuum or under air. Second, for 428 

the recycled concretes contained initially CCA pre-moistened with larger amounts of water 429 

either under vacuum or under air, the actual effective water estimated increases at the 430 

beginning of mixing up to about 60 seconds and then decreases during mixing until 431 

stabilization is achieved. This stabilization appears to occur earlier than for the lower initial 432 

water contents, approximately 240 seconds instead of 300 seconds previously. Thus, with 433 

pre-humidification under partial vacuum, the stabilization of the Weff (real) seems to be 434 

faster.  435 



 436 

Figure 7. Evolution of the Weff (real) / P ratios for recycled concretes incorporating CCA pre-437 
moistened with CT and LT method with different wi (2% and 4%) in function of mixing time and 438 

theoretical ratios Weff (th) / P. 439 

 440 

4.3. Estimation of the water absorbed by CCA during the mixing of recycled 441 
concrete 442 

 443 

The data analyzed above make it possible to determine the trapped water (WT) in the 444 

CCA at each moment of mixing (T) according to Eq.4. The latter takes into account: Weff 445 

(th), Weff, T (real) at the instant T determined by the method discussed above, the quantity of 446 

powders P (cement and filler), the mass of CCA (MCCA) and the water absorption coefficient 447 

of CCA (WA24, CCA). Then the water absorption capacity of CCA during mixing (Wabs, 448 

concrete) is estimated using Eq.5. Wabs, concrete therefore represents the amount of water 449 

absorbed by the CCA during mixing. 450 

�( = )*+,--(	.)
� / − *+,--,   0(1���)

� /2 ∗ �
3445 + ����,     �      Eq. 4 451 

��7�,   8
�81�	� = �((9: ���;	��) − ��     Eq. 5 452 

Figure 8 shows the variation of the water absorption capacity of CCA in recycled 453 

concrete during mixing in function of their initial moisture conditions and pre-454 



humidification mode, and in function of Weff(th)/P. A difference can be observed between 455 

the water absorption capacity of dry CCA (OD) and under saturated CCA with wi = 2 % at 456 

CT and LT. With a long-term pre-humidification (partial vacuum) the absorption of CCA in 457 

concrete is higher. For partially saturated CCA (USSS2%, USSS3-3.2% and USSS4-4.3%), 458 

water absorption is 0.5 to 1% greater when CCA were pre-wetted under partial vacuum than 459 

when they wre pre-wetted under atmospheric pressure. The same observations were made in 460 

a previous work [22]. 461 

Figure 9 shows the variation of the water absorption capacity of CCA in recycled 462 

concrete in function of their initial moisture states, and their pre-humidification mode, and in 463 

function of Weff(th)/P. Here, the studied cases are under saturation states with wi close to 464 

80% of WA24 (air-USSS4% and void-USSS4.3%) and saturation states (air-SSS and void-465 

SSS). 466 

Apart from the initial state void-USSS4.3% which absorbs a small amount of water, 467 

the absorptions of the other 3 states studied are all negative and this can be explained by the 468 

fact that the CCA release water during mixing. This result differs from what was observed in 469 

previous work [22] where the absorption in water was negligible. In addition, CCA under 470 

saturated with 80% of WA24 (air-USS4%) releases more water into the mixture than CCA 471 

saturated under vacuum. These results confirm the observations on the results of the initial 472 

slump of these concretes and the power curves. 473 

 474 

Figure 8. CCA water absorption capacity with different pre-humidification states, OD, air-475 
USSD and void-USSD with lower amount of initial water in CCA. The red bars represent the water 476 
initially present in the CCA after their humidification and before their incorporation into the mixture 477 

of concrete at atmospheric pressure. The red bars with pattern correspond to pre-humidification 478 
under partial vacuum. Green bars represent water absorbed by CCA during concrete mixing. 479 



 480 

Figure 9. CCA water absorption capacity in different pre-humidification states, air-USSS4%, 481 
void-USSS4.3%, air-SSD and void-SSD. The red bars represent the water initially present in the 482 

CCA after their humidification and before their incorporation into the mixture of concrete at 483 
atmospheric pressure. The red bars with pattern correspond to pre-humidification under partial 484 

vacuum. Green bars represent water absorbed by CCA during concrete mixing. 485 
 486 

4.4. Saturation level in the CCA 487 
 488 
Till this section, two modes of humidification are distinguished. Short-term 489 

humidification, where water is initially located in pores accessible to water and long-term 490 

using partial vacuum, in this case the initial water is also located in the less accessible pores. 491 

