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ABSTRACT

Demolished or waste concretes can be crushed into particles with appropriate sizes to be used as coarse or fine
aggregates in new concretes. This recycling process also produces 5% to 20% small particles with size less than
0.15 mm. which can be recycled as the recycled concrete fines (RCFs). Besides low-end applications and land-
filling, few appropriate applications have been found for RCF. This study develops an eco-friendly treatment to
turn these underutilized RCFs into supplementary cementitious materials (SEM) for new concretes. Without any
treatment, RCFs can significantly reduce the strength and durability of the produced concrete due to their low
pozzolanic activity and high porosity. This study exploits a plant-based compound, tannic acid (TA) to treat RCFs
so they can be used in new concrete to partially replace Portland cement without reducing the performance of the
concrete. This is done by a simple two-step mixing process. In the first step, RCF particles are mixed with a low-
concentrated TA solution for about one hour to allow for potential reaction between the TA and the RCF par-
ticles. In step II, the slurry produced by step I is mixed with cement and aggregate to make concrete. Reaction
between the TA and the RCF particles can produce submicron particles deposited on the surface of the RCF
particles. Those particles not only fill the pores of the RCF particles, but also provide the nucleation sites for the
hydration of the cement. This promotes the hydration of the cement and densifies the microstructure of the
hardened paste. As a result, multiple benefits can be induced by the proposed TA treatment. Experimental results
show that up to 26% increment in compressive strength of the mortar has been achieved by the proposed
treatment. More importantly, the risk of cracking in the early age of the mortar is reduced and the corrosion life
of the reinforcing bar is greatly enhanced.

1. Introduction

cement particles, calcium hydroxide (CH) and fines of aggregates [7,8].
Among them, the unhydrated cement particles and CH can further hy-

Construction and demolition (C&D) wastes are the largest waste
streams in many countries all over the world. The ever-increasing pro-
duction of C&D wastes not only occupy enormous space for landfill sites,
but also result in a series of environmental issues such as water, atmo-
spheric and soil pollution [1,2]. Concrete waste accounts for approxi-
mately 65% of C&D waste [3]. It is a common approach to crush the
concrete wastes into particles with appropriate size to be used as coarse
or fine aggregates in new concretes [1,4,5]. However, this process can
generate 5% to 20% fine particles with size less than 0.15 mm, which
cannot be used as aggregates in new concrete [6,7]. The main compo-
nents of these fines particles are hydrated calcium silicate, unhydrated
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drate to produce gel products or seed the hydration of cement [9].
Therefore, these particles have been recycled as a supplementary
cementitious material (SCM) for concrete or mortar [10,11] to partially
replace ordinary Portland cement (OPC), leading to reduction of the
carbon footprint of produced concrete. However, the reactivity of these
recycled concrete fines (RCFs) is much lower than that of OPC. As a
result, the mechanical strength and durability of the produced concrete
with RCF can be significantly reduced [12,13]. The workability of
concrete can also be reduced since more mixing water is absorbed by the
RCF during the mixing process [14]. Duan et al. [15] observed that using
RCF in a self-consolidated concrete led to agglomeration of particles in
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the cement matrix, which attributes to the poor workability, mechanical
strength and durability of concrete with RCF.

Many efforts have been made to improve the reactivity of RCFs,
including thermal, physical and chemical excitations. In thermal exci-
tation, RCFs are heated to a high temperature to dehydrate the hydra-
tion products so that more active components can be produced [9,16]. In
physical excitation, RCFs are ground into finer particles by centrifugal
ball milling. Mechanical force can distort the tetrahedral structure of
a-SiO5 and transform it into amorphous SiO5 [17]. Meanwhile, more Ca
(OH); and unhydrated cement particles can be released during the ball
milling. The ability of RCFs to participate in cement hydration is
improved after physical excitation [18]. Li et al. [19] showed that the
compressive strength of mortar with ground RFC as SCM increases with
the fineness of RCF. In chemical excitation, acids or alkali salts are used
to improve the reactivity RCFs in cement. For example, Prosek et al. [20]
used lime, fly ash and slag as activators to improve the reaction activity
of RCFs. The compressive and flexural strengths of the concrete made
with activated RCFs are higher than that of the concrete made with
untreated RCP. Recently, carbonation with COy has emerged as a
promising chemical treatment for RCFs [21-23]. Reaction between COy
and hydration products in RFCs produces calcium carbonate particles
acting as a fine filler and silica-alumina gel acting as a pozzolanic ma-
terial with high reactivity [22]. This method not only improves the
performance of the produced concrete, but also permanently store some
CO5 in the concrete. Shen et al. [23] showed that a two-step wet
carbonation process can absorb 0.27 g COy per 1 g RCF, and the
microstructure was significantly improved by the carbonation.

