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Abstract: Chloride ingress is strongly associated with the properties of pores 16 

in recycled concrete. To unlock its role in chloride permeability, the pore 17 

structures of concrete containing various quantities of recycled coarse (fine) 18 

aggregates were analyzed from multi-scales, and the outcomes were further 19 

verified by the statistical investigation. The results show that different roles that 20 

recycled coarse (fine) played in terms of the pore structures of recycled 21 

concrete, as reflected by their volume and diameter of mesopores and 22 

micropores, respectively. Meanwhile, Unlike the previous studies, two key pore 23 

parameters (i.e., PV<1 and PT) were put forward, revealing their strong 24 

interconnections with chloride diffusion of recycled concrete, as confirmed by 25 



the statistical analysis. Further, a model concerning chloride permeability of 26 

recycled concrete was proposed on a basis of the probability theory, and the 27 

newly proposed factor Rp (relied on the previous two pore parameters) has a 28 

great relevance to effective chloride diffusion. Therefore, this work enhances 29 

accuracy of prediction for chloride diffusivity and durability associated with 30 

recycled concrete. 31 

 32 
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 35 

Nomenclature 36 

RCAs: Recycled coarse aggregates 37 

NCAs: Natural coarse aggregates  38 

RFAs: Recycled fine aggregates 39 

NFA: Natural fine aggregate 40 

SP: Superplasticizer 41 

ITZs: Interface transition zones 42 

RCAC: Recycled coarse aggregate concrete  43 

RFAC: Recycled fine aggregate concrete 44 

X-CT: X-ray computed tomography 45 

MIP: Mercury intrusion porosimetry 46 

SEM: Scanning electron microscope 47 

NMR: Nuclear magnetic resonance 48 



DCl
-: Chloride migration coefficient 49 

 50 

1 Introduction 51 

Substitution of natural aggregates with recycled ones to produce concrete 52 

enables the production of more sustainable mixtures and facilitates the 53 

development of a circular economy [1]. Thus, many countries have encouraged 54 

the use of recycled aggregates in a number of applications, and they have been 55 

applied in highways, houses and other projects, which attracted widespread 56 

attention [2-4]. Recently, scholars have investigated the possibility of using 57 

recycled concrete in marine structures [5-6]. However, marine structures are 58 

susceptible to the intrusion of chloride, which results in the corrosion of steel 59 

bars, the cracking of concrete and ultimately the deterioration of structures [7]. 60 

Worse still, the adoption of recycled aggregates for the preparation of concrete 61 

was thought to reveal negative impacts on its chloride resistance [8-11], indicating 62 

a linear relationship between chloride diffusivity and the replacement ratios of 63 

the RCAs [12-14]. Alternatively, Evangelista et al. [15] revealed that when the 64 

quantity of the RFAs increased within concrete, an increment rate of 34% was 65 

presented in the non-steady-state DCl
-, as compared with normal concrete. The 66 

increased chloride diffusivity of recycled concrete was due to its porous nature 67 

associated with the presence of the old mortar attached to the surface of 68 

recycled aggregates, bringing about an obvious increase in total porosity that 69 

provided the paths for chloride ingress [16-17]. In view of this, chloride ingress is 70 

strongly associated with the properties of the pores in recycled concrete, and 71 

before any measures that could be taken to enhance the performance of 72 

recycled concrete in a marine environment, it is of great significance to reveal 73 

the relationship between the pore structure and chloride penetration within 74 

recycled concrete. 75 



 76 

Certain properties of the pores including size, tortuosity, and total porosity are 77 

highly correlated with chloride penetration. Although there have been some 78 

attempts to propose relationships between the pore structure and chloride 79 

diffusivity within concrete, the outcomes varied among several research groups 80 

[18-22]. For example, Zhang et al. [23] demonstrated that there was a close 81 

correlation between DCl
- and pore structure parameters including the total 82 

specific pore volume and the most probable pore diameter, as measured by 83 

MIP. Besides, the influences of pore size distribution on concrete permeability 84 

were reported to be significant [24-25]. Accordingly, pores > 100 nm were thought 85 

to increase concrete permeability due to capillary action [26]. The effective 86 

chloride diffusivity in mortar can be expressed as a function of capillary porosity 87 

and critical porosity, and the model was verified by the experiment results [27]. 88 

However, facilitated by MIP and NMR, Zhang et al. [28] also demonstrated that 89 

an increase in effective chloride diffusion coefficient was accompanied by the 90 

contributive porosity with a pore size between 10–1000 nm and 100–1000 nm, 91 

whereas Yang [29] claimed that both the steady-state and non-steady-state DCl
- 92 

were linearly related to the capillary pore volume (i.e. pore diameter of 30-93 

10000 nm) and the critical pore diameter. In addition to the pore size distribution, 94 