In this section, the saturation rate of CCA during concrete mixing is investigated. To 492 

do this a comparison between Weff (th) and Weff (real, T=335s) is carried. 493 

Figure 10 shows the evolution of Weff (real, T = 335s)/P as a function of Weff (th)/P. 494 

the recycled concretes incorporating CCA with different initial moisture are separated into 4 495 

groups: a first group with concretes based on OD, air-USSS (1 to 4%) and void- USSS1% 496 

CCA, a second group with recycled concretes based on air-SSS and void-USSS3.22% CCA, 497 

a third group with recycled concrete based on void-USSS2% CCA, and a last group with 498 

recycled concretes based on void-SSS and void-USSS4.3% CCA. 499 



 500 

Figure 10. Comparison of the effective water to powder ratio  at T = 335s (Weff (real, T=335s)) 501 
and the theoretical effective water to powder ratio (Weff(th)/P) in function of  the saturation levels of 502 

CCA during concrete mixing. 503 
For concretes initially containing small quantities of initial water (OD, air-USSS1-4% 504 

and void-USSS1%) the slope of the evolution of Weff(real, T=335s)/P in function of Weff(th) 505 

is 1.11. Therefore, the actual effective water estimated is 11% larger than the theoretical 506 

effective water. For concrete based on air-SSS and void-USSS3.22% CCA, the slope is 1.03. 507 

The actual effective water is 3% larger compared to the theoretical effective water. For 508 

saturated CCA with vacuum (void-SSS and void-USSS4.3%) the slope is 1.01. In this case 509 

the calculation of the effective theoretical water provides a good estimate of the actual 510 

effective water. Therefore, to control the actual effective water in fresh concrete, the 511 

theoretical water calculation must consider not only the water absorption capacity of CCA in 512 

concrete but also the humidification history of these ones. 513 

5. Conclusion 514 
 515 

This paper presents an original method for tracking the actual effective water 516 

exchanges as well as the water absorption capacity of a CCA when mixing new concrete. 517 

The method consists in following the power curves evolution of the mixer during mixing for 518 

different scenarios of initial moisture porous aggregates. Some previously observed 519 

phenomena were confirmed, and several new phenomena were consistently observed.  520 



Actual effective water is estimated from a comparison between fresh recycled aggregate 521 

concrete power curves and those of normal concretes with compositions and properties like 522 

recycled concrete. One of the main advantages of the method is that it allows continuous 523 

monitoring of water exchanges between the aggregate and the mixture.  524 

The results show that, except for some saturation conditions (high saturation rate for 525 

LT saturation), the actual effective water in the mixture is consistently higher than the 526 

theoretical effective water calculated according to water absorption capacity measured 527 

according to EN 1097-6. This deduction was confirmed by the results of the initial slumps of 528 

fresh recycled concretes incorporating OD CCA that were more fluid than expected. This 529 

can be explained by the fact that the CCA cannot absorb during mixing the total amount of 530 

water added to compensate for its absorption determined by EN 1097-6. Thus, effective 531 

water must be determined considering not only the water absorption capacity but also the 532 

history of its pre-humidification or its initial moisture. 533 

In addition, it can be deduced that the Weff (real /P) in the mixture with CCA that were 534 

LT pre-wetted stabilizes faster than that in a mixture with CCA that were ST pre-wetted. For 535 

pre- saturated CCA after immersion in water for 24 hours under partial vacuum or under air 536 

respectively, the real effective water decreases with the mixing time but with a stabilization 537 

at 180 seconds. 538 

The results show also that with a vacuum saturation the real effective water can be 539 

controlled by determining the effective theoretical water at the beginning of the concrete 540 

production as a function of the initial state of saturation. Long-term humidification allows 541 

the least accessible pores of CCA to be filled and then reduces water exchange between 542 

CCA and cement paste in concrete. On the contrary, for ST saturation with spraying, the 543 

water is located essentially in the most accessible pores and is thus easily exchangeable 544 

during mixing. However, these results have yet to be completed in order to be able to further 545 

the analyses. 546 

Finally, recommendation could be considered in the use of CCA in new concrete 547 

formulation for example using a lower nominal absorption value than the standard WA24 in 548 

calculating effective water. This value can be equal to 60-75% of WA24 if the CCA is used 549 

dry. And if used pre-humidified the value will be proportional to the initial water content in 550 

the porosity of CCA and higher for the CCA slowly pre-wetted (LT pre-wetted). 551 
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