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� Self-compacting characteristics were maintained when RCA and RP were used.
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This study aims to investigate the properties of self-compacting concrete (SCC) with a combined use of
recycled coarse aggregate (RCA-0, 25%, 50% and 100% replacement by mass) and recycled powder (RP-
10% and 20%), which were both derived from construction and demolition (C&D) waste. Fresh properties
were conducted as per EFNARC and porosity was evaluated by using a non-destructive test technique
micro X-ray Computer Tomography (X-ray CT). The results showed that SCC mixtures examined in this
study all owed excellent flow-ability even when FA was fully replaced with RP. The compressive strength,
splitting tensile strength and the resistance to chloride penetration of SCC generally weakened with an
increase in the RCA replacement, and the rate of reduction was generally lower when RCA was used
no more than 50%. X-ray CT results showed that a higher amount of RP can lead to agglomeration of par-
ticles that lead to higher porosity in concrete, which may attribute to the poor durability of SCC with RCA
and RP.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Self-compacting concrete (SCC) has been a research focus for
many years because of its ability to remain homogenous during
transportation, placing, and after placing and also meet the
requirements for strength, volume stability, and durability [1].
The development of SCC is considered as a significant achievement
because of its improved properties over normal vibrated concrete
(NVC). SCC is a two-phase composite material, where the aggregate
phase is dispersed into the paste phase [2]. High powder content,
superplasticizers (SP), and viscosity modifying agents (VMA) are
the keys to achieve self- compacting features like filling ability,
passing ability, and segregation resistance [3]. It is necessary to
increase the paste volume in SCC to accommodate aggregates for
a better flow-ability and also to consolidate under its weight. How-
ever, the increased volume of paste will no doubt impact the cost
of SCC and the environment. As per literature, to eliminate 1 billion
tons of CO2 per year, 50% of clinker factor of cement needs to be
replaced with material produced with low carbon emissions,
which require the use of 1.58 billion tons of supplementary cemen-
titious materials (SCMs) such as fly ash whose global availability is
just 800 million tons [4].

Concerning the first concept of cement substitutes, various
studies have been performed on SCC with the incorporation of dif-
ferent types of inert filler, pozzolanic, or cementitious additions.
Additions such as mineral admixtures (fly ash, silica fume or
ground granulated blast furnace slag), marble powder [5], ceramic
waste powder [6], granite powder [7], dimensional stone powder
[8] and glass powder [9] have well-consolidated practice in cement
and concrete industry. One of the most significant additions is
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sourced from construction and demolitions (C&D) waste. The pro-
duction of C&D waste in China is 2 billion tons in the year 2017
[10]. Apart from the production of recycled coarse aggregates
(RCA) from C&D waste, a large amount of recycled fine aggregates
(RFA) and dust powder (<0.16 mm) are also generated, which
account for about 20–50% of the total C&D waste [11] by mass
and cannot be utilized effectively at present for their high porosity
and impurity content. Another reason being a by-product of RCA
and RFA, dust powder is not generally used as a filler material
because of low added-value [4,12]. Their utilization has currently
become a research focus in China to achieve a sustainable con-
struction industry in the future. Therefore, it is necessary to
improve the added value of such recycled materials through phys-
ical or chemical approaches, and the most common one is to use
the physical force, i.e., by further grinding them into recycled pow-
der (RP) with a certain activity. It is proved that by grinding the a-
SiO2 in RFA/dust powder can be firstly transformed into the more
stable b-SiO2 and then transformed into amorphous SiO2 [13],
which is beneficial to improve the activity. Similarly, Ca(OH)2
and C-S-H in waste concrete can be also converted into more amor-
phous forms by grinding, leading to higher pozzolanic activity [14].

From a life-cycle perspective, the concrete industry has an
energy-extensive consumption because of its super-high demand
for natural resources. To alleviate hazards to the environment, it
is also necessary to replace cement and aggregate with more sus-
tainable materials. It is generally accepted that replacing natural
materials partially or fully by waste materials in concrete reduces
the discharge of C&D waste and thus negates the problem of land-
fills. It has proved that the alternative use of high-quality RCA in
concrete can be even accepted up to 100% [15]. Besides, the use
of RCA in structural elements, even in high-rise buildings that
require improved concrete performance, was also documented
[16].

