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Abstract: Chloride ingress is strongly associated with the properties of pores
in recycled concrete. To unlock its role in chloride permeability, the pore
structures of concrete containing various quantities of recycled coarse (fine)
aggregates were analyzed from multi-scales, and the outcomes were further
verified by the statistical investigation. The results show that different roles that
recycled coarse (fine) played in terms of the pore structures of recycled
concrete, as reflected by their volume and diameter of mesopores and
micropores, respectively. Meanwhile, Unlike the previous studies, two key pore
parameters (i.e., Pv<1 and Prt) were put forward, revealing their strong

interconnections with chloride diffusion of recycled concrete, as confirmed by
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the statistical analysis. Further, a model concerning chloride permeability of
recycled concrete was proposed on a basis of the probability theory, and the
newly proposed factor Rp (relied on the previous two pore parameters) has a
great relevance to effective chloride diffusion. Therefore, this work enhances
accuracy of prediction for chloride diffusivity and durability associated with

recycled concrete.

Keywords: Recycled concrete; Pore structure analysis; Chloride penetration;

X-ray computed tomography; Correlation analysis

Nomenclature

RCAs: Recycled coarse aggregates
NCAs: Natural coarse aggregates

RFAs: Recycled fine aggregates

NFA: Natural fine aggregate

SP: Superplasticizer

ITZs: Interface transition zones

RCAC: Recycled coarse aggregate concrete
RFAC: Recycled fine aggregate concrete
X-CT: X-ray computed tomography

MIP: Mercury intrusion porosimetry
SEM: Scanning electron microscope

NMR: Nuclear magnetic resonance
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Dcr: Chloride migration coefficient

1 Introduction

Substitution of natural aggregates with recycled ones to produce concrete
enables the production of more sustainable mixtures and facilitates the
development of a circular economy ['l. Thus, many countries have encouraged
the use of recycled aggregates in a number of applications, and they have been
applied in highways, houses and other projects, which attracted widespread
attention 4. Recently, scholars have investigated the possibility of using
recycled concrete in marine structures . However, marine structures are
susceptible to the intrusion of chloride, which results in the corrosion of steel
bars, the cracking of concrete and ultimately the deterioration of structures ["l.
Worse still, the adoption of recycled aggregates for the preparation of concrete
was thought to reveal negative impacts on its chloride resistance -1, indicating
a linear relationship between chloride diffusivity and the replacement ratios of
the RCAs [2-14] Alternatively, Evangelista et al. ['] revealed that when the
quantity of the RFAs increased within concrete, an increment rate of 34% was
presented in the non-steady-state Dcr, as compared with normal concrete. The
increased chloride diffusivity of recycled concrete was due to its porous nature
associated with the presence of the old mortar attached to the surface of
recycled aggregates, bringing about an obvious increase in total porosity that
provided the paths for chloride ingress ['6-171. In view of this, chloride ingress is
strongly associated with the properties of the pores in recycled concrete, and
before any measures that could be taken to enhance the performance of
recycled concrete in a marine environment, it is of great significance to reveal
the relationship between the pore structure and chloride penetration within

recycled concrete.
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Certain properties of the pores including size, tortuosity, and total porosity are
highly correlated with chloride penetration. Although there have been some
attempts to propose relationships between the pore structure and chloride
diffusivity within concrete, the outcomes varied among several research groups
[18-22]  For example, Zhang et al. ?31 demonstrated that there was a close
correlation between Dci and pore structure parameters including the total
specific pore volume and the most probable pore diameter, as measured by
MIP. Besides, the influences of pore size distribution on concrete permeability
were reported to be significant [24-2%1. Accordingly, pores > 100 nm were thought
to increase concrete permeability due to capillary action 8. The effective
chloride diffusivity in mortar can be expressed as a function of capillary porosity
and critical porosity, and the model was verified by the experiment results [#7].
However, facilitated by MIP and NMR, Zhang et al. [l also demonstrated that
an increase in effective chloride diffusion coefficient was accompanied by the
contributive porosity with a pore size between 10—1000 nm and 100-1000 nm,
whereas Yang 2% claimed that both the steady-state and non-steady-state Dcr
were linearly related to the capillary pore volume (i.e. pore diameter of 30-
10000 nm) and the critical pore diameter. In addition to the pore size distribution,
Wang et al. 3% also put forward an integrated pore index that combined pore
tortuosity with pore volume. A prediction model was also established with regard
to Dcr of recycled concrete, where several complex environmental factors were