In this study, an eco-friendly chemical treatment for RCFs is pro-
posed to enhance the performance of cement mortars made with treated
RCFs as SCM. This method can be simply carried out by a two-step
mixing process. In the first step, RCF is mixed with a low-concentrated
TA solution for about one hour to allow for reaction between TA and
RCF. The resulting slurry from step Iis mixed with cement and aggregate
to make concrete in Step II. TA is a water solvable plant polyphenol, and
is the world’s third largest class of plant product after cellulose and
lignin[24]. It can be extracted from plants, microorganisms [25], or
decomposing organic matters in water [26]. As a result, TA can be ob-
tained at very low cost [27,28]. TA usually can be written as C76Hs2046
with a center glucose molecule and five hydroxyl moieties esterified
with two gallic acids (3,4,5-trihydroxybenzoic acid) molecules (Fig. 1).
Due to the presence of benzene rings and hydroxyl groups, TA is easy to
form hydrogen bonds, electrostatic, hydrophobic and n-n stacking in-
teractions with many molecules or functional groups [29]. One of the
distinctive features of this material is its ability to adhere strongly to the
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Fig. 1. Tannic acid.
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surface of diverse surfaces through covalent interactions and non-
covalent interactions [28]. Particularly, the pyrogallol group in TA
molecule has the ability to capture calcium ion in aqueous solution,
which contributes to the local supersaturating of calcium ion to induce
the local mineralization [30,31]. In addition, TA can coordinate with
A13+, Fe3* and other metal ions to form TA-metal network structure
[32,33]. Therefore, TA has been successfully applied in the fields of
adsorption and antibacterial materials [34,35], nano and micro material
[36], capsule [37], film and coating [32,38], biological adhesive [39],
hydrogel [40], and nanocomposite [41].

Inspired by many successes of TA, we exploit TA to enhancing the
binding capacity of RCFs through the two-step mixing. Reaction be-
tween TA and hydration products in RCF particles in Step I can produce
small particles which can fill the pores of RCF particles and deposit on
the surface of RCF particles to seed the hydration of the cement.
Moreover, the excellent binding ability of TA’s functional groups coated
on the surface of RCF particles can improve the bonding with the hy-
dration products of OPC, leading to improved strength and durability of
the produced concrete/mortar with the treated RCF as SCM.

2. Materials and methods
2.1. Materials

OPC is used as binder in this study. RCF is the crushed waste concrete
with particle size less than 165 pm collected from Huainan Construction
Quality Supervision and Inspection Center, Anhui, China. The chemical
compositions of the RCF and OPC are shown in Table 1. Their particle
size distributions were determined by a laser diffraction technique using
a Mastersizer 2000, as shown in Fig. 2. The median particle size (dsg) of
the RCF and OPC are 5.0 pm and 14.5 pm, respectively. River sand with
fineness modulus of 2.56 and apparent density of 2550 kg/m? is used as
fine aggregate. Analytically pure TA was purchased from a local sup-
plier. Five different concentrations of TA solution (0.1%, 0.3%, 0.5%,
0.75%, and 1%) were prepared to treat the RCF.

2.2. Characterization of TA treated RCFs

The dried RCF sample was first immersed in TA solution for 60 min.
Then, the solid particles were filtered from TA solution and dried in an
electric blast drying oven at temperature of 80 °C for 24 h to remove the
absorbed water. X-ray diffraction (XRD) and Fourier transform infrared
spectrometer (FTIR) analysis were carried out to probe any mineralog-
ical change of the RCF induced by the proposed treatment. Scanning
electron microscopy (SEM) analysis was conducted to examine the
surface microstructure change of the RCF particles induced by the TA
treatment. To do this, RCF samples were coated with a thin layer of gold
before the observation. Brunauer Emmett-Teller (BET) was used to
examine the change on pore size distribution of RCF samples.

