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HIGHLIGHTS

« Naturally occurring compound, Tannic acid is used to treat fine recycled concrete aggregate (RCA).
« Microstructure and quality of fine RCA are significantly improved by the treatment.

« Over 50% reduction on the total porosity of the mortar can be achieved by the treatment.

« Up to 25% increase in compressive strength can be achieved by the proposed treatment.
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A massive fraction of recycled concrete aggregates (RCAs) is fine RCA. Once recycled in new concrete, fine
RCA can significantly reduce the mechanical strength and durability of the concrete since fine RCA has
high water absorption and high porosity. To address this issue, this study proposes to treat the fine
RCA using a tea-stain inspired compound, tannic acid (TA). To this end, fine RCA is first immersed in
dilute solution of TA. In this process, TA can react with calcium hydroxide (CH) and calcite of RCA to pro-
duce nanoparticles on the surface of the RCA particles. These nanoparticles can fill the capillary nano-

K.ey words: pores in the mortar, significantly reduce the porosity of the produced mortar. This can be confirmed
Fine recycled concrete aggregates . . . . . .

Tannic acid by the scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) analysis.
Strength Experimental studies have been carried out to examine the effect of this treatment on the hydration
Porosity and mechanical behavior of the mortars made with the treated fine RCA. Testing results confirm that

the strength and durability of the mortar can be significant enhanced by the proposed method, which
can be mainly attributed to two reasons. First, TA coated on the surface of the fine RCA can capture cal-
cium ions to induce local mineralization and facilitate the hydration of cement in the interface transition
zone (ITZ), densifying the ITZ according to nanoindentation test. Second, the cohesion of hardened
cementitious material can be enhanced by the unique binding capacity of TA through covalent and
non-covalent interactions.

Nanoindentation

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Construction and demolition waste (C&D waste) is one of the
largest solid wastes in many countries, especially in China [1-3].
Most of them are disposed of in landfills, which not only consumes
enormous space for landfills, but also creates various pollutions in
land, water and air [1,4]. Recycling C&D wastes for new applica-
tions is the most effective way to alleviate the problems created
by C&D wastes. For example, end-of-life concrete, which is the
heaviest C&D waste, can be crushed into suitable particles size to
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be used as coarse or fine aggregates in new concrete [1,5-12].
The crushed particles are usually classified as coarse recycled
aggregates (RCAs) if their size is no less than 4.75 mm and fine
RCAs if their size is less than 4.75 mm.

Numerous studies have shown that the coarse RCAs are highly
porous due to the residual cement mortar attached to the original
aggregates [1,5-9]. As a result, coarse RCAs have inferior properties
such as higher water absorption, higher porosity, lower particle
density and higher crushing value than natural aggregates (NAs)
[7,10-12]. Consequently, the performance of the concrete with
coarse RCAs is inferior to the concrete with NAs [1,6,7,13,14]. Many
methods have been developed to improve the performance of
coarse RCA, through either removing [8,15,16] or strengthening
the adhered cement mortar [10,17,18].
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Up to now, study on treating fine RCA is very little, despite large
amount of fine RCA is produced in crushing and screening pro-
cesses. Fine RCA is actually discouraged to be used in concrete
due to its high water absorption, high porosity, poor microstruc-
ture, especially at the interface transition zone (ITZ) between the
new cement matrix and the fine RCA [15]. The performances of
concrete (including workability, strength and dry shrinkage) made
with fine RCAs are inferior to those of the concrete made with NAs
[4,16,17]. For example, Khatib found that strength is reduced by
15-30% for concrete containing fine RCA [18]. Bravo et al. [19]
compared concrete samples made with fine RCAs from three
different plants and found their compressive strengths at 28d are
18-42% lower than that of the control one. Zhao et al. [20] demon-
strated that the compressive strength of mortars decreases quasi
linearly as the replacement percentage of fine RCA increases.

A few treatment methods have been proposed to improve the
quality of fine RCA. For example, Zhang et al. [21] attempted to
strengthen the adhered mortar through carbonating the fine RCA.
In their study, the fine RCA was exposed to 20% CO, concentration
with 60% relative humidity in a chamber for 7d. After treatment,
water adsorption of treated fine RCA was decreased by 28.3%,
and crushing value was decreased by 9.1% compared with non-
carbonated fine RCA. Shi et al. [22] exposed fine RCA to the 20%
CO, concentration with 60% relative humidity in a chamber for
3d. They found that water adsorption of the fine RCA was reduced
by 35.9%, and apparent density was increased by 2.9% by the car-
bonation. As a result, the compressive strength and durability of
mortar with the carbonated fine RCA were significantly improved.
Guo et al. [23] presented the physical strengthening treatment of
particle through removing the adhered mortar. Their result
showed that the crushing value of fine RCA was reduced from
22% to 17% after the treatment. The separated fine powder with
0.16 mm can be recycled as active powder used in partial replace-
ment of cement. The fine powder can be further improved by heat-
ing process [24]. Fine RCA was also treated by enhancing the
interfacial transition zone (ITZ), which can be done by spraying
polymer emulsion or immersing fine RCA in sodium silicate solu-
tion or pozzolan slurry, or depositing calcium carbonate through
the metabolism of bacteria [22,25-28].

In this study, we propose a new method to treat fine RCA with
tannic acid (TA) so they can be used in new concrete with
improved mechanical properties. This idea is inspired by the daily
life observation which shows that tea always leaves stain on the
glassware. This suggests that some compound in the tea has strong
bonding ability. Inspired by this observation, early civilizations
were able to cure leather products with tea extract. The material
responsible for the tea staining and tanning has been identified
as TA [29,30], which is a plant polyphenol, the world’s third largest
class of plant components [31]. One unique feature for this mate-
rial is its capability to strongly bind to diverse surfaces by covalent
interaction and non-covalent interactions [32]. A recent study by
Oh et al. [33] demonstrated that TA has ability to capture calcium
ions and induce local mineralization of hydroxyapatite (HA). This is
because the pyrogallol group of the TA can bind Ca?* in aqueous
environments [34], which facilitates a local super-saturation of
Ca?* to induce faster localized mineralization of HA. Hydration of
ordinary Portland cement (OPC) is nothing but a mineralization
process of hydration products such as calcium silicate hydrate
and calcium hydroxide (CH). It is reasonable to speculate that TA
can facilitate the hydration of OPC in the similar fashion as it does
on the mineralization of HA shown in [33,34]. Therefore, a tea-
stain-inspired method is proposed to treat fine RCAs. In this
method, the fine RCA is simply immersed in a diluted TA solution
before added into the concrete mix. It is expected a few mecha-
nisms can be introduced by this treatment. First, chemical reaction
between TA and hydration products such as calcium hydroxide can

occur which densifies the microstructure of the fine RCA. Second,
excellent bonding ability of TA coated on the fine RCA can enhance
the cohesion of the produced mortar. Third, TA may facilitate the
hydration of cement near the interface between the new cement
paste and the RCA so that a denser microstructure can be created.
As a result, the performance of concrete/mortar with the fine RCAs
can be greatly improved by this treatment.