taken into account.

Research performed in this area so far mainly used MIP and NMR to determine
the relationship between the pore structures and chloride diffusivity of concrete,

where the properties of the pores were clarified from a microscale. However,
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existing studies rarely investigated the pore structure of recycled concrete by
taking the ITZs into account, which is the region between the aggregate and
the paste, and since it will provide more channels for chloride ingress, ITZs is
particularly important that determined the performance of recycled concrete.
The ITZs in recycled concrete mainly consists of the new ITZs between the old
and new mortar, and the old ITZs between the old mortar and aggregates, and
the special constitution of RACs may result in different performances of
recycled concrete than normal concrete. For instance, chloride diffusivity of
recycled concrete increased with the increment of old mortar volume and the
old ITZ thickness simultaneously when RCA substitution rates were the same
[31-321 A number of studies investigated the ITZs via the use of nanoindentation
[33-35] " whereas from a mesoscale, other new approaches such as X-CT are
capable of unveiling the correlation between the pore structure and chloride
ingress within concrete. Therefore, to provide an improved prediction of chloride
diffusivity and durability of recycled concrete, the relationship between the
microscopic/mesoscopic structures of recycled concrete and its chloride

penetration could be a promising solution.

In this study, the relationship between the pore structure of recycled concrete
and chloride penetration was revealed from multi-scales, facilitated by
correlation analysis. Finally, information gathered on the pore structures of
recycled concrete was used in establishing a mathematical model, where the

probability theory was applied.

2 Materials and Methodology

2.1 Materials
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The grade of cement used in this study was P-O 42.5, which was manufactured
by Anhui Hailuo Cement Co. Ltd, with the chemical compositions shown in
Table 1. The NFAs (Apparent density: 2560 kg/m3; Fineness modulus: 3.2;
Water absorption: 3.5%) and RFAs (Apparent density: 2460 kg/m?3; Fineness
modulus: 3.2; water absorption: 10.1%) were used. The crushed granites with
a diameter of 5-25 mm were used as the NCAs (Apparent density: 2680 kg/m?3;
Water absorption: 0.4%, Crushing index value: 7%), and the RCAs (Apparent
density: 2580 kg/m3; Water absorption: 2.6%,; Crushing index value: 11%)
produced by Zhoushan Jinke Resources Recycling Co. Ltd. were used in this
study to partially replace the NCAs. The particle size distributions of NCAs,
RCAs, NFAs and RFAs were obtained by sieving tests, as presented in Fig. 1.
As seen from Fig. 1, in order to make the gradation of RCAs approximate to
that of NCAs, the obtained RCAs used in this study were carefully selected via

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

2.2 Mix proportions and specimen preparation

The w/b ratio was fixed as 0.45; The sand ratio was set as 40%. To prepare
RCAC and RFAC, 0, 25 wt.%, 50 wt.%, 75 wt.% and 100 wt.% of NCAs and
NFAs were replaced by the RCAs and RFAs. Given the difference in the water
absorption between the recycled aggregates and natural aggregates, additional
water should be incorporated for the specimen preparation, and the slump was
kept between 160 and 200 mm via the use of a superplasticizer. The details of
concrete mixtures were presented in Table 2. Specimens with the dimensions
of ®100mm*200mm were prepared for a chloride penetration test. For the MIP,
X-CT and SEM analysis, the dimensions of 100mm*100mm*100mm were
selected. After casting, all the specimens were cured for 24 hours before

demoulding, and they were moved to the room with a temperature of 20£2°C
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and relative humidity of 98+2% for further curing up to 28 days.