2.3. Manufacture and characterization of mortar specimens with RCF as
SCM

2.3.1. Mortar specimen preparation

The water to binder (w/b) in mass was chosen as 0.5 for all mortar
mixes in this study. The mix proportions of all mortar are shown in
Table 2. The RCF was used to replace cement at 5%, 10%, 15% and 20%.
To make these mortars using the proposed two-step mixing method, the
RCF was first mixed with TA solution for 60 min. The resulting slurry
was them mixed with cement and sand which were homogenized in a
mechanical mixing pot for 2 min. After stirring for 2 min, the fresh
mortar was cast into 50 mm cubic molds and vibrated on a vibration
table for 30 s to remove air bubble in the mortar. The produced fresh
mortar specimens were cured in a curing room with temperature of 23 +
2 °C and relative humidity no less than 95%. After 24 h, the hardened
specimens were demolded and further cured for a specific period.
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Table 1
Chemical composition of the RCF and OPC.
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Materials Chemical composition/wt.% (XRF)
SiO0, Al,03 CaO MgO Fe,03 TiOy K,0 Others
RCF 33.4 8.4 44.9 1.0 0.6 1.7 4.6
OPC 26.5 18.2 43.7 3.9 1.0 0.8 1.0
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Fig. 2. Particle sizes distribution of RCF and OPC. . X . X X
Fig. 3. Loading function of nanoindentation test.
Table 2 segment of each indent. The Poisson ratio was assumed as 0.2 for the
Mix proportions (kg/m>) materials for mortar manufacture. cement paste. The elastic modulus of each test was calculated according
Notation Cement RCF Water Sand to the Oliver and Pharr method [45]. The test was conducted on a 20 x
20 array with 5 pm. Elastic modulus of the selected testing area was
Control 547 0 275 1430 lvzed spatiall . . thod [46). Statistical d
[y 519.7 273 275 1430 ana} yze spa} ially using a mapping .me o . Statistical deconvo-
10%RCF 492.3 54.7 275 1430 lution techniques are used for multiphase heterogeneous and hetero-
15%RCF 464.9 82.1 275 1430 geneous materials, such as cement paste, to determine volume fractions
20%RCF 437.6 109.4 275 1430

2.3.2. Characterization of the mortar specimen with RCFs

The compressive strengths of mortar specimens were measured at 3d,
7d and 28d according to ASTM C109 [42]. The average value of three
duplicated specimens were used as the measured compressive strength.

Isothermal calorimetry was conducted to examine the effect of the
proposed treatment on the hydration of the cement according to ASTM
C1702-17 [43]. The heat released by the cement hydration was recorded
for the first 70 h by a TAM-AIR (Thermometric AB, Sweden). After
calorimetry testing, the paste samples were cured in sealed conditions
for 3d and 28d. Then these paste samples were pulverized and ground
into fine powders. #100 mesh (0.15 mm) was used to sieve the fine
powders for XRD analysis to examine the effect of TA treatment on
hydration products.

Mercury intrusion porosimetry (MIP) was used to examine the pore
structures of the mortar samples by a Micromeritics AutoPore 9500. The
crushed samples after the compressive strength test at age of 28d were
used in MIP analysis.

Effect of the proposed treatment on micromechanical properties of
cement was examined by nanoindentation testing using a TI 950 Tri-
bolndenter nanoindenter with a pyramid shaped diamond Berkovich
indenter tip. Load control mode was used during the testing, in which
the maximum load of 1000pN was attained by the linear loading steps at
the tenth cycle, as shown in Fig. 3. The loading time, holding time and
unloading time were all one second for the first nine loading cycles to
eliminate effect of the creep and surface roughness [44]. At the last cycle
of loading, the maximum load (1000uN) was hold for 2 s and unloaded
linearly to zero for 5 s. The stiffness was measured by the last unloading

and average mechanical properties of each phase. The deconvolution
process was performed by using Gauss Mixture Model (GMM). The in-
dents on calcium silicate hydrate (C-S-H) phases was recognized by the
elastic modulus smaller than the C-S-H particle stiffness (E < 60 GPa) at
the Poisson’s ratio equal to 0.2 [47]. Four phases of hydration products
(excluding anhydrous clinker minerals) can be identified based on
deconvolution results, which are low-density C-S-H (LD), high-density
C-S-H (HD), ultra-high density C-S-H (UHD) and portlandite (CH)
[48,49].

The packing density of each C-S-H phase was calculated by the
following equation [47,50]:

1 = 0.5(M;/ms +1), @

where, 7; is the packing density on the indent area; M; is the indentation
modulus of each point; m; is the indentation modulus of non-porous
solid material. For C-S-H solid, the mj is fixed to 62.5GPa, which is
equal to 60 MPa of elastic modulus, according to Allen [47].

The early-age cracking is critical to the long-term durability of
concretes/mortars [51,52]. Therefore, the effect of the proposed treat-
ment on early-age cracking of the mortars was examined following
Chinese standard [53]. To this end, the fresh mortar was cast into a mold
with a size of 800 mm x 600 mm x 100 mm. The produced specimen
was immediately subjected to the testing environment at room tem-
perature of 20 °C + 2 °C with relative humidity of 60% + 5%. A fan was
used to provide a wind speed of (5 & 0.5) m/s to accelerate the emerging
of cracks on the surface of the specimen. After 24 h, lengths and widths
of the cracks were measured using a steel ruler and a microscope
magnifier, respectively. The average area of cracks, number of cracks
per unit area and crack area per unit area are three parameters to
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characterize the cracking behavior of the mortar specimen. Those three
parameters are calculated by the following equations,

=

1
a=3N 2 (W; x L;), 2)
b=N/A, &)
c=axb, (C))

where, a is the average area of the cracks, N is the number of the cracks,

Current
Collector
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W; is the maximum width of each crack, L; is the length of crack i, b is the
number of the cracks per unit area, A is the area of the top surface of the
specimen, c is the area of the cracks per unit area.