2. Materials and methods
2.1. Materials

Waste concrete cylinders were collected from a laboratory at
the University of Alabama. The waste concrete was crushed into
particles by a jaw crusher (manufactured by BICO Inc.) which were
sieved into coarse and fine RCAs. The fine RCA was used to manu-
facture cement mortars with OPC. Fig. 1 shows the particle size dis-
tributions of this aggregate. Its water absorption is determined as
11.3%. Table 1 shows the chemical components as oxide form of
the OPC. River sand was chosen as the natural fine aggregate to
produce control mortar samples. TA is analytical reagent with over
95% purity.

2.2. Treating and characterizing the fine RCA

The fine RCA was dried in an air-drying oven to remove the free-
dom water before soaking in the TA solution. TA solutions with five
mass concentrations (0.1%, 0.3%, 0.5%, 0.75% and 1%) were prepared
before the treatment. These solutions were made by simply dis-
solving the calculated amount of TA powder into tap water. Then
the dried fine RCA was immersed in these TA solutions at solid
to liquid ratio of 1.5 kg/L at 23 °C + 2 °C. The pH values of all TA
solutions were recorded during soaking process. After 2 h soaking,
fine RCA was filtered out and soaked in fresh water for another 2 h
to remove the residual TA. After that, the treated fine RCA was fil-
tered out and dried in the air-drying oven at 70 °C until the its
mass reached a constant.

Water absorption of fine RCA was measured according to ASTM
C 128-15 [35], which is the same as Chinese standard GB/T 14684-
2011 [36]. The test was carried out as follow:

1) The fine RCA sample was immerse in fresh water for 24 h at
room temperature 23 °C. Then, the sample was dried with an
air blower to remove the surface moisture until the sample
reached the saturated surface dry state. The mass of sample
at saturated surface dry state was recorded as m;.
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Fig. 1. Particle size distribution of the fine RCA.
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Table 1
Chemical compositions of the OPC.
Compositions Ca0 Si0, Al,O3 Fe,03 MgO K,0 Ti,0 P,05 Na,O LOI
Percentage (%) 64.92 21.15 5.92 3.15 0.83 0.57 0.26 0.19 0.10 2.58
Table 2
Mix proportions (kg/m>) of mortar with the pristine and treated fine RCA.
Constituents Water Cement Fine aggregate Superplasticizer
Mortar with fine RCA 274 457 1469 1.37
Mortar with river sand 217 457 1469 1.37

2) the sample was dried in an oven with temperature of 105 °C
for at least 24 h until the mass of the sample became a con-
stant. The mass of this sample was recorded as the dry mass
mg. The water absorption (W,) of the fine RCA was calculated
by the follow equation.

W, = (ms — my)/my (1)

The mineral compositions produced by the TA treatment was
analyzed by X-ray diffractometer (XRD). Fourier Transform Infra-
red (FTIR) Spectrometer was used to examine the chemical bonds
of pristine and treated fine RCAs. Scanning electron microscopy
(SEM) was used to study the microstructure difference between
the pristine and treated fine RCAs. The change of pore structure
of the fine RCA induced by the treatment was examined by a fully
automatic physical adsorption instrument. To this end, fine RCA
was first ground into particles smaller than 165 pm. The pore size
distribution of these particles was then determined by Brunauer-
Emmett-Teller (BET) theory using nitrogen adsorption.

2.3. Manufacturing and characterizing the mortar specimens with
RCAs as fine aggregates

2.3.1. Manufacturing process of mortar specimens

Mix design of mortars made with pristine and treated fine RCAs
is detailed in Table 2. Same water/cement ratio (0.60) was used to
produce all mortar samples. The superplasticizer was added in the
mixture to increase the workability of the mortar. Both the pristine
and treated RCAs were used to manufacture the mortar samples. As
a comparison, a group of mortars (noted as “NA”) was made with
natural fine aggregate (river sand). The mortar with NA was man-
ufactured by replacing all fine RCA with river sand and adjusting
the water content to ensure the same amount of free moisture in
this mortar as in those with RCA. The fine RCA has a 11.3% water
absorption and 6.5% water content when added into the mortar;
while the water absorption of NA is only 0.9%. Therefore, the
amount of water used for the mortar with NA is reduced by
57Kg/m> to reach the same amount of free moisture as those of
the mortar with fine RCA, as shown in Table 2.

The fresh mortars were cast into 50 mm x 100 mm cylinder
molds and 40 mm x 40 mm x 160 mm prism molds. The cylinder
specimens were used to measure the compressive strength, and
the prism specimens were used to measure the flexural strength.
All fresh specimens were cured in standard curing room at temper-
ature of 23 °C + 2 °C and relative humidity above 95% until the test-
ing age. The compressive strength test was carried out at the ages
of 3d,7d, 28 dand 90 d, and the flexural strength test was carried
out at the ages of 28 d and 90 d.

2.3.2. Characterizing the mortar specimens
Flowability of mortars was measured to evaluate the workabil-
ity of mortars according to ASTM C1437 [37]. Isothermal calorime-

try test was carried out to study the effect of the treatment on the
cement hydration according to ASTM C1679 [38] and ASTM C1702
[39] using a I-Cal 2000HPC (Calmetrix Incorporation).

