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Abstract Clay brick is one of the major components
of demolition waste, which is generally landfilled.
Effective and new uses of recycled clay brick may
provide sustainability benefits in terms of landfill
reduction. Therefore, this research aims at applying
Recycled fine clay brick aggregates (RFCBA) with
sizes from 0.075 mm—4.75 mm to prepare Self-com-
pacting concrete (SCC). The effects of RFCBA on
fresh and hardened properties of SCC were investi-
gated. Saturated surface dry RFCBA was used to
replace Natural fine aggregate (NFA) with the per-
centage of 25%, 50%, 75% and 100%, respectively, in
making the SCC mixes. Although experimental results
showed that the flowability, passing ability, and
segregation resistance of SCC containing RFCBA
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(RFCBA-SCC) decreased with the increasing RFCBA
content, these properties still satisfy the criteria of
SCC. The compressive strength, splitting strength,
flexural strength, and elastic modulus of the RFCBA-
SCC mixes decreased with an increase of RFCBA
content. Due to their porous nature, recycled fine clay
brick aggregates may also be a source of additional
water for internal curing. The internal curing effect
was confirmed by the mercury intrusion porosimetry,
X-ray diffraction, and thermogravimetric analysis
measurements. Moreover, a significant autogenous
shrinkage reduction of SCC is achieved by using the
RFCBA due to the release of additional water pre-
stored in the RFCBA. Therefore, it can be concluded
that the addition of RFCBA to SCC mixtures can
provide additional practical benefits in the hardened
state.

Keywords Recycled fine clay brick aggregate - Self-
compacting concrete - Rheology properties -
Mechanical properties - Microstructures

1 Introduction

Due to its unique characteristics, e.g., high flowability,
passing ability, and resistance to segregation, the use
of Self-compacting concrete (SCC) has gained wide
acceptance in recent years. As no vibration is required,
it significantly reduces the noise on the construction
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site and the labour needed for concrete placement.
Moreover, as it can flow under its own weight and
maintain sufficient resistance to segregation, SCC has
excellent applicability for elements with complicated
shapes and congested reinforcement.

Generally, a high binder content is usually used to
achieve a good segregation resistance [1]. Supple-
mentary cementitious materials are generally added to
improve the flowability and to reduce the amount of
superplasticizer [2—4]. As SCC possess a high cement
content, the autogenous shrinkage becomes significant
[5], because of the greater volume of small-diameter
pores and the available water reduction [6]. This leads
to potential early-age cracking, which is a big concern
for service life. Furthermore, conventional curing does
little to mitigate the autogenous shrinkage of SCC, as
the water from the external surface only affects the
concrete to a limited depth [7]. An effective way of
mitigating autogenous shrinkage is to use internal
curing. Two common approaches can be applied: the
addition of Superabsorbent polymers (SAP) or Light-
weight aggregates (LWA). The first method entails
adding SAPs into the concrete mixture. During
mixing, the SAP absorbs water and swells [8]. Water
stored in the SAP is released when self-desiccation
happens. The study carried out by Jensen and Hansen
[9] showed that with 0.6% addition of SAP, self-
desiccation in cement paste having w/c of 0.3 could be
completely avoided. The second way is to use the pre-
saturated porous LWA. During cement hydration,
LWA releases water to the surrounding paste to
replace moisture lost and reduce self-desiccation [10].

It is found that the recycled aggregate has a high
water absorption capacity. Therefore, there exists a
potential to use it for internal curing [11]. With respect
to the recycled concrete aggregate, a water absorption
capacity larger than 10% is found because of the
adherent cement mortar. In contrast, the natural
aggregates possess a water absorption capacity, in
general, less than 1% [12-14]. Yildirim et al. [15]
reported that the drying shrinkage can be satisfactorily
reduced with a recycled concrete aggregate content of
50%. However, because of the limited porosity and
water absorption ability, it has a limited effect on the
autogenous shrinkage of low w/c ratio mortar [11].
Clay brick belongs to another type of recycled
aggregate. Compared to crushed concrete aggregate,
recycled clay brick has a much higher porosity (around
20% [16-20]) and water absorption (between 15-28%

[21-24]). However, its high water absorption is
generally considered to harm the mechanical proper-
ties of concrete. Reference [25] reports that using
recycled clay brick as a replacement for coarse
aggregate leads to a reduction in both compressive
and tensile strengths. Extensive studies [26, 27] show
that it is possible to make concrete having strength in
between 20 and 30 MPa can be made using the
recycled clay brick within a replacement no more than
50%. Consequently, the application of recycled clay
brick in construction is limited. Therefore, in order to
exploit vast amounts of recycled clay brick aggregates
that are available, its utilization in SCC is desirable
[28].

To reduce the autogenous shrinkage of SCC, this
work proposes to use Recycled fine clay brick
aggregates (RFCBA) possessing a size range from
0.075—4.75 mm to replace natural fine aggregate. The
replacement level was chosen as 25%, 50%, 75% and
100%, respectively. First, the fresh properties of the
prepared SCC containing RFCBA (RFCBA-SCC)
were examed to ensure the prepared mixes meet the
flowing and passing ability requirement of SCC. The
influence of the RFCBA content on the microstructure,
mechanical properties, and autogenous shrinkage
were studied. It is expected that this study would
provide a more promising way for reuse of clay brick.