2.3 Methodology
2.3.1 Chloride penetration test

According to the Chinese standard GB/T50082-2009 [38] the rapid chloride
migration (RCM) test was selected to measure the non-steady state Dcr of
recycled concrete, as shown in Fig. 2. The $100mm*200mm specimens were
cut into 3 cylindrical specimens with a diameter of (100+1) mm and a height of
(50+2) mm. Chloride could penetrate the specimens under an applied constant
external voltage (U). After the test, to measure chloride penetration depth (Xad),
the specimens were then split along the central axis and sprayed with 0.1 mol

of AgNOs solution. The Dcri can be calculated as Eq. 1.

_ 0.0239%(2734+T)L _ (273+T)LXd
Do === <Xd 0.0238 /—U_Z ) Eq. 1

Where U is the absolute value of the voltage (V); T is the average temperature
in the solution (°C); L is the thickness of the specimens (mm); t is the test

duration (hours).

2.3.2 MIP

The micropores of recycled concrete were determined through a MIP test.
The100*100*100 mm specimens were broken into small pieces with a size of
3*3*3 mm, and they were dried at 60°C for 24 hours. The mercury analyzer

used for this experiment was an AutoPore V9510 automatic mercury
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porosimeter (Micromeritics Instrument Corporation). The pressure from 0.10 to

60000.00 psi was applied for the measurement in this study.

2.3.3 X-CT

The mesopore structures of recycled concrete were determined through an X-
CT test. To acquire the X-ray transmission projections, the
100mm*100mm*100mm specimens were scanned by a device, XTH255/320
LC (Nikon, Japan), equipped with a high-resolution detector (20002000 pixels).
After 3D reconstruction, the image sets were loaded into the software,
VGStudio Max 3.0, for pore analysis. To obtained the images, surface
determination was carried out after the removal of the background noise. Then,
according to the pore analysis module, the properties of each pore inside the

specimens including the pore diameter and volume can be acquired.

2.3.4 SEM

Recycled concrete used for SEM were disintegrated into small pieces, and they
were dried at 60°C for 24 hours. Those small pieces were sprayed with gold for
60 seconds before SEM analysis. The microstructures of the specimens under
different magnifications were observed and captured with an HV-01-43 Field

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

2.3.5 Correlation analysis

Correlation analysis is a statistical method to clarify the relationship between
different parameters, where the degree of correlation could be revealed. The

Pearson's correlation coefficient and Euclidean distance were used as two
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indicators during the correlation analysis. When studying these two parameters,
a greater absolute value of the Pearson correlation coefficient indicates their
stronger correlation, whereas a smaller Euclidean distance implies their higher
degree of similarity. In this study, the Pearson correlation coefficients and

Euclidean distance were calculated by the statistical software, SPSS.

3 Result and Discussion
3.1 Chloride migration coefficient

Fig. 3 shows the Dcr of recycled concrete. As expected, the use of the RCAs
and RFAs both promoted the chloride diffusion of recycled concrete.
Accordingly, as the replacement ratio of the RCAs and RFAs increased, the Dcr
of recycled concrete significantly increased, which could be related to the
inferior properties of old mortar and ITZs -3l and the corresponding
differences in the pore structures 9. For instance, when compared with the
normal concrete and C1ooFo, the Dcrr of RCAC and RCFC increased by 48.2%
and 37.4% when the replacement level of the RCAs and RFAs reached 100%,
respectively, which were in line with the findings from the previous research [''-
151 where an increased rate of the permeability coefficient was seen ranging
from 30%-50% and 30%-100% when all the natural aggregates were
completely replaced by the natural ones. In view of the previous data and our
results, it is difficult to establish a general relationship between the recycled
aggregates’ quantity and Dcrr, which could be attributed to the various sources
and components of waste concrete used for the manufacturing of the recycled
aggregates, and in order to accurately predict the chloride diffusion of recycled
concrete, seeking a more universal relationship between its pore structures and