The porosities of the produced mortars were further examined
by Mercury intrusion porosimetry (MIP). Nanoindentation was car-
ried out to characterize nanomechanical properties of the ITZ
between new and old matrix of the mortar samples using an Agi-
lent Technologies G200 Nanoindenter. Specimens were prepared
in consistent with previous nanoindentation studies [40]. Various
arrays of the indent tests were performed to probe the microstruc-
tural properties across the selected region. The nanoindentation
tests were performed in load control mode with maximum load
of 0.7 mN in order to achieve acceptable depth range [41]. The
maximum load was attained through five cycles of a trapezoidal
load history where the time to load, hold, and unload were all
10 s. Progressively loading each indent in cycles allows for easier
identification of inhomogeneity in the indentation volume,
although it is more time consuming. The nanoindentation modulus
was calculated for the last cycle of each test using the Oliver and
Pharr method [42] and the calculation is described fully in else-
where [43,44].

3. Results and discussions

Fig. 2 compares the pristine fine RCA and the one treated in 0.5%
TA solution. The treated fine RCA exhibits a brown color in compar-
ison with the grey color of the pristine one due to the precipitate
deposited on the surface of the fine RCAs produced by the TA
treatment.

3.1. pH values of the TA solutions

Fig. 3 presents pH values of all treating solutions varying with
the soaking time. In this figure, “Control” refers to the pH value

Fig. 2. Specimens of pristine and treated fine RCAs: (a) pristine sample; (b) treated
with 0.5% TA.
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Fig. 3. pH values of the TA solutions varying of soaking time.

of the water without TA; “0.1%”, “0.3%", “0.5%", “0.75%" and “1%”
refer to the mass concentrations of the TA solution used to treat
the fine RCA. Overall, the solution with higher TA concentration
has a lower pH value and the pH values of all TA solutions are
lower than 7. This acidic nature of all these solutions changes to
basic after the fine RCA was added, as shown in Fig. 3. The pH val-
ues of all TA solutions increase with soaking time, especially first
10 min, due to the dissolution of portlandite (CH) from the fine

12

10 A

Water absorption (%)

0% 0.1% 0.3% 0.5%  0.75% 1%
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Fig. 4. Water absorption of the pristine and TA treated fine RCA.
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Fig. 5. XRD patterns of pristine and treated fine RCA: (a) pristine; (b) treated with
0.5%TA.

RCA, which reacted with TA. After 2 h, pH values of these solutions
increase very little with time, suggesting that most chemical reac-
tion between TA and RCAs is completed within 2 h. For this reason,
2 h soaking was used in all experiments in this study.

3.2. Effects of TA treatment on the properties of fine RCAs

3.2.1. Water absorption

Fig. 4 presents the effect of TA treatment on water absorption of
the pristine and treated fine RCAs. It can be seen that the pristine
RCA has a very high water absorption. It can be reduced by the pro-
posed treatment. Increasing the concentration of TA solution, more
reduction in water absorption can be achieved, as revealed by
Fig. 4.
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738 1085 1197, 5, ¢ 1613
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1798 CO3

13 i plt 3435
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CO3
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Fig. 6. FTIR analysis of pristine and treated fine RCA.

Table 3

FTIR properties of TA, pristine and TA treated fine RCA (wave number: cm™").

RCA 0.1%TA 0.5%TA 1% TA TA Assignment

3435 3427 3427 3416 3416 Stretch vibrations of O-H in H,O

2517 2520 2520 2520 - Out of plane bend and split in plane
of bending vibration of COj3 in calcite

1798 1798 1797 1795 - (-OH) stretch of Ca(OH),

- - - 1701 1713 (C = C) stretch of benzene ring

- - 1595 1594 1613 (C-C) stretch and (C-H) deformation
in plane of benzene ring

- - - - 1535 (C = 0O) stretch of carboxylic acid

1436 1436 1436 1440 1447 Asymmetric stretch of COs in calcite
and C-C stretch of benzene ring

- - - - 1320 (-OH) stretch in plane of benzene
ring

- - 1163 1200 1197 (O-H) deformation in plane of
phenolic and carboxylic acid, (C-C)
stretch and (C-H) deformation in
plane of benzene ring

- 1085 1084 1081 1085 (C = O) stretch of carboxylic acid

- 1036 1036 1040 1030 (C = O) stretch of carboxylic acid

875 876 876 876 874 splitin plane of bending vibrations of

COs3 in calcite

(Si-0) stretch of quartz

(Si-0) stretch of quartz

(C-H) torsion of benzene ring

(-OH) stretch of Ca(OH),

Out of plane bend of COs3 in calcite

Si-O stretch of quartz

797 797 797 797 -
779 779 779 778 -
- - - 756 758
728 729 729 729 -
713 713 713 713 .
646 646 646 647 -




L. Wang et al./ Construction and Building Materials 262 (2020) 120027 5

3.2.2. XRD, FTIR and SEM analysis

XRD patterns of the pristine and the treated fine RCAs are show
in Fig. 5. CH, calcite, quartz and dolomite are the main crystal com-
positions in the pristine fine RCA, as shown in Fig. 5(a). The dolo-
mite comes from the natural coarse aggregates in the waste
concrete. The presence of calcite in the pristine fine RCA is induced
by the carbonation of CH on the surface of the RCA in the air. After
treating with 0.5% TA solution, peaks of CH and some peaks of cal-
cite are absent, as shown in Fig. 5(b), suggesting that CH and some
calcite were consumed by the chemical reaction with the TA. As a
result, some cement paste was removed so that more natural sand
was exposed on the surface of the treated RCA. Consequently, the
peak of quartz increased after the treatment as shown in Fig. 5.
However, the products of the reaction between the TA and CH
couldn’t be detected by XRD.