2 Materials and methods
2.1 Materials

Ordinary Portland cement 42.5 1 purchased from
China United Cement Corporation and Class F fly ash
were used as the binder. Their chemical compositions
and physical properties are presented in Table S1 and
S2, respectively. The gradation of used fine and coarse
aggregates are shown in Figure S1. With regard to the
fine aggregate, local natural river sand and waste clay
brick obtained from a demolition site were used. The
X-ray diffraction (XRD) measurement presented in
Figure S2 shows that quartz, hematite, and rutile are
the main mineral compositions in clay brick. The brick
was first broken up and sieved to different sizes. To
produce the recycled fine clay brick aggregate
(RFCBA) with designed gradation, the sieved bricks
were recombined. Table S3 presents the physical
properties of natural fine aggregate (NFA) together
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with RFCBA. Mercury intrusion porosimetry was
used to measure the porosity, and water absorption
was measured according to ASTM C1761/C176 1M—
17 [29]. Although two types of aggregate have the
same grading, the RFCBA has a smaller apparent
density and greater water absorption ability because of
its porous microstructure. Figure S3 presents the pore
size distribution of the RFCBA and NFA. More than
95% percolated pore (28.33% by volume) is greater
than 100 nm showing that the RFCBA can be
efficiently used for internal curing, as it has been
proved the pore with size larger than 100 nm [30-32]
can supply water effectively during self-desiccation.
The absorption and desorption ability of the RFCBA
have been reported in the authors’ previous work [33].
The absorption measurements show that the RFCBA
could be saturated in a relatively short period with an
absorption larger than 10 wt.%, which is much larger
than the criteria (5 wt.% for 72 h absorption) specified
by ASTM C 1761/1761 M - 17 [29]. While the
desorption measurements indicate that the desorption
speed increases with the reduction of the RH ambient.
With respect to 59% RH ambient, most of the
absorbed water releases within 10 days. In terms of
97% RH ambient, less than 20% absorbed water has
been disported after 10 days. This indicates that in the
RFCBA-SCC, more water would come out at the late
stage when the RH decreases due to the self-desicca-
tion. In the current study, data from the desorption
measurement is used to plot the isothermal desorption
curve, see Fig. 1. It can be seen that the particle size

100 »
—=—2.36-4.75 mm /

—e— 1.18-2.36 mm
g0 | —4—0.60-1.18 mm
—5—0.30-0.60 mm
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Fig. 1 Isothermal desorption curve of used RFCBA with
different sizes

has little influence on the isothermal desorption curve
and more than 90% absorbed water is released at 59%
RH ambient. In terms of coarse aggregate, crushed
limestone having a water absorption of 0.58% was
used. The workability was adjusted by the
superplasticizer.

2.2 Mixture proportions

Five SCC mixes (including a reference mix) were
designed and produced. Portland cement was blended
with fly ash as a binder with a mass ratio of 3:2. Based
on the Guidelines for SCC [34], the water to binder
and binder to fine aggregate mass ratios were deter-
mined as 0.28 and 0.34 for all mixes. RFCBA in
Saturated surface dry (SSD) condition was used as an
internal curing agent to replace NFA. To reveal the
effect of replacement level on SCC, NFA was replaced
by the RFCBA with a percentage of 0%, 25%, 50%,
and 75% 100% by volume, respectively, the amount of
superplasticizer was 0.8% of binder weight. Table 1
shows the detailed mix proportions.

2.3 Testing method
2.3.1 Fresh properties measurements

The slump flow and L-box (with 2 rebars) tests were
conducted according to BS EN 206-9 [35] and
Guidelines for SCC [34]. The slump test characterizes
the flowability and filling ability of the fresh SCC by
measuring the mean diameter of the spread of fresh
concrete using a conventional slump cone. T, can be
used to estimate the viscosity of SCC. It records the
flow time for the fresh mixture getting to 500 mm after
lifting a cone. With respect to the L-box test, a passing
ratio is used to indicate the passing ability of the SCC
mix.

2.3.2 Microstructural characterization

To characterize the internal curing effect of the SSD
RFCBA, mortar specimens were prepared with the
4.75 mm grade aggregates and blends of cement and
fly ash (mass ratio 3:2). A w/b ratio of 0.28 was used.
The mixing procedure was conducted following the
EN 196-3:2005 + A1:2008 (E) standard [36]. Cylin-
drical plastic moulds with a size of 30 mm in mm
diameter and 60 mm in height were used for casting.
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Table 1 Mix proportions of SCC (kg/m?)

Mix  NFA replacement  Water Cement Fly ash Coarse aggregate NFA RFCBA Superplasticizer
level (%) (kg/m®  (kg/m?) (kg/m®) (kg/m®) (kg/m*  (kg/m®) (kg/m?)