Wang et al. [30] also put forward an integrated pore index that combined pore 95 

tortuosity with pore volume. A prediction model was also established with regard 96 

to DCl
- of recycled concrete, where several complex environmental factors were 97 

taken into account. 98 

 99 

Research performed in this area so far mainly used MIP and NMR to determine 100 

the relationship between the pore structures and chloride diffusivity of concrete, 101 

where the properties of the pores were clarified from a microscale. However, 102 



existing studies rarely investigated the pore structure of recycled concrete by 103 

taking the ITZs into account, which is the region between the aggregate and 104 

the paste, and since it will provide more channels for chloride ingress, ITZs is 105 

particularly important that determined the performance of recycled concrete. 106 

The ITZs in recycled concrete mainly consists of the new ITZs between the old 107 

and new mortar, and the old ITZs between the old mortar and aggregates, and 108 

the special constitution of RACs may result in different performances of 109 

recycled concrete than normal concrete. For instance, chloride diffusivity of 110 

recycled concrete increased with the increment of old mortar volume and the 111 

old ITZ thickness simultaneously when RCA substitution rates were the same 112 

[31-32]. A number of studies investigated the ITZs via the use of nanoindentation 113 

[33-35], whereas from a mesoscale, other new approaches such as X-CT are 114 

capable of unveiling the correlation between the pore structure and chloride 115 

ingress within concrete. Therefore, to provide an improved prediction of chloride 116 

diffusivity and durability of recycled concrete, the relationship between the 117 

microscopic/mesoscopic structures of recycled concrete and its chloride 118 

penetration could be a promising solution.  119 

 120 

In this study, the relationship between the pore structure of recycled concrete 121 

and chloride penetration was revealed from multi-scales, facilitated by 122 

correlation analysis. Finally, information gathered on the pore structures of 123 

recycled concrete was used in establishing a mathematical model, where the 124 

probability theory was applied. 125 

 126 

2 Materials and Methodology 127 

2.1 Materials 128 



The grade of cement used in this study was P∙O 42.5, which was manufactured 129 

by Anhui Hailuo Cement Co. Ltd, with the chemical compositions shown in 130 

Table 1. The NFAs (Apparent density: 2560 kg/m3; Fineness modulus: 3.2; 131 

Water absorption: 3.5%) and RFAs (Apparent density: 2460 kg/m3; Fineness 132 

modulus: 3.2; water absorption: 10.1%) were used. The crushed granites with 133 

a diameter of 5–25 mm were used as the NCAs (Apparent density: 2680 kg/m3; 134 

Water absorption: 0.4%; Crushing index value: 7%), and the RCAs (Apparent 135 

density: 2580 kg/m3; Water absorption: 2.6%; Crushing index value: 11%) 136 

produced by Zhoushan Jinke Resources Recycling Co. Ltd. were used in this 137 

study to partially replace the NCAs. The particle size distributions of NCAs, 138 

RCAs, NFAs and RFAs were obtained by sieving tests, as presented in Fig. 1. 139 

As seen from Fig. 1, in order to make the gradation of RCAs approximate to 140 

that of NCAs, the obtained RCAs used in this study were carefully selected via 141 

the mixing of two kinds of RCAs in a certain proportion. 142 

 143 

2.2 Mix proportions and specimen preparation 144 

The w/b ratio was fixed as 0.45; The sand ratio was set as 40%. To prepare 145 

RCAC and RFAC, 0, 25 wt.%, 50 wt.%, 75 wt.% and 100 wt.% of NCAs and 146 

NFAs were replaced by the RCAs and RFAs. Given the difference in the water 147 

absorption between the recycled aggregates and natural aggregates, additional 148 

water should be incorporated for the specimen preparation, and the slump was 149 

kept between 160 and 200 mm via the use of a superplasticizer. The details of 150 

concrete mixtures were presented in Table 2. Specimens with the dimensions 151 

of Φ100mm*200mm were prepared for a chloride penetration test. For the MIP, 152 

X-CT and SEM analysis, the dimensions of 100mm*100mm*100mm were 153 

selected. After casting, all the specimens were cured for 24 hours before 154 

demoulding, and they were moved to the room with a temperature of 20±2°C 155 



and relative humidity of 98±2% for further curing up to 28 days. 156 

 157 

2.3 Methodology 158 

2.3.1 Chloride penetration test 159 

According to the Chinese standard GB/T50082-2009 [36], the rapid chloride 160 

migration (RCM) test was selected to measure the non-steady state DCl
- of 161 

recycled concrete, as shown in Fig. 2. The Φ100mm*200mm specimens were 162 

cut into 3 cylindrical specimens with a diameter of (100±1) mm and a height of 163 