Fig. 6 shows the FTIR spectra results of the TA used for the treat-
ment, the pristine fine RCA (Control), and the treated fine RCAs. In
this figure, treated samples are named by the concentration of the
TA solution used for the treatment. The positions of peaks and their

assignments are detailed in Table 3. The peaks at 713 cm!,

UofAL 200kvV  X2,000 WD 10. 10um

2l . (5]
UofAL SEI 200KV X200 WD 96mm

UofAl 5 X2000 WD98mm  10um

875 cm ! and 1436 cm™! are caused by out-of-plane bend (v,) of
COs in calcite, split in-plane of bending vibrations (v4) of COs in
calcite, asymmetric stretch (vs3) of COs in calcite, respectively;
the peak at 2517 cm™! are caused by out of plane bend and split
in-plane of bending vibrations of CO; in dolomite; peaks at
728 cm ! and 1798 cm™! are caused by OH stretch of CH. Among
those peaks, the characteristic peaks at 713 cm~!, 1798 cm™~! and
2517 cm! are gradually weakened with the increase of TA concen-
tration, suggesting that the calcite and CH were consumed by the
reaction between the fine RCA and TA. This is in good agreement
with the results of XRD analysis. The (C-C) stretch and (C-H) defor-
mation in plane of benzene ring detected around 1613 cm™! in the
TA solution is shifted to the left in the treated fine RCA as shown in
Fig. 6, suggesting the formation of TA-Ca complex probably due to
the coordination of phenolic-OH group with calcium ions through
deprotonation. For this reason, the (C = O) stretch of carboxylic acid
around 1030 cm~' and 1085 cm™! was also detected in the sam-
ples of the treated fine RCAs. Based on the results of XRD and FTIR
analysis, it can be concluded that the calcite and CH in the RCA can
react with TA to produce a calcium-TA complex.

UofAL SEI 200kv  X5000 WD 102mm 1um

P

~

20.0kV X5,000 WD 9.6mm A

Fig. 7. SEM images of the pristine and the treated RCA: (a) pristine; (b) treated with 0.5% TA; (c) treated with 1% TA.
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Fig. 8. Effect of TA treatment on the cumulative pore volume and pore volume of the waste concrete powder: (a) cumulative pore volume; (b) pore volume.

Fig. 7 shows the SEM images of the pristine and the treated fine
RCA samples. The pristine RCA sample is covered by porous fine
particles and loosely bonded cement mortar as observed by Fig. 7
(a). Fig. 7(b) and (c) show the surface of the fine RCA treated with
0.5% and 1% TA solutions, respectively. It can be clearly seen that
those loosely bonded cement mortar present on the surface of pris-
tine fine RCA was removed after the treatment. More interestingly,
large amount of nanoparticles are deposited on the surface RCA, as
show in Fig. 7(b) and (c). These nanoparticles were most likely
calcium-TA complex, produced by the reaction between CH, calcite
and TA, as indicated by XRD and FTIR results shown in Figs. 5 and 6.

Fig. 8 compares the pore structures of the pristine RCA (control)
and TA treated RCA powders. As shown in Fig. 8(b), most pores in
these small RCA powder samples are less than 40 nm, suggesting
they are either small capillary pores or gel pores. These pores can
be slightly reduced by treating the RCA with 0.1%TA solution.
When higher concentration of TA solution was used, more reduc-
tion of the pores can be achieved. Fig. 8(a) shows that the cumula-
tive pore volumes were reduced by 43% and 66% for the RCA
treated by TA solutions at 0.5% and 1.0%, respectively. This reduc-
tion of pores can be mainly attributed to reaction between the TA
and the cement hydration products, which produces many
nanoparticles to fill some nanopores, as indicated in Fig. 7. Fig. 8
also explains why the water absorption of the fine RCA can be
decreased by the TA treatment.

3.3. Characterization of the mortar with the fine RCAs

3.3.1. Cement hydration

Fig. 9 shows that the cement hydration of mortars with fine RCA
in the first 96 h. Two peaks, which are induced by the hydration of
CsS (tricalcium silicate) and CsA (tricalcium aluminate), respec-
tively, appear for all mortar samples shown in Fig. 9(a). The effect
of using fine RCAs treated with 0.1% TA or 0.3% TA solutions on the
cement hydration appears negligible. However, adding fine RCAs
treated with 0.5% TA solution clearly retards the hydration of the
cement, as shown in Fig. 9(a). This retarding effect is induced by
the residual TA absorbed by the RCA. Nevertheless, the accumula-
tive hydration heat generated by this sample gradually approaches
to the control one with the increase of time as shown in Fig. 9(b).
The retarding effect of TA treatment became much more severe
when 1% TA was used since more residual TA was available. The
arriving time of the first peak was delayed to 38 h and the second
peak almost disappeared, indicating that TA is an excellent retarder
for cement hydration.

3.3.2. Pore volume and pore size distribution
The effect of the proposed treatment method in pore volume
and pore size distributions of a mortar made with the fine RCAs

is revealed by Fig. 10. As shown in Fig. 10(a), the total pore volume
of the mortar sample was significantly reduced after the TA treat-
ment, which greatly enhances the properties of the fine RCA. Two
reasons are responsible for this significant reduction in porosity.
First, some loose particles present in the pristine fine RCA were
removed after the TA treatment, as indicated by the SEM analysis
shown in Fig. 7(b), which can decrease the porosity of the RCA. Sec-
ond, reaction between CH, CaCO3 and TA produces large amount of
nanoparticles deposited on the surface of the TA treated fine RCA,
as observed in Fig. 7. Those nanoparticles can fill the pores in the
mortar, leading to significant reduction of pores in nanoscale, as
shown in Fig. 8. This can be further confirmed by the results of pore
size distribution, as observed in Fig. 10(b). Almost half of capillary
pores with size between 10 nm and 100 nm were reduced by the
TA treatment, which can significantly improve the strength and
durability of the mortar. Fig. 10(b) also shows that more reduction
on capillary pores with size 10-100 nm can be achieved by treating

@ 1: €, hydration —— Control
......... 0.1%TA

3 4 /1 5 2: C;A hydration
N > \// ----- 0.3%TA
A\ - - - 0.5%TA
— — 1%TA

Heat flow (mW/g)
[ 383

1 4
0 r . . :
0 20 40 60 80 100
Time (h)
350
o5 300 1 (b) —
=
g 250 A T -
3 st = Y
2 200 i - Control
(=1 7 -
© 1504 ’ Z 0.1%TA
E ! e 0.3%TA
i 100 - i a2 me 39
[ — 0,
T 50 4 y,"___// 0.5%TA
— —1%TA
0 . | . y
0 20 40 60 80 100
Time (h)

Fig. 9. Effect of the TA concentration on the cement hydration with fine RCA: (a)
heat flow of the cement hydration; (b) accumulative heat of the cement hydration.