The effect of the proposed treatment on corrosion performance of the
produced mortar was examined by a rapid corrosion testing technique.
The schematic representation of this testing set-up is shown in Fig. 4(a)
and the real testing system is presented in Fig. 4(b). In this testing, a
reinforced cement mortar cylinder with size of 100 mm x 200 mm was
made and cured in a curing room with temperature of 23 °C + 2 °C and
relative humidity no less than 95% for 28d. Then the specimen was
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immersed in a 5% sodium chloride (NaCl) solution with only 10 mm of
the cylinder is above the solution. The corrosion test was conducted at
the age of 28d. A 30 V DC power source was connected to the steel bar
(anode) and the stainless steel plates (cathode) placed near the specimen
in NaCl solution (electrolyte) to initiate a fast corrosion process. Current
variation with time was recorded by a data logger. Cccurrence of
through crack(s) in the specimen can be identified by an abrupt rise of
the current.

3. Results and discussions
3.1. Characterization of RCF

In this section, “Control” refers to the untreated RCF sample; 0.1%
TA, 0.3%TA, 0.5%TA and 1%TA refer to the RCF samples treated by
0.1%, 0.3%, 0.5% and 1% TA solution, respectively.

3.1.1. XRD

XRD patterns of the untreated and TA-treated RCF samples are
shown in Fig. 5. The main minerals of the untreated RCF sample are
quartz, calcium hydroxide (CH), calcite and dolomite. The quartz and
dolomite come from fine sand and gravel particles, respectively, which
were produced during the crushing process of the waste concrete. CH is
the cement hydration product of waste concrete. The existence of calcite
indicates that some CH in the waste concrete has been carbonized. The
major hydration product, C-S-H is not shown in XRD results since it is
mainly amorphous. After the TA treatment, the intensities of peaks of CH
at 20 = 18 and 60° are reduced since the chemical reaction occurs be-
tween CH and TA solution, consuming some CH by the TA solution.
However, no new mineral formation was detected by XRD in RCF
samples treated with 0.5% TA and 1%TA. Therefore, FTIR analysis was
conducted to examine potential complex formed by the reaction be-
tween TA and RCF samples.

3.1.2. FTIR

The results of FTIR spectra of the untreated RCF sample (Control)
and the treated samples are shown in Fig. 6. As a comparison, a pure TA
sample was also analyzed by the FTIR and presented in the figure.
Table 3 presents the details of peaks and their assignments base on the
FTIR spectra. The stretching and vibration modes of (-OH) group are
present at 3423 cm ™ * and 3434 cm 2, respectively, corresponding to the
chemically bound water molecules of the hydration product. Calcite,
which is detected by XRD analysis, is also identified by the FTIR analysis.

1: Ca(OH), 4:C,S

3 2: Calcite  5:C,S

3: Si0,
\\\~J‘i__J 2 y IR
-L—L-:‘éj__éz.s% 23 — }
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i & T
\LL_JMW

10 20 30 40 50 60 70
20 (degree)

Control
A

Fig. 5. XRD patterns of RCF samples.
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Table 3
The detail of peaks base on the FTIR spectra (wave number: em™ ).
RCP 0.5% 1% TA Assignment
TA TA

3434 3430 3427 3423
1798 1797 1797 -

- 1705 1701 1712
- 1601 1608 1612

(-OH) stretch of H-bond

(—OH) stretch of CH

(C=C) stretch of benzene ring

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

(C=0) stretch of carboxylic acid

C-C stretch of benzene ring

(-OH) stretch in plane of benzene ring

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

(C=0) stretch of carboxylic acid

(C=0) stretch of carboxylic acid

- - - 1535
- - - 1447
- 1319 1320 1320
- 1200 1200 1198

- 1084 1085 1084
- 1041 1039 1039

877 876 876 - COs stretch of calcite
- - - 758 (C-H) torsion of benzene ring
714 711 711 - COj5 stretch of calcite

Calcite particles are present in all RCF samples, as indicated by the vi-
bration of CO3 bond at wave numbers 714 cm ™! and 877 cm 1. These
two peaks are weakened bythe TA treatment, indicating that some
calcite in the RCF samples was consumed during the chemical reaction
between the RCF and TA solution. The peak at 1798 cm ™! is caused by
the (-OH) stretch of CH. The intensity of (-OH) stretch of CH is reduced
by the TA treatment, suggesting that some CH was also consumed by
chemical reaction with TA. This agrees with the results of XRD analysis
shown in Fig. 5. The (C = C) stretch and (C-C) stretch in plane of ben-
zene ring can be detected around 1612 cm ™! in the treated RCF samples,
indicating that the benzene ring in TA can be left on the surface of the
RCF particles. Meanwhile, the wave number at 1320 cm ™! refers to the
(—OH) stretch in plane of benzene ring. This suggests that the formation
of calcium-TA complex probably deposited on the surface of the RCF
particles was induced by the coordination of polyphenol functional
groups with the calcium ions through the chelation. This can also be
confirmed by the blue shift of peaks of 1198 cm’l, 1039 ecm ™! [55].