Dcr could be a possible approach, as elaborated later.
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3.2 Pore structure
3.2.1 Micropores

Fig. 4 (a1), (b1), (c1) and (c2) show the porosity, average pore diameter and
pore size distribution of recycled concrete from a microscale, as acquired from
MIP. The figure demonstrates that as the proportion of the RCAs increased,
only a slight increase in the total porosity of recycled concrete is observed, as
revealed in Fig. 4 (a2), with an average pore diameter of around 18-23 nm. At
the same time, the pore size distribution of CoFo-C100Fo were also nearly the
same (Fig. 4 (c3)), indicating that the different quantities of the RCAs used in
recycled concrete preparation failed to alter its pore size distribution.
Alternatively, a different trend is seen in the specimens containing various
contents of the RFAs with regard to the micropores. For instance, with the
growth of the RFASs’ content, the porosity of RFAC increased significantly, and
the use of the RFAs raised the proportion of the pores with a diameter of

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

Furthermore, according to the classification of the pore diameter, micropores
can be divided into 4 groups 1“9 (i) Large pores, PL (>1000 nm); (ii) Capillary
pores, Pc (100-1000 nm); (iii) Transitional pores, Pt (10-100 nm); and (iv) Gel
pores, Pc (<10 nm). Fig. 5 shows the volumes of P, Pc, Pt and Pc in RCAC
and RFAC. For RCAC, the volumes of PL, Pc, Pt and Pc were very close
irrespective of the RCAs’ quantity. Alternatively, regarding RFAC, the volumetric
increase of Pt and Pc was observed with an increasing RFASs’ proportion.
Considering the small proportions of PL and Pc and their negligible variations,
the porosity of RFAC containing different quantities of the RFAs mainly

depended on the volume of Pt and Pa.
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Therefore, from a microscale, the RCAs and RFAs played different roles
concerning the pore properties of recycled concrete. To be more specific, the
growth in the volume of Pt and Pc increased the porosity and reduced the
average pore diameter of RFAC, whereas the structures of the micropores in

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

3.2.2 Mesopores

Through the analysis of the X-CT results, Fig. 6 shows the distribution and
porosity of the mesopores in RCAC and RFAC, where the mesoporosity refers
to the volume of mesopores versus the total concrete volume, which is different
from the microporosity, where it refers to the volume of micropores versus the
total mortar volume. The figure reveals that an increased volume of mesopores
in RCAC was accompanied by a rise of the RCAs’ quantity, while the
mesoporosity of RFAC did not change too much with the variation of the RFAs’

content, ranging between 0.66% and 0.70%.

Fig. 7 displays the cumulative number of mesopores in recycled concrete,
where rapid growth in the curve is seen initially, followed by a stable trend after
the volume of mesopores exceeds 1mm?. This indicated that in comparison with
the mesopores with a volume of 2 1mm?3, greater impacts were found in the
counterparts with a volume of < 1mm? after the addition of recycled aggregates
in concrete. Thereby, in order to better analyze the distribution of mesopores
with various volumes inside recycled concrete, the pores were marked with
different colors according to the pore volume via the X-CT results, as shown in
Fig. 8. This figure demonstrates that the majority of pores with a volume of <
1mm3 (marked in blue) were regularly concentrated on the edge of the coarse

aggregates, whereas the other pores highlighted in green and red were
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randomly distributed within the concrete, revealing a volume of 2 1mm?,