L. Wang et al./ Construction and Building Materials 262 (2020) 120027 7

o 0.15
g (a) Control
N 0.1%TA
Q
§ I 0.5%TA
S — — 1%TA
>
2
= -
o 0.05 4 —
2
5 \ e
= N
g N e
5 o . . : . ‘

1 10 100 1000 10000 100000

Pore size diameter (mm)
_ 025
1))
"“\E () Control
> 24 R e 0.1%TA
g ----- 0.5%TA
5 0151 — — I%TA
>
5 ol -
o
2
= 0.05 -
Q
(5]
= Ixeell N\
0 , . — :
1 10 100 1000 10000 100000

Pore size Diameter (nm)

Fig. 10. Effect of TA concentration on the pore volume and pore size distribution of
the mortar sample: (a) cumulative pore volume; (b) pore size distribution.

the fine RCA with higher concentrated TA solution since more
nanoparticles can be deposited on the surface of fine RCA with
more TA.

Fig. 10 also indicates there is an optimal content of TA for the
RCA treatment. If TA concentration is too low (0.1%), reaction
between the TA and RCA is limited, leading to higher porosity of
the mortar. However, when 1% of TA solution is used, the hydration
of the mortar was significantly retarded, as shown in Fig. 9. As a
result, the porosity of the produced mortar became higher than
that treated with 0.5% TA solution at the same age.

3.3.3. Mechanical strength

The flowability, compressive strength and flexural strength of
the mortar specimens with pristine and treated fine RCAs are pre-
sented in Figs. 11-14. As shown in Fig. 11, the flowability of the
fresh mortar can be improved by the TA treatment, and the flowa-
bility of the mortar increases with the concentration of the TA solu-
tion used to treat the fine RCAs. This can be attributed to the lower
water absorption, less angular shape and smoother surface of the
TA treated fine RCA, as can be observed from Figs. 4 and 7.

Figs. 12 and 13 show the effect of TA treatment on the compres-
sive strength of the mortar. Compared with the mortar with pris-
tine fine RCAs (Control group), all mortar specimens made with
TA treated RCA possess higher compressive strength for all ages.
This improvement is rather small at the early age because of the
retarding effect of TA, as revealed by calorimetry testing (Fig. 9).
The retarding effect diminishes at later ages as higher improve-
ment on the compressive strength has been achieved at 28d and
90d, as show in Figs. 12 and 13. The highest increase of the com-
pressive strength was achieved by treating the RCA with 0.75%

140

| . e

Flowability (mm)
E

80 - -

60 1 1 1 1 1
Control ~ 0.1% 0.3% 0.5% 0.75%  1.0%

Concentration of TA

Fig. 11. Effect of TA treatment on the flowability (mm) of mortar with fine RCAs.

TA solution. In this case, the compressive strengths of the mortar
at 90d is increased by 25%. Figs. 12 and 13 also show that more
strength increase can be achieved by using higher concentration
TA solution to treat the RCA. This trend holds until the concentra-
tion of the TA solution reaches 1%. At such a high concentration,
the residual TA in the RCA becomes excessive and its retarding
effect significantly reduces the hydration rate of the cement. As a
result, the mortar made with 1%TA treated RCA has lower compres-
sive strength than those of other groups. Therefore, no more than
0.75% TA concentration is recommended for the fine RCA treatment
to avoid the excessive retarding effect.

Fig. 12 also compares the compressive strengths of the mortars
made with fine RCA and the one made with natural fine aggregates
(NA group). As expected, the mortar specimen made with pristine
fine RCAs is weaker than the NA group at all ages. By using the TA
treatment, the compressive strengths of the mortar specimens are
much improved and just slightly lower than that of the NA group at
3d, 7d, and 28 d. At 90 d, the compressive strengths of mortars
made with fine RCA treated by 0.5% and 0.75% TA solution surpass
that of the NA group, suggesting the effectiveness of the proposed
method on improving the property of fine RCAs and the resulting
mortars.

The flexural strengths of the mortars made with fine RCAs at
28d and 90d, respectively, are presented in Fig. 14. It shows that
the mortar made with treated fine RCAs has higher flexural
strength than the control group. Similar to the case of the compres-
sive strength, the increment on the flexural strength of mortar
increases with the age as indicated in Fig. 14. The flexural strength
of mortar made with fine RCA treating with 0.5% TA solution is only
0.8% lower than the one with the natural fine aggregate (NA
group).

3.3.4. Drying shrinkage of the mortars made with RCA

Fig. 15 compares the drying shrinkage of the mortar specimens
made with pristine and treated fine RCAs. Overall, the drying
shrinkage of the mortars can be significantly reduced by TA treat-
ment. This significant reduction on drying shrinkage can be attrib-
uted to two factors. Frist, TA in the mortar can retain water because
of its hydrophilic nature. Second, the porosity of the mortar is
lower in the mortars with TA treated RCA. Both factors can slow
down the water evaporation from the mortar, leading to lower dry-
ing shrinkage of the mortar. Fig. 15 also presents that the fine RCAs
treated with higher concentration of TA can reduce more drying
shrinkage because more TA is present in the cement mortar. Nev-
ertheless, the drying shrinkages of all mortars with fine RCAs are
significantly higher than that of the one with NA after 7 d. At
7 d, only the mortar with 1% TA treated fine RCAs has smaller dry-
ing shrinkage than the one made with the natural fine aggregate
because of slow cement hydration induced by the 1% TA treatment.
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Fig. 13. Compressive strength increment of mortar (%) achieved by treating fine RCAs.

After 7 d, the dry shrinkage of this group rapidly increased and
exceeded that of the NA mortar.

The nanoindentation test was carried out to verify whether TA
can facilitate cement hydration near the surface of the fine RCA
by examining the microstructure and nanomechanical property
of the ITZ between the new and old cement matrices. For both ITZs
of the control mortar and the one using the TA treated RCA, the
indentation were performed on a 10 x 10 array with 10 pm spac-
ing in both x and y directions. The polishing procedure was effec-
tive enough that there were no aberrant tests found in the
reported arrays of tests. The elastic modulus calculated for each
test was analyzed spatially using contour mapping [45].
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Fig. 14. Flexural strengths of the mortars made with pristine and treated fine RCAs.