(50±2) mm. Chloride could penetrate the specimens under an applied constant 164 

external voltage (U). After the test, to measure chloride penetration depth (Xd), 165 

the specimens were then split along the central axis and sprayed with 0.1 mol 166 

of AgNO3 solution. The DCl
- can be calculated as Eq. 1. 167 

 168 

𝐷𝐶𝑙− =
0.0239×(273+𝑇)𝐿

(𝑈−2)𝑡
(𝑋𝑑 − 0.0238√

(273+𝑇)𝐿𝑋𝑑

𝑈−2
)           Eq. 1 169 

 170 

Where U is the absolute value of the voltage (V); T is the average temperature 171 

in the solution (°C); L is the thickness of the specimens (mm); t is the test 172 

duration (hours). 173 

 174 

2.3.2 MIP  175 

The micropores of recycled concrete were determined through a MIP test. 176 

The100*100*100 mm specimens were broken into small pieces with a size of 177 

3*3*3 mm, and they were dried at 60°C for 24 hours. The mercury analyzer 178 

used for this experiment was an AutoPore IV9510 automatic mercury 179 



porosimeter (Micromeritics Instrument Corporation). The pressure from 0.10 to 180 

60000.00 psi was applied for the measurement in this study. 181 

 182 

2.3.3 X-CT 183 

The mesopore structures of recycled concrete were determined through an X-184 

CT test. To acquire the X-ray transmission projections, the 185 

100mm*100mm*100mm specimens were scanned by a device, XTH255/320 186 

LC (Nikon, Japan), equipped with a high-resolution detector (2000*2000 pixels). 187 

After 3D reconstruction, the image sets were loaded into the software, 188 

VGStudio Max 3.0, for pore analysis. To obtained the images, surface 189 

determination was carried out after the removal of the background noise. Then, 190 

according to the pore analysis module, the properties of each pore inside the 191 

specimens including the pore diameter and volume can be acquired. 192 

 193 

2.3.4 SEM 194 

Recycled concrete used for SEM were disintegrated into small pieces, and they 195 

were dried at 60°C for 24 hours. Those small pieces were sprayed with gold for 196 

60 seconds before SEM analysis. The microstructures of the specimens under 197 

different magnifications were observed and captured with an HV-01-43 Field 198 

Emission Scanning Electron Microscope (Producer: Sigma, Germany). 199 

 200 

2.3.5 Correlation analysis 201 

Correlation analysis is a statistical method to clarify the relationship between 202 

different parameters, where the degree of correlation could be revealed. The 203 

Pearson's correlation coefficient and Euclidean distance were used as two 204 



indicators during the correlation analysis. When studying these two parameters, 205 

a greater absolute value of the Pearson correlation coefficient indicates their 206 

stronger correlation, whereas a smaller Euclidean distance implies their higher 207 

degree of similarity. In this study, the Pearson correlation coefficients and 208 

Euclidean distance were calculated by the statistical software, SPSS. 209 

 210 

3 Result and Discussion 211 

3.1 Chloride migration coefficient 212 

Fig. 3 shows the DCl
- of recycled concrete. As expected, the use of the RCAs 213 

and RFAs both promoted the chloride diffusion of recycled concrete. 214 

Accordingly, as the replacement ratio of the RCAs and RFAs increased, the DCl
- 215 

of recycled concrete significantly increased, which could be related to the 216 

inferior properties of old mortar and ITZs [37-38] and the corresponding 217 

differences in the pore structures [39]. For instance, when compared with the 218 

normal concrete and C100F0, the DCl
- of RCAC and RCFC increased by 48.2% 219 

and 37.4% when the replacement level of the RCAs and RFAs reached 100%, 220 

respectively, which were in line with the findings from the previous research [11-221 

15], where an increased rate of the permeability coefficient was seen ranging 222 

from 30%-50% and 30%-100% when all the natural aggregates were 223 

completely replaced by the natural ones. In view of the previous data and our 224 

results, it is difficult to establish a general relationship between the recycled 225 

aggregates’ quantity and DCl
-, which could be attributed to the various sources 226 

and components of waste concrete used for the manufacturing of the recycled 227 

aggregates, and in order to accurately predict the chloride diffusion of recycled 228 

concrete, seeking a more universal relationship between its pore structures and 229 

DCl
- could be a possible approach, as elaborated later.  230 

 231 



3.2 Pore structure 232 

3.2.1 Micropores 233 

Fig. 4 (a1), (b1), (c1) and (c2) show the porosity, average pore diameter and 234 

pore size distribution of recycled concrete from a microscale, as acquired from 235 

MIP. The figure demonstrates that as the proportion of the RCAs increased, 236 

only a slight increase in the total porosity of recycled concrete is observed, as 237 

revealed in Fig. 4 (a2), with an average pore diameter of around 18-23 nm. At 238 

the same time, the pore size distribution of C0F0-C100F0 were also nearly the 239 

same (Fig. 4 (c3)), indicating that the different quantities of the RCAs used in 240 

recycled concrete preparation failed to alter its pore size distribution. 241 

Alternatively, a different trend is seen in the specimens containing various 242 

contents of the RFAs with regard to the micropores. For instance, with the 243 

growth of the RFAs’ content, the porosity of RFAC increased significantly, and 244 