Given the volumetric distributions of the pores in the specimens, together with
their quantities, the mesopores can be roughly divided into two types, that is,
the mesopores with a volume of <1 mm?3 and 2 1mm3, which were denoted as
Pv<1 and Pv>1 in this study, respectively (Fig. 9(a)). From a mesoscale, when
the RCAs’ quantity increased, steady growth in the volume of P v<1 in RCAC
was observed, while its P v>1 ranged between 2500 mm?3 to 3000 mm?,
indicating that the volume of P v<1 played a pivotal role in the growth of the
mesoporosity of RCAC. To be more specific, compared with normal concrete,
the Pv-1 of RCAC increased by more than 50% when the replacement level of
the RCAs reached 100%, whereas the Pv-1 of RFAC remained almost stable
irrespective of RFAs ratios (Fig. 9(b)). In the case of RFAC, the volume of P v<«1
was quite stable (i.e. around 3000 mm?3), and as for the volume of P v>1, all the
values fell in the interval of 2500-3000 mm?3, which seemed insensitive to the
quantity of the recycled aggregates, even if all the natural aggregates were

replaced by the recycled ones.

The RCAs and RFAs played different roles concerning the pore properties of
recycled concrete from multi-scales, which could be related to the difference in
the properties of ITZs and old mortar that were attached to the RCAs and RFAs,

and more details regarding this aspect will be discussed later.

3.2.3 Morphologies and observations of pores

Although it may not be very accurate, the morphologies of micropores in
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recycled concrete, including Pt, Pc and PL could be roughly obtained from Fig.
10 (a), (b) and (c), whereas Pc could not be detected through SEM due to its
insufficient resolution, as reported earlier *'l. The figure also indicated that the
Pt mainly resulted from the gap within the C-S-H particles; the Pc was due to
the spacing within the C-S-H agglomerates; the PL originated from the opening
between the C-S-H agglomerates, Ca(OH)2 and Aft. Meanwhile, Fig. 10 (d), (e)
and (f) also show the morphologies of RFAC, demonstrating that the volume of
Pt increased when its ratio of the RFAs became increasingly larger. In the
meantime, CiooFo, C100Fs0 and C1o0F100 revealed a similar distribution of
hydration products among them, as reflected by the volume of Pr, indicating
that the effects of the RFAs on the morphology and distribution of Pt in recycled
concrete could be neglected. Instead, due to the presence of RFAs, the
increased Pt were largely associated with the presence of the old mortar on the

RFAs, leading to its volumetric growth in recycled concrete.

When it comes to RCAC, the volume of mesopores increased as the content of
RCAs surged. In order to better analyze the differences in the mesopores, the
cross-sections of natural concrete and recycled concrete were selected, as
observed in Fig. 11 (a) and (b). The circled areas in the figure indicated the
presence of ITZs, where the paste revealed different microstructures from the
surrounding mortar due to the high water to cement ratios locally 2. For both
natural concrete and recycled concrete, as expected, a number of mesopores
revealing a small volume were concentrated in the ITZs, while many larger
mesopores were randomly distributed in the mortar, which was consistent with
the X-CT test results. Thus, the substantial Pv<1 mainly resulted from the ITZs,
whether they were from the old mortar attached on the recycled aggregates or
from the newly formed concrete (Fig. 11 (c)), whereas Pv>1 could be attributed

to the presence of bubbles and some small defects, which is inevitable during
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concrete preparation.

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

of Pv<1 in recycled concrete than that in natural concrete.

3.3 Correlation analysis

As aforementioned, the chloride diffusivity of recycled concrete was largely
relied on its pore structures. Therefore, it is of paramount importance to identify
the critical factors that determine chloride permeability in recycled concrete, and
the correlation analysis between the Dcr and pore structures of recycled

concrete became necessa ry.