Figs. 16 and 17 compare the elastic modulus contours in the ITZ
in the mortars made with pristine and TA-treated RCA. In these
two figures, some particles with high elastic modulus can be iden-
tified, which are sand or unhydrated cement particles. Other area
with relatively uniform elastic modulus is the hydration products
of cement. In this area, the mortar made with the RCA treated with
0.5% TA has higher indentation modulus than the one made with
the pristine fine RCA. This indicates that a dense microstructure
was produced in this zone due to the TA treatment, suggesting that
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Fig. 15. Drying shrinkage of the mortars with pristine and TA treated RCA.
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Old matrix

Fig. 16. Nanoindentation of the mortar sample made with the pristine RCA: (a) optical microscope image; (b) contour map of elastic modulus where x and y are coordinates

of the indent locations.

(a)

Fig. 17. Nanoindentation of the mortar sample made with RCA treated with 0.5% TA:

coordinates represent indent locations.

TA did facilitate the hydration of the cement to produce more
hydration products locally. A higher elastic modulus in this zone
also suggests that better bonding between the new matrix and
the RCA was achieved by the TA treatment, which also contributes
to higher strength of the mortar.

4. Conclusions

This study examines the effects of treating fine RCA with a tea-
stained inspired naturally occurring compound, tannic acid on the
performance of the produced cement mortar. Experimental evi-
dence suggests that TA can react with CH and calcite on the surface
of the fine RCA to produce nanoparticles. This reaction not only
densified the microstructure of the RCA, but also removed some
loose particles from the RCA. Consequently, performance of the
produced cement mortar with the treated RCA has been signifi-
cantly improved. Up to 25% improvement on the compressive
strength at 90d and 18% reduction on drying shrinkage at 5d of
the cement mortars have been achieved by the proposed method.
Two reasons are responsible for this improvement: the lower
porosity and better bonding between the RCA and the new cement
paste induced by the TA treatment. MIP analysis revealed that TA

E. Modulus (GPa}

(a) optical microscope image; (b) contour map of elastic modulus where x and y

treatment can reduce the capillary pores with size between
10 nm and 100 nm by half, due to the filling effect of the in-situ
produced nanoparticles. Nanoindentation testing results confirm
that TA coated on the surface of RCA can facilitate local hydration
of cement to produce a denser and stronger bonding area between
the RCA and the new cement paste.

This study shows that naturally occurring compounds such as
TA can be used to treat RCA. Although natural products such as
TA are ubiquitous, they are largely ignored in current concrete
research. There are many advantages of using natural products
such as TA in concrete. They are abundant, renewable, safe, yet
low-cost. The commercial extraction of TA from many plant parts
is relatively cheap. In addition, TA can even be made from current
industrial waste and byproducts.

CRediT authorship contribution statement

Liang Wang: Methodology, Investigation, Writing - original
draft. Jialai Wang: Conceptualization, Writing - review & editing,
Supervision. Xin Qian: Investigation. Yi Fang: Investigation.
Peiyuan Chen: Investigation. Atolo Tuinukuafe: Nanoindentation
test.



10 L. Wang et al./ Construction and Building Materials 262 (2020) 120027

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This study was supported by the National Science Foundation -
United States (CMMI 1761672), Natural Science Foundation of
Universities in Anhui Province (KJ2019A0129), Key Research and
Development Project of Anhui Province (201904a07020081),
Anhui Province Natural Science Foundation (2008085QE244) and
Research Foundation for Young Teachers of Anhui University of
Science and Technology (QN2018105).

References

[1] M. Behera, S.K. Bhattacharyya, A.K. Minocha, R. Deoliya, S. Maiti, Recycled
aggregate from C&D waste & its use in concrete — a breakthrough towards
sustainability in construction sector: a review, Constr. Build. Mater. 68 (2014)
501-516, https://doi.org/10.1016/j.conbuildmat.2014.07.003.

[2] B. Huang, X. Wang, H. Kua, Y. Geng, R. Bleischwitz, ]. Ren, Construction and
demolition waste management in China through the 3R principle, Resour.
Conserv. Recycl. 129 (2018) 36-44.

[3] Z. Wu, T.W. Ann, L. Shen, Investigating the determinants of contractor’s
construction and demolition waste management behavior in Mainland China,
Waste Manag. 60 (2017) 290-300.

[4] L. Evangelista, ]. de Brito, Durability performance of concrete made with fine
recycled concrete aggregates, Cem. Concr. Compos. 32 (2010) 9-14, https://
doi.org/10.1016/j.cemconcomp.2009.09.005.

[5] C. Thomas, J. Setién, J.A. Polanco, J. de Brito, F. Fiol, Micro- and macro-porosity
of dry- and saturated-state recycled aggregate concrete, J. Clean. Prod. 211
(2019) 932-940, https://doi.org/10.1016/j.jclepro.2018.11.243.

[6] H. Guo, C. Shi, X. Guan, J. Zhu, Y. Ding, T.C. Ling, H. Zhang, Y. Wang, Durability of
recycled aggregate concrete - a review, Cem. Concr. Compos. 89 (2018) 251-
259, https://doi.org/10.1016/j.cemconcomp.2018.03.008.

[7] G. Dimitriou, P. Savva, M.F. Petrou, Enhancing mechanical and durability

properties of recycled aggregate concrete, Constr. Build. Mater. 158 (2018)

228-235, https://doi.org/10.1016/j.conbuildmat.2017.09.137.

L. Wang, J. Wang, X. Qian, P. Chen, Y. Xu, J. Guo, An environmentally friendly

method to improve the quality of recycled concrete aggregates, Constr. Build.

Mater. 144 (2017) 432-441, https://doi.org/10.1016/j.conbuildmat.2017.03.

191.

[9] S.C. Kou, C.S. Poon, Enhancing the durability properties of concrete prepared
with coarse recycled aggregate, Constr. Build. Mater. 35 (2012) 69-76, https://
doi.org/10.1016/j.conbuildmat.2012.02.032.

[10] C. Shi, Z. Wu, Z. Cao, T.C. Ling, J. Zheng, Performance of mortar prepared with
recycled concrete aggregate enhanced by CO2and pozzolan slurry, Cem. Concr.
Compos. 86 (2018) 130-138, https://doi.org/10.1016/j.cemconcomp.2017.10.
013.

[11] K. Bru, S. Touzé, F. Bourgeois, N. Lippiatt, Y. Ménard, Assessment of a
microwave-assisted recycling process for the recovery of high-quality
aggregates from concrete waste, Int. J. Miner. Process. 126 (2014) 90-98,
https://doi.org/10.1016/j.minpro.2013.11.009.