As regards RP produced from C&D waste, though performed
weaker than that produced directly from pure cement paste, it
was believed to help improve the long-term properties and
microstructure of hydration products [17–19]. Schoon et al. [20]
and Kwon et al. [21] believed that RP possessed specific hydration
activity that could be used to replace limestone as a raw material
of cement partially. Topič and Prošek [22] ground old concrete into
RP with similar fineness to cement and the results showed that the
alternative use of such RP to replace 15% cement could produce
higher hydration heat and improvement in flexural strength of
concrete as compared with the control mixture. Similar studies
conducted by Xiao et al. [18] and Lu et al. [14] showed the replace-
ment of cement by suitable contents of RP could result in the
improvement of both mechanical and durability properties. More-
over, it should also be noted that replacing cement with RP and
SCMs opens a new horizon for the research and addresses the
problem of dumping or landfilling of fine fraction produced from
C&D waste.

Currently, few studies have been conducted on the effect of RP
in SCC, let alone the combined use of RAC and RP. However, there
are still few studies focusing on the combined use of RAC and RP in
the properties of SCC. RP used in this study was derived by fine
Table 1
Chemical compositions of materials used.

Materials Chemical compositions (%)

SiO2 CaO Al2O3 Na2O P2O5

PO42.5 19.9 64.9 4.42 0.08 0.1
FA 51.7 7.65 23.9 0.58 0.4
SF 98.3 0.36 – – –
RP 47.9 18.7 12 0.86 0.29
grinding the recycled aggregates from C&D waste. Therefore, this
study aims to explore the feasibility of maximum utilization of
waste recycled materials both as a partial replacement of coarse
aggregate and binder in SCC. Fresh properties such as slump flow,
T500, V-funnel and L-box along with mechanical properties such as
compression and split tensile strength. Chloride ion penetration,
micro X-ray Computer Tomography (X-ray CT) and X-ray diffrac-
tion (XRD) were used to investigate the influence on the
microstructural properties.
2. Materials and experimental methods

2.1. Materials

PO42.5 cement was used confirming to Chinese standard GB175-2007 [23],
while fly ash (FA) and silica fume (SF) were commercially purchased from Jiangyou
Power Plant and Huiye Silica Fume Material Co., Ltd in China, respectively. All the
recycled material used in this study was derived from waste concrete, which was
acquired from a local C&D waste recycling plant which is responsible for recycling
the concrete from infrastructure components, the physical properties of RCA is pre-
sented in Table 2, which represents a quality index of the old concrete. RP used in
this study was obtained through further grinding RFA obtained during the crushing
of waste infrastructure components to RCA, by using a cone cavity mill and negative
pressure sieves. As per the Chinese Standard GB1596 [24], the powder was obtained
as per the requirement where the minimum cumulative content of 45 mm in class I
fly ash powder material is 88%. The grain size of RP produced and used in this study
satisfies the requirement with a minimum cumulative material 90%, as shown in
Fig. 1.

The XRD pattern of RP used in this study is shown in Fig. 2, while a comparison
of the chemical compositions between cement and several SCMs like RP, SF, and FA
is listed in Table 1. It can be noticed that the main oxide components of RP are
almost in-between cement and fly ash. RP mainly comprises quartz (SiO2) and cal-
cite (CaCO3), showing sand and un-hydrated cement particles.