According to the outcomes from the MIP, X-CT and SEM analyses, the pores
of recycled concrete were classified according to their structures (Fig. 12) from
multi-scales. For that reason, the correlation analysis between the Dci- and pore
structure of recycled concrete was performed, where several parameters
relating to the micropores and mesopores were taken into account. Concerning
the micropores, several parameters including the porosity, average pore
diameter, volume of P, Pc, Pt and Pg (i.e. VL, V¢, V1, and Vg) were considered
during the correlation analysis. Alternatively, regarding the mesopores, the
relevance of Dcr to the porosity, as well as the volume of Pv<1 and Pv>1 (i.e. Viv<1
and Vv>1) was investigated according to the information obtained in earlier

analyses.

Hence, the correlation analysis was conducted based on the relationship
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between the Dcr and each parameter as aforementioned. The results of the
Pearson correlation coefficients and Euclidean distance were calculated by the
software, SPSS, as listed in Tables 3 and 4. As seen from Table 3, the Dci of
RCAC is greatly associated with the mesoporosity and Vv<1 at a significance
level of 0.01, and the microporosity is also highly related to the Dcr at a
significant level of 0.05. Therefore, as the correlation coefficient between the
Dcrr of RCAC and Vv<1 was the largest, whereas their Euclidean distance was
minimal, Vv<1 was identified as the most critical factor that governed the Dci of

RCAC.

Regarding RFAC, Table 4 demonstrates that among all the pore parameters
investigated, the Dcr is greatly interrelated to the Vr at a significant level of 0.05,
with the smallest Euclidean distance revealed by itself as well, defining that the

Dcr of RFAC is controlled by the Vr.

From a micro- and meso-scale, the decisive factors that governed chloride
penetration varied in RCAC and RFAC after the correlation analysis. As for
RCAC, derived from the RCAs, the numerous Pv<1 owing to the presence of old
ITZs from the recycled aggregates, as well as the new ITZ between the
aggregates and paste, led to an increment of its overall mesoporosity, and as
expected, its chloride diffusivity increased linearly with the growth of the pv<1

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

DCl_ = 24‘79 + 54‘030py<1 Eq. 2

As for RFAC, the Pt was identified as the critical factor that determined chloride
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penetration given the previous analysis, and an increase of the pr (i.e., the
porosity of Pt) was accompanied by a linear increase of Dcr, as seenin Fig. 13

(b) and Eq. 3.

D¢~ = 10.306 + 1.273py Eq. 3

3.4 Discussion

Several studies emphasized that the ITZs and cement paste were influential
with the concrete permeability. Therefore, to evaluate the effective diffusivity
(i.e., Dcr in this study) for concrete, several elementary phases and factors
need to be comprehended in advance including chloride diffusivity of the
cement paste and ITZs, as well as the volume fraction of aggregates and ITZs
431 However, as aforementioned, the scenarios of recycled concrete were
different compared with the normal cement paste and concrete, as elaborated

below.

3.4.1 Relationship between the pore diameter, porosity of cement paste

and its Dcr

In cement paste, several classic studies [#44 have revealed a linear
relationship between the average pore diameter and the Dcr, where the
average pore diameter was defined as the pore diameter where half of the pore
volume. However, the old mortar attached to the RFAs led to a reduction of the
average pore diameter, thus jeopardizing the linear relation between the pore

diameter and the Dcr.
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Meanwhile, as for the relationship between the capillary (gel) porosity and the

Dcrr, Oh and Jang proposed Eq. 4 and Eq. 5 as follows 461,

Dci— )
DC:) = Pr—por Eq. 4
PT-por = Pcap T Pgel Eq. 5

Where pr-por is the total porosity; d (i..e, tortuosity factor), 1 (i.e., constrictivity)
and Do (i.e., ion diffusivity within water at 25 °C) are constants. pcap and pgel

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

Pgel and pcap iN EQ. 5 correspond to pc and the sum of pr and pc in this study,
respectively. As seen from the equation, the Dcr of recycled concrete was
supposed to increase linearly with the growth of pt-por. However, in our study,
the Dcr of RFAC revealed a stronger correlation with the pt than with the pr-por
(i.e., pc +pt +pc) and the pcap (i.€., pT +pc), as shown in Fig. 14, indicating that
the crucial factor that governed chloride permeability of RFAC is the Pt instead
of other factors, whereas the effects of the Pc and Pc are negligible in terms of
the Dcr of RFAC. In terms of Dcr, the variations between the critical factor that