[12] S. Ismail, M. Ramli, Engineering properties of treated recycled concrete
aggregate (RCA) for structural applications, Constr. Build. Mater. 44 (2013)
464-476, https://doi.org/10.1016/j.conbuildmat.2013.03.014.

[13] C.Q. Lye, RK. Dhir, G.S. Ghataora, H. Li, Creep strain of recycled aggregate
concrete, Constr. Build. Mater. 102 (2016) 244-259, https://doi.org/10.1016/
j.conbuildmat.2015.10.181.

[14] ]. Xiao, L. Li, V.W.Y. Tam, H. Li, The state of the art regarding the long-term
properties of recycled aggregate concrete, Struct. Concr. 15 (2014) 3-12,
https://doi.org/10.1002/suco.201300024.

[15] J. Geng, ]. Sun, Characteristics of the carbonation resistance of recycled fine
aggregate concrete, Constr. Build. Mater. 49 (2013) 814-820, https://doi.org/
10.1016/J.CONBUILDMAT.2013.08.090.

[16] H.L. Ho, R. Huang, W.T. Lin, A. Cheng, Pore-structures and durability of
concrete containing pre-coated fine recycled mixed aggregates using pozzolan
and polyvinyl alcohol materials, Constr. Build. Mater. 160 (2018) 278-292,
https://doi.org/10.1016/j.conbuildmat.2017.11.063.

[17] M.B. Leite, V.M. Santana, Evaluation of an experimental mix proportion study
and production of concrete using fine recycled aggregate, J. Build. Eng. 21
(2019) 243-253, https://doi.org/10.1016/j.jobe.2018.10.016.

[18] J.M. Khatib, Properties of concrete incorporating fine recycled aggregate, Cem.
Concr. Res. 35 (2005) 763-769, https://doi.org/10.1016/j.cemconres.2004.06.
017.

(8

[19] M. Bravo, ]. de Brito, J. Pontes, L. Evangelista, Mechanical performance of
concrete made with aggregates from construction and demolition waste
recycling plants, J. Clean. Prod. 99 (2015) 59-74, https://doi.org/10.1016/].
JCLEPRO.2015.03.012.

[20] Z. Zhao, S. Remond, D. Damidot, W. Xu, Influence of fine recycled concrete
aggregates on the properties of mortars, Constr. Build. Mater. 81 (2015) 179-
186, https://doi.org/10.1016/].CONBUILDMAT.2015.02.037.

[21] J. Zhang, C. Shi, Y. Li, X. Pan, C.S. Poon, Z. Xie, Performance enhancement of
recycled concrete aggregates through carbonation, J. Mater. Civil Eng. 27
(2015) 4015029, https://doi.org/10.1061/(ASCE)MT.1943-5533.0001296.

[22] C. Shi, Z. Wu, Z. Cao, T. Ling, ]. Zheng, Performance of mortar prepared with
recycled concrete aggregate enhanced by CO2 and pozzolan slurry, Cem.
Concr. Compos. 86  (2018) 130-138,  https://doi.org/10.1016/].
cemconcomp.2017.10.013.

[23] G. Yuanxin, L. Qiuyi, Y. Gongbing, W. Xiaofei, K. Zhe, Influence of recycled fine
aggregate reinforced in properties of concrete, Concrete (2015) 63-137 (in
Chinese).

[24] Y. Sui, C. Ou, S. Liy, J. Zhang, Q. Tian, Study on properties of waste concrete
powder by thermal treatment and application in mortar, Appl. Sci. 10 (2020)
998.

[25] S.K. Kirthika, S.K. Singh, Durability studies on recycled fine aggregate
concrete, Constr. Build. Mater. 250 (2020) 118850, https://doi.org/10.1016/
j.conbuildmat.2020.118850.

[26] C. Shi, Y. Li, J. Zhang, W. Li, L. Chong, Z. Xie, Performance enhancement of
recycled concrete aggregate — a review, J. Clean. Prod. 112 (2016) 466-472,
https://doi.org/10.1016/j.jclepro.2015.08.057.

[27] Y.G. Zhu, S.C. Kou, C.S. Poon, ].G. Dai, Q.Y. Li, Influence of silane-based water
repellent on the durability properties of recycled aggregate concrete, Cem.
Concr. Compos. 35 (2013) 32-38, https://doi.org/10.1016/j.cemconcomp.2012.
08.008.

[28] A.M. Grabiec, J. Klama, D. Zawal, D. Krupa, Modification of recycled concrete
aggregate by calcium carbonate biodeposition, Constr. Build. Mater. 34 (2012)
145-150, https://doi.org/10.1016/j.conbuildmat.2012.02.027.

[29] T.S. Sileika, D.G.B.R. Zhang, KH.A. Lau, P.B. Messersmith, Colorless
multifunctional coatings inspired by polyphenols found in tea, chocolate,
and wine, Angew. Chemie Int. Ed. 52 (2013) 10766-10770.

[30] S. Quideau, D. Deffieux, C. Douat-Casassus, L. Pouysegu, ChemInform Abstract:
Plant Polyphenols: Chemical Properties, Biological Activities, and Synthesis,
2011. doi:10.1002/anie.201000044

[31] A.E. Hagerman, K.M. Riedl, G.A. Jones, K.N. Sovik, N.T. Ritchard, P.W. Hartzfeld,
T.L. Riechel, High molecular weight plant polyphenolics (Tannins) as biological
antioxidants, J. Agric. Food Chem. 46 (1998) 1887-1892.

[32] Q. Wei, R. Haag, Universal polymer coatings and their representative
biomedical applications, Mater. Horizons. 2 (2015) 567-577.

[33] D.X. Oh, E. Prajatelistia, S.W. Ju, K.H. Jeong, S.J. Baek, C.H. Joon, ].S. Ho, ].S. Ahn,
H.D. Soo, A rapid, efficient, and facile solution for dental hypersensitivity: the
tannin-iron complex, Sci. Rep. 5 (2015) 10884.

[34] S.-C. Tam, J.G. McColl, Aluminum- and calcium-binding affinities of some
organic ligands in acidic conditions, J. Environ. Qual. 19 (1990) 514-520.