To assess the pozzolanic activity of the RP, the strength activity index of RP was
performed as per the Chinese code GB/T1596 [24], as shown in Fig. 3. Control mor-
tars (cement: sand: water = 1:3:0.57) and mortar with 30% RP cement replacement
was prepared and tested for 28-day compressive strength. Results showed that the
strength activity index of RP was 80% with a replacement ratio of 30%, illustrating
the application potential of RP in concrete. The unit cement volume is the content is
the strength potential of the cement by enhancing the contribution of a unit cement
content to the strength. It can be seen that by replacing 30% RP with cement the
strength decreases from 42.53 MPa to 34.02 MPa and the per unit volume of ‘ce-
ment’ increases by 19%. This allows the other materials to play their full role in
strength. This is because the fineness of RP has an excellent effect on the develop-
ment of strength and can be evenly dispersed in the matrix providing a higher con-
tact area of cement particles and water [25]. The lower value of the compressive
strength of mortar at 28 days shows that the overall effect of RP is not similar to
the cement, leading to the fact that the unit volume of cement in a mortar with
RP remains lower than that of control.

Natural coarse aggregate (NCA) with a maximum size of 12 mm and natural fine
aggregate (NFA) with the fineness modulus of 2.71 was used to prepare the refer-
ence mixture. RCA with a maximum grain size of 12 mm was obtained from the
same recycling plant from where the waste concrete for RP were collected. The
physical properties of RCA, NCA, and NFA are shown in Table 2. Fig. 4 shows the par-
ticle size distribution of all the aggregate used in this study.

A Poly-carboxylic ether (PCE) based admixture named QS-8020 (Shanghai
Qinhe Chemical Co., Ltd., China) in powder form was used as the water reducer
in this study.

2.2. Mix design

The mix design method proposed by Su et al. [26] was adopted in this study.
Nine mixes with two different mix series, including control, were formulated with
a constant water/binder (w/b) ratio of 0.4, as shown in Table 3. Two different
SO3 K2O MgO TiO2 MnO Fe2O3

2.67 0.79 0.66 0.21 0.1 3
0.91 1.4 0.9 1.19 0.07 5.22
– – – – 0.01 –
1.41 2.33 2.26 0.82 0.1 6.53



Table 2
Properties of NCA, RCA, and NFA used for the SCC mixes.

Characteristics NCA RCA NFA

Bulk density (kg/m3) 1438 1220 1497
Specific gravity 2.61 2.59 2.60
Clay content (%) 0.21 1.0 2.0
Aggregate Crushing index (%) 5.1 11.35 –
Water absorption (%) 1 6.53 3.6

Fig. 1. The particle size distribution of RP.

Fig. 2. XRD pattern of RP.

Fig. 3. Hydration rate and heat of hydration for cement paste and paste with 30%
RP.

Fig. 4. Particle size distributions of aggregate used in this study.
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replacement of RP was used to find the optimal combination with RCA. The same
amount of SP (0.25% wt. of cementitious materials) was used in all the mixtures
to examine the real effect of RCA and powder content on the fresh properties of con-
crete. A standard tilting drum mixer with dry to wet mixing approach was adopted
for mixing concrete. First, coarse and fine aggregates were dry mixed for 30 s, then
cementitious materials (cement, SCMs, and RP), and SP were added and further dry
mixed for 30 s. Then, 3/4th of the water was added and mixed for another 30 s, and
finally, the remaining water was added, and the concrete was mixed thoroughly for
the next 1 min for making a homogeneous mix at room temperature of 27 ± 2℃. The
RCA were used in saturated surface dry (SSD) condition in order to eliminate the
effect of the high-water absorption of RCA. The moisture condition was verified
for each batch before mixing the concrete.
2.3. Test methods

2.3.1. Fresh properties
The traditional fresh properties such as slump value, T500 time flow, V-funnel,

and L-box were investigated as per the specifications of EFNARC [27] (Table 4) and
EN12350-8 [28]. Fig. 5 shows the slump flow and the V-funnel tests in progress. The
tests for fresh properties were conducted soon after the mixing protocol and were
performed simultaneously to eliminate the effect of time. The repeatability of fresh
properties was performed during the mix design trials. After finalizing the mix, the
test was done once, in order to see the direct effect of materials on the fresh prop-
erties, not the effect of time.