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

There is a consensus as for the influences of the Pc on concrete permeability,
as reported in the previous studies 282041 whereas the role of the pores (i.e.,
a diameter of 100nm-1000nm) played in chloride diffusivity of concrete is much
disputed. For instance, Mehta [“1 reported that the non-connectivity of small

pores could account for a strong correlation between concrete permeability and
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the pores with a diameter > 100 nm. However, in this study, a different scenario
was seen, and due to the old mortar attached to the RFAs, the proportion of the
small pores with a diameter of 10~100nm also greatly increased, and the pores
with a diameter of 10-100nm that were thought to be isolated in natural concrete
could be interconnected in recycled concrete, thereby greatly boost the
permeability of RFAC. In view of the foregoing, instead of the capillary, gel or
total porosity, the pr through the MIP test could be accurate in the determination

of the Dcr of RFAC.

3.4.3 Relationship between the porosity of ITZs and its Dcr-

Unlike cement paste, in natural concrete or mortar, owing to the w/c ratio
gradient developed at the interfacial layer, different microstructural images
could be observed in the hydrated matrix adjacent to the aggregates [47], that is,
ITZs, and Garboczi and Bentz 48 proposed a relationship between the pirzs (i.e.,

porosity of ITZs) and its Dcr, as shown in Eq. 6.

D¢i- = Dy(0.001 + O-O7P12TZs + 1.8 H(pirzs — Peri) = (Prrz — Pcri)z) Eq. 6

where Do a constant as mentioned above; pirzs is the porosity of ITZs; H is the
Heaviside function (if x > 0, H(x) = 1, and otherwise, H(x) = 0); pcri = 0.18 is the
critical porosity at which the pore space disconnected; p(x) is the porosity at a
distance x from an aggregate surface; dx is the infinitesimal interval of the

distance from the aggregate surface; tirzs is the thickness of the ITZs.

The model proposed by Garboczi and Bentz 8 considered ITZs as a uniform
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region, which is also proportional to the volume fraction of the aggregate.
However, the ITZs are not uniform and its porosity is a variation value along
with the distance from the aggregate surface especially in recycled concrete,
whose complexity of ITZs is much higher than that of the traditional one, as a
result of the old and newly formed ITZs present in recycled concrete. Given this,
as the quantity and distribution of ITZs in recycled concrete have great
randomness and discreteness, Eq. 6 cannot be directly applied to predict the
Dcr of the ITZs in recycled concrete, as the relationship between the aggregate

volume fraction and ITZ volume fraction is weak.

In consequence, facilitated by X-CT, since Pv<1 is a sum of pores from the old
(from recycled aggregates) and newly formed ITZs, pvw<1 could be a more
accurate reflection of its inside Dcr rather than pitzs in RCAC, where the Dcr

can be easily acquired when the pv<1 is measured.

3.4.4 Relationship between the pore parameters of recycled concrete and

its Dcr

Given the previous analysis, a strong interconnection between the pv<1/pt and
the Dcr of RCAC/RFAC could be observed, yet in practice, it is inevitable to use
both RCAs and RFAs at the same time during the preparation of recycled
concrete, and new parameters are required that should consider both the

effects of RCAs and RFAs on Dcr of recycled concrete.

In view of the foregoing, an increased number of ITZs could be observed with
the growth of the RCAs substation level, at the same time, the old mortar

attached to the RFAs led to the presence of a large number of Pt, which
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provided more paths for Dcr. Meanwhile, on the premise that the pores are
interconnected, a higher concrete porosity could indicate a greater probability
of chloride that passes through the pores. Therefore, the probability of chloride
that could move through a pore is equivalent to the porosity of a specific type
of pore, as shown in Fig. 15. Therefore, in this study, the probability of chloride
that could pass through the Pt and Pv<1 of recycled concrete, which were

denoted as PR(P1) and PR(Pv<1), equaled the pt and pv=<1.