the use of the RFAs raised the proportion of the pores with a diameter of 245 

≤100nm, thereby reducing the average pore diameter of RFAC (Fig. 4 (b2)).  246 

 247 

Furthermore, according to the classification of the pore diameter, micropores 248 

can be divided into 4 groups [40]: (i) Large pores, PL (>1000 nm); (ii) Capillary 249 

pores, PC (100-1000 nm); (iii) Transitional pores, PT (10-100 nm); and (iv) Gel 250 

pores, PG (<10 nm). Fig. 5 shows the volumes of PL, PC, PT and PG in RCAC 251 

and RFAC. For RCAC, the volumes of PL, PC, PT and PG were very close 252 

irrespective of the RCAs’ quantity. Alternatively, regarding RFAC, the volumetric 253 

increase of PT and PG was observed with an increasing RFAs’ proportion. 254 

Considering the small proportions of PL and PC and their negligible variations, 255 

the porosity of RFAC containing different quantities of the RFAs mainly 256 

depended on the volume of PT and PG. 257 

 258 



Therefore, from a microscale, the RCAs and RFAs played different roles 259 

concerning the pore properties of recycled concrete. To be more specific, the 260 

growth in the volume of PT and PG increased the porosity and reduced the 261 

average pore diameter of RFAC, whereas the structures of the micropores in 262 

RCAC remained almost stable regardless of the RCAs’ replacement levels. 263 

 264 

3.2.2 Mesopores 265 

Through the analysis of the X-CT results, Fig. 6 shows the distribution and 266 

porosity of the mesopores in RCAC and RFAC, where the mesoporosity refers 267 

to the volume of mesopores versus the total concrete volume, which is different 268 

from the microporosity, where it refers to the volume of micropores versus the 269 

total mortar volume. The figure reveals that an increased volume of mesopores 270 

in RCAC was accompanied by a rise of the RCAs’ quantity, while the 271 

mesoporosity of RFAC did not change too much with the variation of the RFAs’ 272 

content, ranging between 0.66% and 0.70%. 273 

 274 

Fig. 7 displays the cumulative number of mesopores in recycled concrete, 275 

where rapid growth in the curve is seen initially, followed by a stable trend after 276 

the volume of mesopores exceeds 1mm3. This indicated that in comparison with 277 

the mesopores with a volume of ≥ 1mm3, greater impacts were found in the 278 

counterparts with a volume of ≤ 1mm3 after the addition of recycled aggregates 279 

in concrete. Thereby, in order to better analyze the distribution of mesopores 280 

with various volumes inside recycled concrete, the pores were marked with 281 

different colors according to the pore volume via the X-CT results, as shown in 282 

Fig. 8. This figure demonstrates that the majority of pores with a volume of ≤ 283 

1mm3 (marked in blue) were regularly concentrated on the edge of the coarse 284 

aggregates, whereas the other pores highlighted in green and red were 285 



randomly distributed within the concrete, revealing a volume of ≥ 1mm3.  286 

 287 

Given the volumetric distributions of the pores in the specimens, together with 288 

their quantities, the mesopores can be roughly divided into two types, that is, 289 

the mesopores with a volume of ≤ 1 mm3 and ≥ 1mm3, which were denoted as 290 

PV<1 and PV>1 in this study, respectively (Fig. 9(a)). From a mesoscale, when 291 

the RCAs’ quantity increased, steady growth in the volume of P V<1 in RCAC 292 

was observed, while its P V>1 ranged between 2500 mm3 to 3000 mm3, 293 

indicating that the volume of P V<1 played a pivotal role in the growth of the 294 

mesoporosity of RCAC. To be more specific, compared with normal concrete, 295 

the PV＜1 of RCAC increased by more than 50% when the replacement level of 296 

the RCAs reached 100%, whereas the PV＜1 of RFAC remained almost stable 297 

irrespective of RFAs ratios (Fig. 9(b)). In the case of RFAC, the volume of P V<1 298 

was quite stable (i.e. around 3000 mm3), and as for the volume of P V>1, all the 299 

values fell in the interval of 2500-3000 mm3, which seemed insensitive to the 300 

quantity of the recycled aggregates, even if all the natural aggregates were 301 

replaced by the recycled ones. 302 

 303 

The RCAs and RFAs played different roles concerning the pore properties of 304 

recycled concrete from multi-scales, which could be related to the difference in 305 

the properties of ITZs and old mortar that were attached to the RCAs and RFAs, 306 

and more details regarding this aspect will be discussed later. 307 

 308 

3.2.3 Morphologies and observations of pores 309 

Although it may not be very accurate, the morphologies of micropores in 310 



recycled concrete, including PT, PC and PL could be roughly obtained from Fig. 311 

10 (a), (b) and (c), whereas PG could not be detected through SEM due to its 312 

insufficient resolution, as reported earlier [41]. The figure also indicated that the 313 