2.3.2. Compressive and splitting tensile test
Compressive test and splitting tensile test were performed as per the Chinese

code (GB/T50081-2002) [29] and Indian code (IS:5816–1999) [30], respectively.
Test performed in triplets with cubes (100 mm x100mm x100mm) for each of com-
pressive strength and diagonal splitting tensile strength of concrete (Fig. 6) at cur-
ing ages of 7, 28, and 56 days.

2.3.3. Chloride ion penetrability
Chloride penetration of SCC was measured following the Chinese code (JTJ270)

[31]. Test specimens were exposed to 5% NaCl solution from one exposed face to
check the amount of chloride content in concrete. The test was performed using
ion-selective AgCl and calomel electrodes on the powder from various depth (0–
3 mm, 3–6 mm, 6–9 mm, 9–12 mm, and 12–15 mm) of the sample. A 24-hour wet-
ting and drying cycle was adopted in this test. The relationship was built between
the electric potential and the chloride concentration, which follows Fick’s second
law, as mentioned in Eq. (1).



Table 3
Mix proportions of the experimental program in this study (kg/m3).

Mix Notation Cement FA SF RP NFA NCA RCA SP

Control Control 430.5 184.5 0 0 660 780 0 1.53
Series I C0RP10 430.5 61.5 61.5 61.5 660 780 0 1.53

C25RP10 430.5 61.5 61.5 61.5 660 585 195 1.53
C50RP10 430.5 61.5 61.5 61.5 660 390 390 1.53
C100RP10 430.5 61.5 61.5 61.5 660 0 780 1.53

Series II C0RP20 430.5 0 61.5 123 660 780 0 1.53
C25RP20 430.5 0 61.5 123 660 585 195 1.53
C50RP20 430.5 0 61.5 123 660 390 390 1.53
C100RP20 430.5 0 61.5 123 660 0 780 1.53

# The mix design was taken in mass because the specific gravity of natural coarse aggregate and recycled coarse aggregates are nearly equal.

Table 4
Target limits prescribed by EFNARC.

Property Notations Requirements

Min. Max.

Slump flow (mm) SF1 550 650
SF2 660 750
SF3 760 850

T500 (s) VS1 �2
VS2 >2

V-funnel (s) VF1 �8
VF2 9–25

L-box (ratio) PA1 �0.80 with 2 rebars
PA2 �0.80 with 3 rebars
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where, Cðx; tÞ is the free chloride content at the depth ‘x’ and time exposure ‘t(s)’; Cs

stands for the surface chloride content (%); C0 stands for the initial chloride content
in concrete (%); erf ðxÞ stands for the error function; Dap stands for the chloride diffu-
sion coefficient having units of 10–12 m2/s, it can be obtained by fitting the chloride
profile with least-square methods.

2.3.4. X-ray diffraction investigation
Microstructural analysis was also performed for a better understanding of the

chemical and structural analysis of SCC produced with RCA and RP. Selected mix
samples were prepared for each of the testing regimes and the XRD test was con-
ducted on the powder (75 mm) obtained from the broken cubes after testing to anal-
yse the chemical composition. During the test, voltage of 30–60 kV and current of
50–100 mA was employed.

2.3.5. Micro X-ray Computer Tomography
The performance of the composite material directly linked to the constituents

materials. A relevant field of research is the establishment of the connection
between the characteristic material and the performance parameters, which
Fig. 5. Slump flow and V-funn
demands the workflow between these parameters. As it is impossible to differenti-
ate between the changes in the same sample before loading, micro X-ray CT was
used for the qualitative and quantitative analysis of the inner structure of SCC with
RAC and RP. The test was performed on the samples after 28 days of standard cur-
ing. A limited number of samples were investigated for the internal structure. In
micro X-ray CT, it was impossible to test the whole cube, so a 50 mm diameter core
from an unbroken cube was used to perform the investigation. As shown in Fig. 7
the samples were heated in oven at 102 ± 2℃ for 24 h and then tested.
3. Results and discussion

3.1. Fresh properties

Fig. 8 shows the development trend of fresh properties, includ-
ing the slump flow, T500, V-funnel and L-box tests, for SCC mixed
with different combinations of RCA and RP.