Therefore, from the chances of the potential paths of chloride diffusion within
recycled concrete, as shown in Fig. 15, a new parameter, Rp, was introduced,
which combined the impacts of the pv<1 and pr on the Dcr of recycled concrete
simultaneously, and the Rp was obtained through multiplying pv<1 and pr, as
shown in Eq. 7, as the chances of two independent events happening together
(i.e., chloride that could pass through Ptand Pv<1 within recycled concrete at
the same time) can be calculated by multiplying the chance of each event, as

acquired from the classic probability theory.

R, = PR(Pr N Py.1) = PR(Pr) * PR(Py<1) = py<1 ' Pr Eq.7

The newly proposed Ry is strongly correlated with chloride diffusion of recycled
concrete, as seen from Fig. 16. Hence, after measuring the pr and pv<1 of

recycled concrete in practice, its Dcr can be well predicted following Eq. 8.

D¢~ = 6.344 + 4.452R, Eq. 8
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In a nutshell, compared with the current Dcr models, the advantage of the
model proposed lied in the consideration of the multiscale pore structures of the
cement paste, old and newly formed ITZs in recycled concrete simultaneously,
where the critical pore parameters were comprehended separately from a
micro- and meso-scale, thus the prediction accuracy of the Dci- model for the

recycled concrete is greatly enhanced.

4. Conclusion

Compared with the natural aggregates, the use of recycled ones revealed
different impacts on Dcr, which is owing to their multiscale pore structures
caused by the addition of the RCAs/RFAs, highlighting their importance with
respect to the prediction of the Dci-and durability of recycled concrete. Further,
RCAs/RFAs played different roles with regard to the pore structures of recycled
concrete in a micro- and meso-scale, which can be assigned to the old ITZs
attached on the RCAs that led to an increase of Pv<1from a meso-scale, as well
as the volumetric growth of Pt and Pc due to the addition of RFAs from a micro-

scale.

Finally, in view of the multi-structures of the cement paste, old and newly formed
ITZs, the new parameter derived from the probability theory revealed great
accuracy in predicting the Dcrr and durability of recycled concrete, where the
pv<1 and pt were identified to be strongly related to its Dci- based on different
scales, and the higher accuracy of the Dcr prediction may promote the usage

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

Table 1 Chemical composition of cement

Composition Al2O3z  SiO2 Cao Fe203 SOs3 MgO f-CaO

Wt. (%) 4.36 22.37 61.08 3.38 2.45 243 0.86




Table 2 Mix proportions of concrete (kg/m?3)

Additional
Cement Water NCAs RCAs NFAs RFAs SP
water

CoFo 400 180 1095 0 730 0 0 1.6
CasFo 400 180 821 274 730 0 6 1.6
CsoFo 400 180 5475 5475 730 0 12 1.6
CrsFo 400 180 274 821 730 0 18 1.6
C1o0Fo 400 180 0 1095 730 0 24 1.6
C1ooF2s 400 180 0 1095 547.5 182.5 36 1.6
C1o0Fs0 400 180 0 1095 365 365 48 1.6
C1o0F7s 400 180 0 1095 182.5 547.5 60 1.6
C100F 100 400 180 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 Dci- and pore parameters of RCAC

Micropores Mesopores
Parameters Average Pore
Porosity Ve VT Ve VL Porosity Vvt Vis1
Diameter
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 2674 1867 1.654 0.345 0.171 2.066

** 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.



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

Micropores Mesopores

Parameters Average Pore

Porosity Ve Vr Ve Vi Porosity Vvt Vi1
Diameter

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

** 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.
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