3.1.3. SEM

Fig. 7 compares the microstructures of the untreated and treated RCF
by the SEM analysis. The untreated RCF has a loose microstructure and
rough surface with many pores as revealed by Fig. 7(a). TA treatment
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Fig. 7. SEM images of the RCF samples: (a) untreated; (b) treated with 0.1% TA; (c) treated with 0.5% TA; (d) treated with 1% TA.

clearly densifies the RCF samples, showed in Fig. 7(b), 7(c) and 7(d).
This can mainly be attributed to two reasons: 1) Some of the loose
material and very fine powders on the surface of the RCF particles were
dissolved by the TA solutions; 2) Reaction products between TA and the
RCF can fill the pores and crack of the RCF particles and deposit on the
surface of the RCF particles. This can be seen very clearly on Fig. 7(c)
and 7(d), in which the RCF samples were treated by 0.5% and 1% TA
solutions, respectively. Large amount of submicron particles can be

found on the surface of the treated RCF particle on these two samples.
These particles are not visible on the sample treated with 0.1%TA so-
lution because of the low concentration of TA used in the treatment.
These particles should be calcium-TA complex of chelate products of TA
and calcium ions, as indicated by the FTIR results shown in Fig. 6 and
Table 3.
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3.1.4. BET analysis

The effect of the proposed treatment on the pore structure of RCF is
revealed by the BET analysis shown in Fig. 8. Both the pore size and the
total porosity of the RCF have been significantly reduced by the treat-
ment, agreeing with the SEM observation shown in Fig. 7. The only
possible reason responsible for this reduction of porosity is that the re-
action products between TA and RCF fill some of the pores. Fig. 8 shows
that the reduction of the pore volume of the RCF specimen increases
with the amount of TA used to treat the RCF. This is because more re-
action products can be produced by using more TA. As a result, more
pores can be filled by these products. With much lower porosity, the
performance of the produced concrete/mortar should be drastically
improved.

3.2. Properties of mortar with RCF

3.2.1. Hydration heat

Effect of the TA treatment on the hydration of the cement past is
shown in Fig. 9. In this figure, the Control and RCF paste samples were
made without and with the untreated RCF to replace 10% OPC,
respectively. Those X% cement pastes were made with X% TA treated
RCF to replace 10% OPC. Comparing the heat power curves of Control
and RCF pastes suggests that replacing 10% cement with RCF acceler-
ates the hydration of the resulted blended paste. This is not surprising
since the RCF provides more seeding sites for the hydration of the
cement. Compared with this paste with untreated RCF, all pastes with
TA treated RCF produced higher thermal flow and more reaction heat at
the first 6 h of the measurement, as revealed by Fig. 9. This suggests that
reaction occurred between the residual TA and cement at this period.
Nevertheless, residual TA also retards the hydration of the cement, as
evidenced by the longer dormant period and reduced heat flow of the
pastes with TA treated RCF, and this retarding effect increases with the
concentration of TA. At lower concentrations (0.3% and 0.5%), this
retarding effect quickly diminished. The accumulated hydration heats of
the pastes surpassed that of the RCF paste, suggesting that TA treatment
can promote the hydration of the cement. At higher concentrations
(0.75% and 1.0%), much more severe retarding effect was induced by
the residual TA and accumulated hydration heats of the pastes were
lower than that of the RCF paste within the observation period. How-
ever, the gap between these values was narrowing with the hydration.

3.2.2. Compressive strength

Fig. 10 shows the effect of TA treatment on the compressive strength
of the mortars at 3d, 7d and 28d. In this figure, X% refers to the mortar
made with RCF treated with TA solution at X% in mass concentration. As
a comparison, a group of mortar was prepared without using any RCF
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and TA, noted as “Control”. Its compressive strengths at 3d, 7d, and 28d
were measured as 19.97 MPa, 26.64 MPa and 39.17 MPa, respectively.

It can be seen that the compressive strength, especially the late age
strength of the mortars with untreated RCF depends on the content of
RCF used. At 5% of replacement, the produced mortar has a compressive
strength close to the Control one. At higher replacement levels, the
compressive strengths of the produced mortars at 28d are significantly
lower than that of the Control one, indicating the lower reactivity of the
RCF in comparison with the cement.