As shown in Fig. 8(a), the variation of SCC in slump flow and
T500 when RP maintained at 10%/20% while changing the RCA
replacement from 0 to 100% can be observed. With an increase
in the replacement ratio of RCA from 0 to 100%, the slump flow -
value of SCC with 10% RP decreased by 0.66%, 3.04%, 9% and
14.56%, respectively, whereas the reduction was a bit higher
for SCC with 20% RP, about 3.3%, 14.83%, 16.55% and 19.2%,
respectively. When RCA was fully used while the alternative
use of RP was 10% and 20%, an increase of about 38.89% and
116.67% can be observed in T500 value, while the V-funnel result
shown in Fig. 8(b) increased by 24.27% and 48.54% accordingly.
The adverse effect of RCA content on the fresh properties of
SCC can be attributed to its high-water absorption. Firstly, the
total amount of attached mortar increased with increased RCA
percentage, leading to higher porosity and absorption of water
during mixing [32]; Secondly, the increased friction and
increased surface area due to increase amount of RCA can influ-
el tests of fresh concrete.



(a) Schematic distribution (b) Specimen under testing

Fig. 6. Test method of splitting tensile strength.

enihcamTCyar-X)b(erocretemaidmm05)a(

Fig. 7. Micro X-ray Computer Tomography test.

Fig. 8. Fresh properties of different SCC mixtures.
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ence the interlocking behavior leading to a lower flow-ability
[33]. In all the mixes, a Visual Stability Index (VSI) [34] of the
fresh concrete was also determined, and all the mixes scored
2, i.e., no perceptible segregation was observed in any mix apart
from CON, C0RP10, and C0RP20 which showed the VSI of 1. This
showed that the mixes with RCA present a partial tendency of
segregation. Whereas, no tendency of segregation is observed
with the inclusion of RP.
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The results showed that SCC examined in this study show excel-
lent flow-ability even when FA was entirely replaced with RP in all
the mixes and fell under the limits prescribed by EFNARC [27].
Similar to T500 time, V-funnel and L-box were also used to access
the viscosity and passing ability of SCC. These tests typically simu-
late the placement conditions and time measure value, such as dis-
tance, time, and rest time during placement. As per the theory of
rheology, the concrete is understood by two parameters, extent
of flow and rate of flow. Since the yield stress of conventional
SCC and SCC with RCA and RP is a function of replacement percent-
age and time elapsed after mixing [35]. Based on the empirical
fresh properties presented in Fig. 8, no conclusion can be made
regarding the effect of RCA on yield stress and plastic viscosity in
this study.

As per the grain size distribution of RP, the grain size of RP is
lower than that of cement, leading to a higher surface area, which
decreases the water film among different particles and increases
the interface friction. Besides, the micro-cracks of RP caused by
the produce process leads to the higher water absorption than
cement. The reduction in the slump value in the concrete mix
can be partly attributed to the finer particles and high water
absorption of RP, leading to a quicker absorption of the free water
required for flow [36]. Even with a controlled amount of powder
content, the increase in the surface area can lead to a controllable
reduction in the fresh properties of SCC, which is in concordance
with the results presented by Wang et al. [37] and Kim et al. [38].

3.2. Mechanical properties

Table 5 shows a comparison of the mechanical properties
between the control SCC and SCC prepared with RCA and RP at dif-
ferent curing ages, and a detailed comparison can be noticed in
Fig. 9.

As shown in Fig. 9(a), it is as expected that the compressive
strength of SCC with and without RCA/RP all increased with curing
age. Besides, a gradual reduction can be clearly noticed in the com-
pressive strength of SCC with an increase in the replacement ratio
of either RCA or RP, and the reduction is more significant when the
replacement ratio of RCA reaches 50%, regardless of the RP dosage;
While the reduction in compressive strength is minimal with the
replacement of FA alone, about 3.06%, 1.17% and 1.76% for SCC with
10% RP and 5.05%, 3.87% and 10.39% for SCC with 20% RP at 7 days,
28 days and 56 days, respectively. This may be due to the alterna-
tive use of RP and SF that can provide enough hydration heat when
replacing FA, especially at an early age.