[35] ASTM C128-15, Standard Test Method for Relative Density (Specific Gravity)
and Absorption of Fine Aggregate, ASTM International, West Conshohocken,
PA, 2015

[36] GB/T 14684-2011, Sand for construction, China National Standardization
Management Committee, Beijing, China, 2011

[37] ASTM C1437-15, Standard Test Method for Flow of Hydraulic Cement Mortar,
ASTM International, West Conshohocken, PA, 2015

[38] ASTM C1679-14, Measuring Hydration Kinetics of Hydraulic Cementitious
Mixtures Using Isothermal Calorimetry, ASTM International, West
Conshohocken, PA, 2014

[39] ASTM C1702-17, Standard Test Method for Measurement of Heat of Hydration
of Hydraulic Cementitious Materials Using Isothermal Conduction
Calorimetry, ASTM International, West Conshohocken, PA, 2017

[40] R.D. Moser, P.G. Allison, M.Q. Chandler, Characterization of impact damage in
ultra-high performance concrete using spatially correlated nanoindentation/
SEM/EDX, J. Mater. Eng. Perform. 22 (2013) 3902-3908, https://doi.org/
10.1007/s11665-013-0668-y.

[41] G. Constantinides, F.J. Ulm, The nanogranular nature of C-S-H, J. Mech. Phys.
Solids 55 (2007) 64-90, https://doi.org/10.1016/j.jmps.2006.06.003.

[42] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by
instrumented indentation: advances in understanding and refinements to
methodology, ]J. Mater. Res. 19 (2004) 3-20, https://doi.org/10.1557/
jmr.2004.19.1.3.

[43] P.G. Allison, RD. Moser, C.A. Weiss, P.G. Malone, S.W. Morefield,
Nanomechanical and chemical characterization of the interface between
concrete, glass-ceramic bonding enamel and reinforcing steel, Constr. Build.
Mater. 37 (2012) 638-644, https://doi.org/10.1016/j.conbuildmat.2012.07.
066.

[44] P.G. Allison, C.A. Weiss, R.D. Moser, AJ. Diaz, 0.G. Rivera, S.S. Holton,
Nanoindentation and SEM/EDX characterization of the geopolymer-to-steel
interfacial transition zone for a reactive porcelain enamel coating, Compos. Part
B Eng. 78 (2015) 131-137, https://doi.org/10.1016/j.compositesb.2015.03.011.

[45] W. Zhu, ]JJ. Hughes, N. Bicanic, CJ. Pearce, Nanoindentation mapping of
mechanical properties of cement paste and natural rocks, Mater. Charact. 58
(2007) 1189-1198.


https://doi.org/10.1016/j.conbuildmat.2014.07.003
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0010
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0010
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0010
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0015
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0015
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0015
https://doi.org/10.1016/j.cemconcomp.2009.09.005
https://doi.org/10.1016/j.cemconcomp.2009.09.005
https://doi.org/10.1016/j.jclepro.2018.11.243
https://doi.org/10.1016/j.cemconcomp.2018.03.008
https://doi.org/10.1016/j.conbuildmat.2017.09.137
https://doi.org/10.1016/j.conbuildmat.2017.03.191
https://doi.org/10.1016/j.conbuildmat.2017.03.191
https://doi.org/10.1016/j.conbuildmat.2012.02.032
https://doi.org/10.1016/j.conbuildmat.2012.02.032
https://doi.org/10.1016/j.cemconcomp.2017.10.013
https://doi.org/10.1016/j.cemconcomp.2017.10.013
https://doi.org/10.1016/j.minpro.2013.11.009
https://doi.org/10.1016/j.conbuildmat.2013.03.014
https://doi.org/10.1016/j.conbuildmat.2015.10.181
https://doi.org/10.1016/j.conbuildmat.2015.10.181
https://doi.org/10.1002/suco.201300024
https://doi.org/10.1016/J.CONBUILDMAT.2013.08.090
https://doi.org/10.1016/J.CONBUILDMAT.2013.08.090
https://doi.org/10.1016/j.conbuildmat.2017.11.063
https://doi.org/10.1016/j.jobe.2018.10.016
https://doi.org/10.1016/j.cemconres.2004.06.017
https://doi.org/10.1016/j.cemconres.2004.06.017
https://doi.org/10.1016/J.JCLEPRO.2015.03.012
https://doi.org/10.1016/J.JCLEPRO.2015.03.012
https://doi.org/10.1016/J.CONBUILDMAT.2015.02.037
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001296
https://doi.org/10.1016/j.cemconcomp.2017.10.013
https://doi.org/10.1016/j.cemconcomp.2017.10.013
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0115
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0115
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0115
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0120
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0120
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0120
https://doi.org/10.1016/j.conbuildmat.2020.118850
https://doi.org/10.1016/j.conbuildmat.2020.118850
https://doi.org/10.1016/j.jclepro.2015.08.057
https://doi.org/10.1016/j.cemconcomp.2012.08.008
https://doi.org/10.1016/j.cemconcomp.2012.08.008
https://doi.org/10.1016/j.conbuildmat.2012.02.027
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0145
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0145
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0145
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0155
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0155
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0155
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0160
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0160
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0165
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0165
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0165
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0170
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0170
https://doi.org/10.1007/s11665-013-0668-y
https://doi.org/10.1007/s11665-013-0668-y
https://doi.org/10.1016/j.jmps.2006.06.003
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.1016/j.conbuildmat.2012.07.066
https://doi.org/10.1016/j.conbuildmat.2012.07.066
https://doi.org/10.1016/j.compositesb.2015.03.011
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0225
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0225
http://refhub.elsevier.com/S0950-0618(20)32032-8/h0225

	Tea stain-inspired treatment for fine recycled concrete aggregates
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Treating and characterizing the fine RCA
	2.3 Manufacturing and characterizing the mortar specimens with RCAs as fine aggregates
	2.3.1 Manufacturing process of mortar specimens
	2.3.2 Characterizing the mortar specimens


	3 Results and discussions
	3.1 pH values of the TA solutions
	3.2 Effects of TA treatment on the properties of fine RCAs
	3.2.1 Water absorption
	3.2.2 XRD, FTIR and SEM analysis

	3.3 Characterization of the mortar with the fine RCAs
	3.3.1 Cement hydration
	3.3.2 Pore volume and pore size distribution
	3.3.3 Mechanical strength
	3.3.4 Drying shrinkage of the mortars made with RCA


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