This drawback of using RCF as SCM can be mitigated by the proposed
treatment. As shown in Fig. 10, the compressive strengths at 28d of the
mortars with 10% RCF have been improved by 12.2%, 25.6%, 26.3%,
17.3%, and 13.1% after treating the RCF with 0.1%, 0.3%, 0.5%, 0.75%,
and 1.0%, respectively. In this case, strength improvement first in-
creases to a maximum value and then reduces with the concentration of
TA. This suggests that there exists an optimal concentration of TA, at
which the highest strength improvement at 28d can be reached by the
treatment. Indeed, strength improvement is limited if too little TA is
used, as revealed by the sample with RCF treated by 0.1% TA in this
group. However, if too much TA is used, the retarding effect of residual
TA becomes strong enough to reduce the compressive strength of the
mortar in the measurement period, as indicated by the mortars with RCF
treated with 0.75% and 1.0% TA. For this reason, the compressive
strength of the sample with 1.0%TA treated RCF is lower than that of the
sample with 0.75%TA. When appropriate amount of TA is used to treat
the RCF, the compressive strength of the mortar with 10% RCF can
surpass that of the one with 100% of cement, confirming the effective-
ness of the proposed treatment.

Similar effect of TA on the compressive strength at 28d can be
observed on the mortars made with 15% RCF. In this case, the
compressive strengths at 28d of the mortar have been improved by
14.7%, 21.2%, 26.5%, 26.3%, and 18.2% after treating the RCF with
0.1%, 0.3%, 0.5%, 0.75%, and 1.0% TA solutions, respectively. In this
case, the retarding effect of residual TA is not as strong as in the previous
one, as evidenced by 26.3% strength improvement with 0.75% TA
treatment. This is because more RCF was used in the sample, which
reacted and consumed more TA. This trend can be seen even more
clearly in mortars made with 20% RCF. In this case, higher compressive
strength has been reached by using higher concentration of TA because
less residual TA is present in the sample in comparison with the mortars
with less RCF.

No significant strength improvement has been achieved for mortars
with only too little (5%) or too much (20%) RCF, as indicated by Fig. 10.
When only 5% RCF is used, the mortar strength is mainly controlled by
the cement. Fig. 10 shows that the compressive strength of the mortar
with 5% RCF even surpasses that of the Control sample. This can be

0.02 .
( ) Control
00154 ] 0 e 0.1%TA
o
R B | T 0.5%TA
g 0.01 -
[
)
2 0.005
0
0 40

Pore width (nm)

Fig. 8. The cumulative pore volume and pore volume distribution of the RCF samples: (a) cumulative pore volume; (b) pore volume distribution in the range of 0 nm-

40 nm.
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attributed to the limited reactivity and seeding and filling effects of the
RCF. However, RCF is highly porous material. If added in high content,
the compressive strength of the mortar can be significantly reduced,
which cannot be recovered by the proposed treatment, as revealed by
the mortars with 20% RCF shown in Fig. 10.

3.2.3. XRD analysis

Fig. 11 compares XRD patterns of four cement pastes: RCF paste
made with 10% cement replaced by the untreated RCF, and 0.3%TA,
0.5%TA, and 1%TA pastes made with 10% cement replaced by RCF
treated with 0.3%TA, 0.5%TA, and 1%TA solutions, respectively. The
CH, quartz (SiOy), calcite (CaCO3), dicalcium silicate (CS) and trical-
cium silicate (C3S) are the major crystalline compositions in those
samples. The CH comes from the hydration of the new cement and re-
sidual CH in the RCF. The quartz comes from the natural fine aggregates
(river sand) in the RCF. The calcite is induced by the carbonation of CH
in the RCF and new cement paste. C3S and CyS come from the un-
hydrated cement, which are still detectable at 28d, suggesting that hy-
dration of the cement is not completed. Compared with the paste with
untreated RCF, no new characteristic peak was detected on the XRD
spectra of all pastes with TA treated RCF. This suggests that TA treat-
ment does not produce any new hydration product in the paste.

3.2.4. Effect of TA treatment on the pore structures of the produced mortars

To find out the reason causing the strength improvement observed in
Fig. 10, MIP testing was carried out to examine the proposed treatment
on the pore structure of the produced mortars at 28d, as presented in
Fig. 12. Compared with the control sample made without any RCF, the
RCF mortar made with 10% of cement replaced by untreated RCF has a
significant higher porosity, as revealed by Fig. 12(a). This is expected
since the untreated RCF is porous material and has much more pores
larger than 100 nm, as shown in Fig. 12(b). These pores can be signifi-
cantly reduced by the TA treatment, as shown in Fig. 12(b). This is
because TA treatment not only densifies the RCF particles (Fig. 8), but
also generates submicro particles which can fill many pores of the pro-
duced mortar. The filling effect of these particles also refines the capil-
lary pores of the produced mortar in the range of 10 nm-100 nm. As
shown in Fig. 12(b), peak size of the capillary pore of the RCF mortar is
around 54 nm. This value is reduced to 43 nm after the RCF treated by
0.3%TA solution. As a result, the cumulative pore volume of this mortar
sample (0.3%TA) is significantly lower than the RCF mortar, explaining
why the compressive strength of mortar can be improved by using TA
treated RCF. The porosity of the mortar is slightly increased by using
0.5%TA to treat the RCF, which can be attributed to the stronger

retarding effect induced by more residual TA in the sample. This
stronger retarding effect is also indicated by the slightly lower
compressive strength at 28d of this mortar in comparison with the 0.3%
TA mortar, as shown in Fig. 10(c).