Fig. 9(b) shows the splitting tensile strength of all the SCC mix-
tures relative to that of the control SCC at 28 days. A reduction in
the splitting tensile strength can be observed with the increasing
content of RCA/RP. A gradual reduction in the splitting tensile
strength was observed at 28 days with the inclusion of RCA, and
the reduction were 1%, 18%, 20% and 29% for SCC with 10% RP while
Table 5
Mechanical properties of SCC with RCA and RP.

Series No Mix Notation Compressive Strength (MPa)

7d 28d

Control C0RP0 37.83 42.91
Series I C0RP10 36.67 42.41

C25RP10 34.61 40.25
C50RP10 30.25 36.93
C100RP10 29.97 34.85

Series II C0RP20 35.92 41.25
C25RP20 33.98 40.73
C50RP20 28.46 35.97
C100RP20 27.89 34.43
13%, 19%, 25% and 35% for SCC with 20% RP, respectively, at 0, 25%,
50% and 100% RCA replacement. Besides, the rate of reduction was
generally lower when RCA was used no more than 50%. The reduc-
tion in the splitting tensile strength can be attributed to the differ-
ent elastic modulus ratio of the new cement mortar, and the old
cement mortar can influence the microcrack development around
the new interfacial transition zone (ITZ) and old ITZ region of
RAC as explained by Xiao et al. [39]. In addition, water of saturated
surface dried RCA will bleed, which leads to the higher water to
binder ratio around ITZ, resulting in the weaker strength of ITZ.
The largest reduction of about 45% was observed in SCC with
100% RCA and 20% RP at 7 days of curing age. After curing for
28 days, the reduction decreased. There is a very small decrease
of concrete only with 10% RP after curing for 28 days, showing that
concrete with RP has a relative enhancement of strength at later
ages, which can be explained by the secondary hydration. The
hydration products Ca(OH)2 will react with the reactive element
of RP and form CaCO3, leading to the denser microstructure.

3.3. Durability properties

As shown in Fig. 10, the Cl- permeability of SCC increased with
the incorporation of RCA, which is generally accepted due to the
presence of residual mortar and defects in RCA. For SCC with alter-
native use of 10% RP, it can be noticed that the chloride concentra-
tion was only a bit higher than that of the control SCC when the
incorporation of RCA was no more than 50%. However, for 100%
RCA, mix with 20% RP content when compared with mix with
10% RP content, showed an increase in value which is about 2.6,
1.3, 0.8, 0.67 and 0.05 times at 1.5 mm, 4.5 mm, 7.5 mm,
10.5 mm, and 13.5 mm depth respectively. In Series I, the highest
chloride concentration was observed in the mix with 100% RCA,
whereas the mix with 25% and 50% RCA content showed almost
similar results, which can be attributed to the filler effect of RP
and the reduction of chloride permeability at convection zone
[40]. While for SCC with 20% RP, a gradual increase in chloride con-
tent can be observed with an increase in the RCA replacement.
Though the high fineness of RP may be helpful to improve the
hydration reaction of cement paste and dense the concrete by fill-
ing the pores, its overuse may lead to the agglomeration of parti-
cles to minimize the interfacial energy between the cementitious
particles and the dispersion medium [41]. Such agglomeration
effect may hinder the further reaction in SCC, and thus produce
unfavourable influence on the chloride ingress behaviour.

3.4. Microstructural analysis

3.4.1. XRD analysis
A comparison of the XRD test results between the control SCC

and SCC with a combination use of 100% RCA and 10%/20% RP is
shown in Fig. 11, in which aSiO2 and CaCO3 can be clearly found
Splitting Tensile Strength (MPa)

56d 7d 28d 56d

48.41 4.2 4.45 4.88
47.56 3.94 4.44 4.89
45.72 3.57 3.64 4.14
42.52 3.15 3.6 3.81
37.52 2.94 3.2 3.5
43.38 3.82 3.89 4.39
43.77 3.03 3.63 4.16
37.68 2.95 3.34 3.46
36.25 2.43 2.89 3.29



a) Compressive strength

b) Splitting tensile strength of SCC mixtures relative 
to that of control SCC at 28 days