PT mainly resulted from the gap within the C-S-H particles; the PC was due to 314 

the spacing within the C-S-H agglomerates; the PL originated from the opening 315 

between the C-S-H agglomerates, Ca(OH)2 and Aft. Meanwhile, Fig. 10 (d), (e) 316 

and (f) also show the morphologies of RFAC, demonstrating that the volume of 317 

PT increased when its ratio of the RFAs became increasingly larger. In the 318 

meantime, C100F0, C100F50 and C100F100 revealed a similar distribution of 319 

hydration products among them, as reflected by the volume of PT, indicating 320 

that the effects of the RFAs on the morphology and distribution of PT in recycled 321 

concrete could be neglected. Instead, due to the presence of RFAs, the 322 

increased PT were largely associated with the presence of the old mortar on the 323 

RFAs, leading to its volumetric growth in recycled concrete. 324 

 325 

When it comes to RCAC, the volume of mesopores increased as the content of 326 

RCAs surged. In order to better analyze the differences in the mesopores, the 327 

cross-sections of natural concrete and recycled concrete were selected, as 328 

observed in Fig. 11 (a) and (b). The circled areas in the figure indicated the 329 

presence of ITZs, where the paste revealed different microstructures from the 330 

surrounding mortar due to the high water to cement ratios locally [42]. For both 331 

natural concrete and recycled concrete, as expected, a number of mesopores 332 

revealing a small volume were concentrated in the ITZs, while many larger 333 

mesopores were randomly distributed in the mortar, which was consistent with 334 

the X-CT test results. Thus, the substantial PV<1 mainly resulted from the ITZs, 335 

whether they were from the old mortar attached on the recycled aggregates or 336 

from the newly formed concrete (Fig. 11 (c)), whereas PV>1 could be attributed 337 

to the presence of bubbles and some small defects, which is inevitable during 338 



concrete preparation.  339 

 340 

Consequently, the old ITZs derived from the RCAs brought about an increment 341 

of PV<1 in recycled concrete than that in natural concrete. 342 

 343 

3.3 Correlation analysis 344 

As aforementioned, the chloride diffusivity of recycled concrete was largely 345 

relied on its pore structures. Therefore, it is of paramount importance to identify 346 

the critical factors that determine chloride permeability in recycled concrete, and 347 

the correlation analysis between the DCl
- and pore structures of recycled 348 

concrete became necessary.  349 

 350 

According to the outcomes from the MIP, X-CT and SEM analyses, the pores 351 

of recycled concrete were classified according to their structures (Fig. 12) from 352 

multi-scales. For that reason, the correlation analysis between the DCl
- and pore 353 

structure of recycled concrete was performed, where several parameters 354 

relating to the micropores and mesopores were taken into account. Concerning 355 

the micropores, several parameters including the porosity, average pore 356 

diameter, volume of PL, PC, PT and PG (i.e. VL, VC, VT, and VG) were considered 357 

during the correlation analysis. Alternatively, regarding the mesopores, the 358 

relevance of DCl
- to the porosity, as well as the volume of PV<1 and PV>1 (i.e. VV<1 359 

and VV>1) was investigated according to the information obtained in earlier 360 

analyses. 361 

 362 

Hence, the correlation analysis was conducted based on the relationship 363 



between the DCl
- and each parameter as aforementioned. The results of the 364 

Pearson correlation coefficients and Euclidean distance were calculated by the 365 

software, SPSS, as listed in Tables 3 and 4. As seen from Table 3, the DCl
- of 366 

RCAC is greatly associated with the mesoporosity and VV<1 at a significance 367 

level of 0.01, and the microporosity is also highly related to the DCl
- at a 368 

significant level of 0.05. Therefore, as the correlation coefficient between the 369 

DCl
- of RCAC and VV<1 was the largest, whereas their Euclidean distance was 370 

minimal, VV<1 was identified as the most critical factor that governed the DCl
- of 371 

RCAC.  372 

 373 

Regarding RFAC, Table 4 demonstrates that among all the pore parameters 374 

investigated, the DCl
- is greatly interrelated to the VT at a significant level of 0.05, 375 

with the smallest Euclidean distance revealed by itself as well, defining that the 376 

DCl
- of RFAC is controlled by the VT.  377 

 378 

From a micro- and meso-scale, the decisive factors that governed chloride 379 

penetration varied in RCAC and RFAC after the correlation analysis. As for 380 

RCAC, derived from the RCAs, the numerous PV<1 owing to the presence of old 381 

ITZs from the recycled aggregates, as well as the new ITZ between the 382 

aggregates and paste, led to an increment of its overall mesoporosity, and as 383 

expected, its chloride diffusivity increased linearly with the growth of the ρv<1 384 

(i.e., the porosity of PV<1), as shown in Fig. 13(a) and Eq. 2. 385 

 386 

 𝐷𝐶𝑙− = 2.479 + 54.030ρ𝑉<1               Eq. 2 387 

 388 

As for RFAC, the PT was identified as the critical factor that determined chloride 389 



penetration given the previous analysis, and an increase of the ρT (i.e., the 390 

porosity of PT) was accompanied by a linear increase of DCl
-, as seen in Fig. 13 391 