The capillary pores can be classified as harmless (less than20 nm),
almost harmless (20-100 nm), harmful (100-200 nm) and very harmful
(greater than200 nm) [56]. Fig. 13 shows the pore volume in these four
categories, in which the total volume fraction of harmful and very
harmful pores and volume fraction of the almost harmless pores are also
presented. By comparing the RCF mortar with Control sample, it is clear
that replacing 10% Portland cement with RCF increases the volume
fraction of the harmful and very harmful pores from the RCF mortar has
a much higher volume fraction for 29.1% to 39.7%. This difference is
induced by the porous nature of the RCF. Consequently, the compressive
strength of the RCF mortar is much lower than that of Control mortar at
28d, as shown in Fig. 8. These harmful and very harmful pores brought
into the mortar by the RCF can be drastically reduced by treating the
RCF with TA, as revealed by their volume fraction in two mortars with
TA treated RCF (0.3%TA and 0.5%TA mortars in Fig. 8). Therefore, the
strengths of the produced mortars are much higher. Fig. 8 also shows
that 0.5%TA sample has more harmful pores than the 0.3%TA sample,
which can be attributed to the more severe retarding effect induced by
using more TA to treat the RCF. Although the total volume of harmful
and very harmful pores in the Control mortar is small that that of two
mortars with TA treated RCF, the size of harmful pores in these two
mortars are smaller than that of the Control sample, as shown in Fig. 12.
Therefore, the compressive strength at 28d of these two mortars are
higher than that of the Control one, as shown in Fig. 10.

3.2.5. Nanoindentation analysis

Fig. 14 compares the contour mappings and deconvolution of elastic
modulus obtained from nanoindentation tests for the mortar made with
10% untreated RCF (RCF mortar) and another one made with 10% RCF
treated with 0.5%TA solution (0.5%TA mortar). Two differences be-
tween these two mortars are revealed by the contour mapping of the
elastic modulus shown in Fig. 14(a) and 14(c). First, there is much less
low-modulus porous phases present in the 0.5%TA sample. This agrees
with the MIP results presented in Figs. 12 and 13. Second, more high-
modulus hydration products exist around the grey-color phases in the
0.5%TA mortar. The grey-color phases are small particles with elastic
modulus higher than 60 GPa. They most likely are aggregates or
unreacted cement particles. Previous study [57] shows that TA coated
on the surface of the recycled cement mortar particle can capture cal-
cium ions to induce local mineralization, leading to more and denser
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Fig. 10. Effect of TA treatment on the compressive strengths of the produced mortars.

hydration products around these hard particles, as shown in Fig. 14(c).
As a result, the compressive strength of the mortar produced with TA
treated RCF is much higher than the one made with the untreated RCF.

The densifying effect of TA treatment can be seen more clearly on the
deconvolution of the modulus shown in Fig. 14(b) and (d). In these two
figures, four hydration phases (LD, HD, UHD, and CH) and a low-
modulus porous phase (PP) are used to fit the measured moduli and
fitting parameters are also presented. These parameters are volume

fraction of the phase (n), mean value (1), and standard deviation (o) of
measured modulus of the phase. Two effects of the proposed treatment
can be clearly seen from these two figures. First, TA treatment increases
the mean elastic moduli of all five phases. Second, TA treatment reduces
the PP from 38% to 35%, LD C-S-H from 39% to 33%, and increases the
HD C-S-H from 19% to 27%. As a result, the overall average elastic
modulus of all phases is increased by TA from 18.57GPa and 22.75GPa,
indicating that TA treatment does densify the microstructure of the
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hydration products.

The densifying effect of TA can be quantified using packing density,
which is calculated based on elastic modulus shown in Fig. 14. Table 5
presents the mean packing densities and volume fractions of five phases
detected in Fig. 14. It can be seen that the packing densities of all phases
are improved after the TA treatment, and overall mean packing density
of all phases is increased by 0.037, leading to higher compressive
strength and better durability.