Fig. 9. Mechanical properties of SCC at 7, 28 and 56 days with different RCA replacement.
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in hardened cement paste, and aSiO2 is found to have relative
higher pozzolanic activity while CaCO3 tends to participate during
hydration to generate monocarboaluminate (C3A·CaCO3·11H2O).
The concentration of SiO2 and CaCO3 was higher in SCC with 10%
RP than that with 20% RP. Besides, small amounts of ettringite were
also seen in the XRD pattern of SCC with 10% RP, but not present in
that with 20% RP. This can be attributed to the fact that SF and RP
were used simultaneously to replace FA in the latter mix as com-
pared with the former one. In the case of the powder produced
from the concrete for XRD, the amount of RCA, RP and SF influence
the properties of concrete made from these blends. As shown
before the oxides of RP are generally between that of cement and
FA. As seen from Fig. 11 with the replacement of FA with RP
content, there is an increase in the aSiO2 content in concrete. This
increase in aSiO2 can lead to a higher density of concrete and
proves beneficial to the development in the concrete properties.
Moreover, the blends of RP, SF and FA, prove that the trade-offs
between the positive and negative effect of replacement of RP with
SF and FA lead to better effect through optimizing the blends for a
mix.

3.4.2. X-ray microtomography
In the case of SCC, the most affected part by using RCA or other

recycled materials is durability. Hard synchrotron X-Ray micro-
tomography was used to characterize SCC with the RCA
microstructure. Selected mixes with 100% replacement of RCA



Fig. 10. Chloride concentration at various depths.

Fig. 11. XRD analysis of concrete.
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were tested in X-ray CT to see the effect of RCA along with 10%/20%
RP (Control, C100RP10, C100RP20). VGStudio Max was used for
analyzing the X-Ray micro-tomography results. Fig. 12(a) shows
Fig. 12. (a) Grayscale voxelated image
the tomographic greyscale images with voxel intensity and
image after pore segmentation. In Fig. 12(b) the inner circle repre-
sents the region of interest (ROI) for calculating the defect (void
content).

The defect (void) ratio was calculated by the average defect
value of each slice along the axis of the sample. After the process-
ing of X-ray CT slices, the defect volume fraction is presented in
Fig. 13(a). Variation of the defect content is mainly attributed to
the porosity of concrete, which is affected by the amount of
attached mortar and secondary hydration products of RCA and
RP. Whereas Fig. 13(b) represents the 3D reconstruction of pores
in a sample. It should be noted that the amount of defect also
depends on the cutting technique of samples, which can also bring
the variation in the analysis of X-ray CT samples [42]. The porosity/
inclusion analysis (2.x compatibility) model was used to determine
the individual pores, individual pore volume along with sphericity
(Sp), compactness (Cc), and surface area (AP) mentioned in Eq. (2)
and Eq. (3) [43].

Sp ¼ p1=3 � ð6VÞ2=3
AP

ð2Þ
Cc ¼ AP

N2 � Tu

ð3Þ

where, V = volume of pores (mm3), Ap = surface area of pore (mm2),
ᶲ = porosity, R = radius of pores (mm), N = number of pores,
Tu = Tortuosity

Fig. 14 shows the sphericity and compactness of CON. There is a
strong correlation between the sphericity and the compactness of
the defect, but no correlation can be seen between the sphericity
and the surface area (mm2). Similar results were obtained in all
other mixes. The sphericity increases the compactness of pores
but decreases the surface area. The RCA content increases the com-
pactness of the samples except for the sample with 15% RP. This
shows that 10% is the optimum dosage of RP for this mix to provide
a filler effect, which is due to the secondary hydration reaction
[18]. The analysis of the compactness can give us the idea for the
volume occupied inside a pore. Whereas, the variation from spher-
ical to conical pores shapes can provide an insight into the addi-
tional hydration products formed inside the pores during the
hydration stage. Results indicate that the pores in SCC with RCA
and RP are neither completely spherical nor cubical. Moreover,
with an increase in the surface area, the pore shape tended to devi-
ate from the spherical shape, indicating that pores became non-
spherical [43].
(b) Image after pore segmentation.