(b) and Eq. 3. 392 

 393 

𝐷𝐶𝑙− = 10.306 + 1.273ρ𝑇              Eq. 3 394 

 395 

3.4 Discussion 396 

Several studies emphasized that the ITZs and cement paste were influential 397 

with the concrete permeability. Therefore, to evaluate the effective diffusivity 398 

(i.e., DCl
- in this study) for concrete, several elementary phases and factors 399 

need to be comprehended in advance including chloride diffusivity of the 400 

cement paste and ITZs, as well as the volume fraction of aggregates and ITZs 401 

[43]. However, as aforementioned, the scenarios of recycled concrete were 402 

different compared with the normal cement paste and concrete, as elaborated 403 

below. 404 

 405 

3.4.1 Relationship between the pore diameter, porosity of cement paste 406 

and its DCl
- 407 

In cement paste, several classic studies [44-45] have revealed a linear 408 

relationship between the average pore diameter and the DCl
-, where the 409 

average pore diameter was defined as the pore diameter where half of the pore 410 

volume. However, the old mortar attached to the RFAs led to a reduction of the 411 

average pore diameter, thus jeopardizing the linear relation between the pore 412 

diameter and the DCl
-.  413 

 414 



Meanwhile, as for the relationship between the capillary (gel) porosity and the 415 

DCl
-, Oh and Jang proposed Eq. 4 and Eq. 5 as follows [46].  416 

 417 

𝐷𝐶𝑙−

𝐷0
= 𝜌𝑇−𝑝𝑜𝑟

𝛿

𝜏2
                        Eq. 4 418 

𝜌𝑇−𝑝𝑜𝑟 = 𝜌𝑐𝑎𝑝 + 𝜌𝑔𝑒𝑙                    Eq. 5 419 

 420 

Where ρT-por is the total porosity; δ (i..e, tortuosity factor), τ (i.e., constrictivity) 421 

and D0 (i.e., ion diffusivity within water at 25 °C) are constants. ρcap and ρgel 422 

refer to the porosities of capillary and gel pores, respectively.  423 

 424 

ρgel and ρcap in Eq. 5 correspond to ρG and the sum of ρT and ρC in this study, 425 

respectively. As seen from the equation, the DCl
-
 of recycled concrete was 426 

supposed to increase linearly with the growth of ρT-por. However, in our study, 427 

the DCl
- of RFAC revealed a stronger correlation with the ρT than with the ρT-por 428 

(i.e., ρG +ρT +ρC) and the ρcap (i.e., ρT +ρC), as shown in Fig. 14, indicating that 429 

the crucial factor that governed chloride permeability of RFAC is the PT instead 430 

of other factors, whereas the effects of the PG and PC are negligible in terms of 431 

the DCl
- of RFAC. In terms of DCl

-, the variations between the critical factor that 432 

was obtained in this study and from the literature were explained as follows. 433 

 434 

There is a consensus as for the influences of the PG on concrete permeability, 435 

as reported in the previous studies [28-30,41], whereas the role of the pores (i.e., 436 

a diameter of 100nm-1000nm) played in chloride diffusivity of concrete is much 437 

disputed. For instance, Mehta [41] reported that the non-connectivity of small 438 

pores could account for a strong correlation between concrete permeability and 439 



the pores with a diameter > 100 nm. However, in this study, a different scenario 440 

was seen, and due to the old mortar attached to the RFAs, the proportion of the 441 

small pores with a diameter of 10~100nm also greatly increased, and the pores 442 

with a diameter of 10-100nm that were thought to be isolated in natural concrete 443 

could be interconnected in recycled concrete, thereby greatly boost the 444 

permeability of RFAC. In view of the foregoing, instead of the capillary, gel or 445 

total porosity, the ρT through the MIP test could be accurate in the determination 446 

of the DCl
- of RFAC. 447 

 448 

3.4.3 Relationship between the porosity of ITZs and its DCl
-  449 

Unlike cement paste, in natural concrete or mortar, owing to the w/c ratio 450 

gradient developed at the interfacial layer, different microstructural images 451 

could be observed in the hydrated matrix adjacent to the aggregates [47], that is, 452 

ITZs, and Garboczi and Bentz [48] proposed a relationship between the ρITZs (i.e., 453 

porosity of ITZs) and its DCl
-, as shown in Eq. 6. 454 

 455 

    𝐷𝐶𝑙− = 𝐷0(0.001 + 0.07𝜌𝐼𝑇𝑍𝑠
2 + 1.8 ∙ 𝐻(𝜌𝐼𝑇𝑍𝑠 − 𝜌𝑐𝑟𝑖) ∙ (𝜌𝐼𝑇𝑍 − 𝜌𝑐𝑟𝑖)

2) Eq. 6 456 

 457 

where D0 a constant as mentioned above; ρITZs is the porosity of ITZs; H is the 458 