3.2.6. Early-age cracking

The effect of the proposed treatment on the early age cracking of the
produced specimen is shown in Fig. 15. It is surprising to find that the
specimen with untreated RCP exhibits a better ability to resist cracking
than the control group, as indicated by its lower crack number and total

crack area per unit area. This can be attributed to the high porosity of the
RCF, which can absorb mixing water during mixing, leading to a
reduction in drying shrinkage and enhancement in fracture energy [58].
As a result, all samples with RCF have much less early-age cracks than
the mortar with 100% OPC. Those early age cracks can be further
reduced by the proposed treatment. As shown in Fig. 15, the crack
numbers, crack areas per unit area, and crack area per crack all expe-
rience significantly reduction, and the reduction increases with the in-
crease of the TA content used to treat the RCF. This reduction on early
age cracking induced by TA can be attributed to two mechanisms: 1) TA
can reduce the heat release and hydration heat at the early age, as show
in Fig. 9; 2) TA is hydrophilic which can reduce the evaporation of water
from the sample. Therefore, the proposed treatment with TA can
significantly suppress the cracking in the early age concrete, leading to

Table 5
Packing density of the hydration phases.
Groups PP LD HD UHD CH Overall
Volume Mean Volume Mean Volume Mean Volume Mean Volume Mean
RCF 0.38 0.60 0.39 0.65 0.19 0.75 0.02 0.92 0.01 0.98 0.651
0.5%TA 0.35 0.60 0.33 0.68 0.27 0.76 0.03 0.95 0.02 0.99 0.688
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Fig. 15. Effect of TA treatment on the early-age cracking parameters of produced mortar.

much higher long-term durability of the produced concrete.

3.2.7. Effect of the TA treatment on corrosion of the steel reinforcement

Accelerated corrosion testing results are shown in Fig. 16, in which
the corrosion current is plotted again time. When the through crack(s) is
generated, resistance between the positive and the negative poles is
drastically decreased, resulting in a sudden increase in the current.
Therefore, the time at which the current starts to increase sharply is
reported as the corrosion time of the specimen, which is labeled in
Fig. 16 (a) for each specimen. Fig. 16(b) compares the corrosion times of
mortars with untreated and TA-treated RCF. Compared with the Control
mortar without any RCF, the mortar with 10% cement replaced by un-
treated RCF has a shorter corrosion time, suggesting that this mortar has
a lower corrosion resistance. This is not surprising since the untreated
RCF is highly porous.

No significant improvement on the corrosion time can be achieved
by treating the RCF using 0.1%TA, indicating low concentration of TA is
not sufficient to protect the reinforcement. Increasing the concentration
of TA to 0.3% and above, the corrosion time of the produced mortar can
be significantly increased. For example, treating the RCF with 0.3%TA
increases the corrosion time of the mortar from 86 h to 133 h. Clearly,
the lower porosity (Fig. 12), denser hydration products (Fig. 14) and
higher mechanical strength (Fig. 10) induced by TA treatment all
contribute to the much-improved corrosion resistance of the mortars.

Moreover, Fig. 16(b) shows that the corrosion times of 0.3%TA, 0.5%
TA, and 1%TA mortars all surpass that of the Control one, indicating that
TA can be used to enhance the corrosion resistance of cement mortar.
Indeed, existing study shows that TA acts as a cathodic-type corrosion
inhibitor, retarding the cathodic process of the corrosion reactions by

12

forming ferric tannates on the mild steel surface [59]. TA can react with
the initial rust c-FeOOH easily [60] to form TA-iron complex, which will
be oxidized to ferric tannate. Ferric tennate is very stable and much
dense than the rust, acting as a physical barrier to protect the reinforcing
steel in concrete from corrosion.

4. Conclusion

This study proposes an eco-friendly method to enhance the perfor-
mance of cement mortar made with RCF to partially replace OPC
through a simple two-step mixing process. A naturally occurring com-
pound, TA is used in the first mixing step to react with RCF. The products
of this reaction not only fill the pores in the RCF, but also deposit on the
surface of RCF particles as submicron particles. These particles can seed
the hydration of cement and fill the pores of the paste, leading to denser
microstructure. This has been confirmed by MIP testing and nano-
indentation testing, which demonstrate that TA treatment can signifi-
cantly reduce the porosity and enhance the elastic modulus and packing
density of the hydration products. As a result, the compressive strength
at 28d of the mortar made with RCF as SCM can be improved over 26%
by the proposed methods. More importantly, the durability of the pro-
duced mortar can be drastically improved by the proposed treatment
too. For example, the early-age cracking of the mortar can be signifi-
cantly reduced by the proposed treatment. The corrosion time is
enhanced by the proposed method over 55%. Compared with existing
methods which may require strong acid/alkaline or energy intense
process such as calcination or carbonation, the proposed method only
uses a ubiquitous, non-toxic, renewable, and low-cost biomolecule to
treat RCF. This method does not require any extra equipment and
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produces zero waste. In addition, this study introduces a new class of
eco-friendly biomolecule to enhance the performance of RCFs so that
they can be used to replace OPC. It can be envisioned that Some TA-rich
natural plant extracts, such as tea-leaf, may also work to treat RCF and
other C&D wastes. More research will be carried out in this area in the
future.
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