Fig. 13. (a) Variation of the volume fraction of voids slice wise; (b) 3D reconstruction of pores in the control sample.

Fig. 14. Relation between Compactness and Surface areas with Sphericity of CON.

Fig. 15. Sphericity of pores.
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Concrete consists of three kinds of pores micropores
(1–100 nm), mesopores (100 nm – 0.01 mm), and macro-pores
(0.01 mm – 1 cm). Fig. 15 shows the sphericity of pores. The
sphericity is plotted in the scale of 0 to 1, where 0 being pores like
elongated polygons and 1 represented the perfect circular shape of
pores. An exponential behaviour was observed in all samples with
a higher number of smaller pores. Although, a higher amount of RP
showed higher sphericity, the number of pores per slice in SCC
with 20% RP is higher than that of SCC with 10% RP (Fig. 13 (a)).
The only reason for the higher porosity can be the agglomeration
of finer particles in the cement matrix [41]. Fig. 16 shows the dis-
tribution of the micropores in concrete. The amount of micropores
in control is less, comparing to concrete with RCA because of the
adhered mortar on aggregates. This non-destructive analysis of
the calculation of porosity is better than the mercury porosities
which is seldom used today because of the environmental issues.
The relative total porosity of C100RP10 and C100RP20 is 8.08%
and 10.22% of the control mix, respectively. This may be due to
the reasons mentioned above, including the filler effect, additional
hydration products and the agglomeration of particles due to a
higher amount of RP.



Fig. 16. Micropores distribution in concrete.
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4. Conclusions

Based on the various investigations on the fresh and hardened
properties of SCC with RP and RCA, the following conclusions can
be made:

- Self-compacting concrete (SCC) mixtures examined in this
study showed excellent flow-ability even when Fly ash (FA)
was fully replaced with recycled powder (RP) in all the mixes.
But for SCC with 100% recycled coarse aggregate (RCA), a signif-
icant increase in T500 time of about 38.89% and 116.67% was
observed at 10% and 20% RP respectively. This can be attributed
to trade-offs between full replacement of FA by RP, leading to a
higher interlocking between the particles in a fresh state and
the agglomeration of the particles due to a higher amount of
RP. According to the fresh results, increased RP content (ag-
glomeration of the particles) leads to decreased workability.

- The compressive and splitting tensile strength of SCC generally
reduced with an increase in the RCA replacement, and the rate
of reduction was generally lower when RCA was used no more
than 50%. However, at 25% RCA, a minor increase in compres-
sive strength was observed at 28 days when the alternative
use of RP was increased from 10% to 20%. Whereas in the case
of splitting tensile strength, a higher rate of decrease was
observed when 20% RP was used.

- For SCC with an alternative use of 10% RP, though the chloride
concentration was much higher than that of the control SCC
when RCA was fully used, the concentration value was rela-
tively low when the incorporation of RCA was no more than
50%. While for SCC with 20% RP, a gradual increase in chloride
content can be observed with an increase in the RCA replace-
ment. The agglomeration of particles may be a cause for the
higher chloride content in the mixes with a higher amount of
RP.

- X-ray CT results showed that a higher amount of RP can lead to
agglomeration of particles that lead to higher porosity in con-
crete, which may attribute to the poor durability of SCC with
RCA and RP.

It should be emphasized here that the experimental parameters
adopted in the study and the relevant conclusions are only valid for
the investigated SCC mixes with RCA and RP with the specific
material properties and the arrangements for the current experi-
mental study. The effects of the other material properties on the
SCC with RCA and RP calls for more efforts. The type and different
blends of waste powders from different sources with various par-
ticle distributions in SCC with RCA are encouraged in the future.
Besides, the effect on the microstructural behavior will be evalu-
ated in-depth.
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