Heaviside function (if x > 0, H(x) = 1, and otherwise, H(x) = 0); ρcri = 0.18 is the 459 

critical porosity at which the pore space disconnected; ρ(x) is the porosity at a 460 

distance x from an aggregate surface; dx is the infinitesimal interval of the 461 

distance from the aggregate surface; tITZs is the thickness of the ITZs. 462 

   463 

The model proposed by Garboczi and Bentz [48] considered ITZs as a uniform 464 



region, which is also proportional to the volume fraction of the aggregate. 465 

However, the ITZs are not uniform and its porosity is a variation value along 466 

with the distance from the aggregate surface especially in recycled concrete, 467 

whose complexity of ITZs is much higher than that of the traditional one, as a 468 

result of the old and newly formed ITZs present in recycled concrete. Given this, 469 

as the quantity and distribution of ITZs in recycled concrete have great 470 

randomness and discreteness, Eq. 6 cannot be directly applied to predict the 471 

DCl
- of the ITZs in recycled concrete, as the relationship between the aggregate 472 

volume fraction and ITZ volume fraction is weak.  473 

 474 

In consequence, facilitated by X-CT, since Pv<1 is a sum of pores from the old 475 

(from recycled aggregates) and newly formed ITZs, ρv<1 could be a more 476 

accurate reflection of its inside DCl
- rather than ρITZs in RCAC, where the DCl

- 477 

can be easily acquired when the ρv<1 is measured. 478 

 479 

3.4.4 Relationship between the pore parameters of recycled concrete and 480 

its DCl
- 481 

Given the previous analysis, a strong interconnection between the ρV<1/ρT and 482 

the DCl
- of RCAC/RFAC could be observed, yet in practice, it is inevitable to use 483 

both RCAs and RFAs at the same time during the preparation of recycled 484 

concrete, and new parameters are required that should consider both the 485 

effects of RCAs and RFAs on DCl
- of recycled concrete. 486 

 487 

In view of the foregoing, an increased number of ITZs could be observed with 488 

the growth of the RCAs substation level, at the same time, the old mortar 489 

attached to the RFAs led to the presence of a large number of PT, which 490 



provided more paths for DCl
-. Meanwhile, on the premise that the pores are 491 

interconnected, a higher concrete porosity could indicate a greater probability 492 

of chloride that passes through the pores. Therefore, the probability of chloride 493 

that could move through a pore is equivalent to the porosity of a specific type 494 

of pore, as shown in Fig. 15. Therefore, in this study, the probability of chloride 495 

that could pass through the PT and PV<1 of recycled concrete, which were 496 

denoted as PR(PT) and PR(PV<1), equaled the ρT and ρV<1.  497 

 498 

Therefore, from the chances of the potential paths of chloride diffusion within 499 

recycled concrete, as shown in Fig. 15, a new parameter, Rp, was introduced, 500 

which combined the impacts of the ρV<1 and ρT on the DCl
- of recycled concrete 501 

simultaneously, and the Rp was obtained through multiplying ρV<1 and ρT, as 502 

shown in Eq. 7, as the chances of two independent events happening together 503 

(i.e., chloride that could pass through PT and PV<1 within recycled concrete at 504 

the same time) can be calculated by multiplying the chance of each event, as 505 

acquired from the classic probability theory. 506 

 507 

         𝑅𝑝 = 𝑃𝑅(𝑃𝑇 ∩ 𝑃𝑉<1) = 𝑃𝑅(𝑃𝑇) ∙ 𝑃𝑅(𝑃𝑉<1) = ρ𝑉<1 ∙ ρ𝑇         Eq. 7 508 

                      509 

The newly proposed Rp is strongly correlated with chloride diffusion of recycled 510 

concrete, as seen from Fig. 16. Hence, after measuring the ρT and ρV<1 of 511 

recycled concrete in practice, its DCl
- can be well predicted following Eq. 8. 512 

 513 

𝐷𝐶𝑙− = 6.344 + 4.452𝑅𝑝                Eq. 8 514 

 515 



In a nutshell, compared with the current DCl
- models, the advantage of the 516 

model proposed lied in the consideration of the multiscale pore structures of the 517 

cement paste, old and newly formed ITZs in recycled concrete simultaneously, 518 

where the critical pore parameters were comprehended separately from a 519 

micro- and meso-scale, thus the prediction accuracy of the DCl
- model for the 520 

recycled concrete is greatly enhanced. 521 

 522 

4. Conclusion 523 

Compared with the natural aggregates, the use of recycled ones revealed 524 

different impacts on DCl
-, which is owing to their multiscale pore structures 525 

caused by the addition of the RCAs/RFAs, highlighting their importance with 526 

respect to the prediction of the DCl
- and durability of recycled concrete. Further, 527 

RCAs/RFAs played different roles with regard to the pore structures of recycled 528 

concrete in a micro- and meso-scale, which can be assigned to the old ITZs 529 

attached on the RCAs that led to an increase of PV<1 from a meso-scale, as well 530 

as the volumetric growth of PT and PG due to the addition of RFAs from a micro-531 

scale. 532 

 533 

Finally, in view of the multi-structures of the cement paste, old and newly formed 534 

ITZs, the new parameter derived from the probability theory revealed great 535 

accuracy in predicting the DCl
- and durability of recycled concrete, where the 536 

ρV<1 and ρT were identified to be strongly related to its DCl
- based on different 537 

scales, and the higher accuracy of the DCl
- prediction may promote the usage 538 

of recycled concrete in practice, especially in a chloride-rich environment. 539 

 540 
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List of Tables 

Table 1 Chemical composition of cement 

 

Composition Al2O3 SiO2 CaO Fe2O3 SO3 MgO f-CaO 

Wt. (%) 4.36 22.37 61.08 3.38 2.45 2.43 0.86 



Table 2 Mix proportions of concrete (kg/m3) 

 

 Cement Water NCAs RCAs NFAs RFAs 

Additional 

water 

SP 

C0F0 400 180 1095 0 730 0 0 1.6 

C25F0 400 180 821 274 730 0 6 1.6 

C50F0 400 180 547.5 547.5 730 0 12 1.6 

C75F0 400 180 274 821 730 0 18 1.6 

C100F0 400 180 0 1095 730 0 24 1.6 

C100F25 400 180 0 1095 547.5 182.5 36 1.6 

C100F50 400 180 0 1095 365 365 48 1.6 

C100F75 400 180 0 1095 182.5 547.5 60 1.6 

C100F100 400 180 0 1095 0 730 72 1.6 

Cx: The replacement level of natural coarse aggregates by the recycled ones； 

Fx: The replacement level of natural fine aggregates by the recycled ones； 

 



Table 3 Correlation analysis between the DCl
- and pore parameters of RCAC 

 

** Represents that the correlation is remarkable at a significance level of 0.01.  

*Represents that the correlation is remarkable at a significance level of 0.05. 

Parameters 

Micropores Mesopores 

Porosity 

Average Pore 

Diameter 

VG VT  VC   VL   Porosity Vv<1   Vv>1   

Correlation coefficient 0.887* 0.280 0.105 0.106 0.564 0.658 0.985** 0.996** 0.467 

Euclidean distance 0.952 2.401 2.675 2.674 1.867 1.654 0.345  0.171 2.066 



Table 4 Correlation analysis between the DCl
- and pore parameters of RFAC 

 

** Represents that the correlation is remarkable at a significance level of 0.01.  

* Represents that the correlation is remarkable at a significance level of 0.05. 

Parameters 

Micropores Mesopores 

Porosity 

Average Pore 

Diameter 

VG VT  VC   VL   Porosity Vv<1   Vv>1   

Correlation coefficient 0.837 -0.279 0.530 0.943* -0.557 -0.766 -0.171 -0.493 0.081 

Euclidean distance 1.142 3.199 1.940 0.673 3.529 3.759 3.061 3.456 2.711 
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Fig. 1 Particle size distributions of aggregates: (a) Coarse aggregate; (b) Fine 

aggregate 
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Fig. 2 Rapid chloride migration test: (a) Test equipment; and (b) specimens 

sprayed with AgNO3 solution 
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    Fig. 3 (a) DCl
- and (b) variation in DCl

- of recycled concrete 
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Fig. 4 (a1)~(b1) Porosity and its variation, (a2)~ (b2) average pore diameter 

and its variation in recycled concrete, as well as pore size distribution of (a3) 

RCAC and (b3) RFAC 
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   Fig. 5 Volumes of PL, PC, PT and PG in (a) RCAC and (b) RFAC 



 

 

Fig. 6 3D diagram of mesopore distribution in RCAC and RFAC 



 

 

Fig. 7 Cumulative number of mesopores 



 

 

Fig. 8 Pores with different volumes on the cross-sections of (a) C0F0, (b) 

C100F0 and (C) C100F100 
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   Fig. 9 Mesopores within recycled concrete: (a)PV<1 and PV>1; and (b) 

variation in PV<1 volume
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(c)                        (d) 

    

(e)                            (f) 

Fig. 10 Morphologies of micropores (Magnification: 2k): (a) PT, (b) PC and (c) 

PL; Morphologies of RFAC: (d) C100F0, (e) C100F50, and (f) C100F100 

(Magnification: 20k) 
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Fig. 11 Observations of cross-sections (a) C0F0, (b) C100F0 and (c) RCAs



 

 

Fig. 12 Classification of pores in recycled concrete 
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   Fig. 13 Relationship between (a) the DCl
- of RCAC and the ρV<1; (b) the 

DCl
- of RFAC and the ρT 
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Fig. 14 Relationship between the porosity of different types of pores and the 

DCl
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Fig. 15 Illustration of the probability of chloride diffusivity into natural and 

recycled concrete given its possible diffusion channels 
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Fig. 16 Relationship between the Rp and the DCl
- of all the specimens 
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