Ref 0 149.5 321 214 854 806 0 4.28

R25 25 149.5 321 214 854 605 160 4.28

R50 50 149.5 321 214 854 403 321 4.28

R75 75 149.5 321 214 854 202 482 4.28

R100 100 149.5 321 214 854 0 642 4.28

10 SSD RFCBAs (4.75 mm) were added into the fresh
mixture in one cylinder, while in the other one, the
same amount and sized NFA was used. Afterward, the
cylinders were sealed and stored in lab conditions
(temperature: 20 = 1 °C). After 28 days of curing,
mortars were cut. Pastes within 2 mm distance to the
aggregates were taken for the Mercury Intrusion
Porosimetry, thermogravimetric/derivative thermo-
gravimetric analysis (TG/DTG) and XRD tests. The
solvent exchange approach [37] was adopted to arrest
the hydration. In this approach, isopropanol was used.
The specimens were dried in the vacuum champer
under a pressure of 0.5 MPa and a temperature of
45 °C for drying until no weight change can be
monitored.

Porosity and pore size distribution were measured
at 28 days using MIP on the dried cement paste [38].
An Autopore II 9220 device was used. The relation
between pressure p(MPa) and the pore diameter d(pm)
is described by the Washburn equation [39] based on a
model of cylindrical pores:

4y cos 0
_— 1
p y (1)

where 0 is the contact angle between the mercury and
the surface of cement, and y the surface tension of
mercury. For the measurement, the contact angle and
the surface tension were set to 139° and 485 mN/m,
respectively. The pressure capacity of the mercury
intrusion porosimeter is 4.00 x 10—
4.13 x 10> MPa, leading to the measured pore size
within the range of 7 nm-314 pm.

To investigate the internal curing effect, both TG/
DTG and X-XRD were conducted on hardened cement
paste. The pastes were grounded to a powder for the
following test.

TG/DTG test was performed by using TA Instru-
ments SDT-Q600 to identify H,O and Ca(OH),
emissions for each temperature range. The TG/DTG
test was conducted using N, gas with a flow rate of
100 ml/min and a heating rate of 10 °C/min within a
temperature interval between 100 °C and 1000 °C.

XRD tests were conducted using a Rigaku D/MAX-
RA XRD diffractometer. During the test, the Cu-Ka
radiation was set as 40 kV and 40 mA with a scanning
speed of 0.02 °/s over the range of 5—90 °.

The interface between RFCBA and cement paste
matrix was investigated with a SU-70 Scanning
Electron Microscope (SEM). Crushed SCC specimens
were then polished with sandpapers and diamond paste
in which 1 um diamond paste was used for the last
polishing. Samples were then coated by evaporation
with gold. Backscattered electrons (BSE) mode was
used to scan the polished surfaces.

2.3.3 Strength and elastic properties measurements

Compressive, flexural, and tensile strengths and
modulus of elasticity were measured following the
Chinese GB/T 11,969-2008 standard [40]. For each
mix, specimens with dimensions described in Table S4
were cast and used for the corresponding test. After
casting, the specimens were cured for 24 h under
sealed condition under a temperature of 20 £ 1 °C.
Subsequently, the samples were demoulded and cured
in a standard curing room with a temperature of
20 £ 1 °C and a relative humidity of 98% =+ 2% until
the test. Table S4 lists all the crucial parameters for the
mechanical tests. For each condition, three specimens
were measured.
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2.3.4 Autogenous shrinkage and internal relative
humidity measurements

Autogenous shrinkage is a dominant factor for crack-
ing control for w/b ratio concrete, i.e., SCC [41].
Measurements of the internal relative humidity (RH)
and autogenous shrinkage were performed to investi-
gate the potential of RFCBA on the autogenous
shrinkage mitigation and its mechanism behind.

For internal relative humidity (RH) measurements,
cast-in sensors with acceptable accuracy of + 0.1%
were used. A PVA tube was positioned at the middle
depth of the cubic specimen (100 mm). A glass bar
was inserted into the PVA tube before casting to
prevent concrete from flowing into the PVA tube.
After casting the SCC into a paraffin wax made mould,
a plastic sheet was used to cover the specimen surface.
After one day curing, a Vaisala HMP42 humidity
sensor was used to replace the glass bar. The hole was
then sealed by using epoxy resin. Paraffin wax was
used to seal the top surface of the specimen to avoid
any moisture exchange between the specimen and the
environment. It is worth mentioning that the sensor has
been calibrated out before the RH measurements at a
constant temperature of 20 °C. In the calibration
procedure, distilled water and saturated salt solutions
with known RH values of 11% (LiCl), 33% (MgCl,),
43%(K,COs5), 59%(NaBr), 70%(KI), 75%(NaCl),
85%(KCl), 91% (BaCl,) and 98% (K,SO,4) were used.
For each RH condition, the sensor was placed in a
sealed container with the corresponding solution.
After each measurement, the sensor was corrected if
the measured value did not match the theoretical one.

With respect to autogenous shrinkage measure-
ment, a stainless-steel mould consisting of two
reflecting targets at the ends was used, see Figure S4.
The two reflecting targets are free to move with the
cast specimens. Eddy current sensors were used to
measure movement of the reflecting targets continu-
ously.The measuring accuracy of deformation is
smaller than 2 pm. The autogenous strain was calcu-
lated as:

dy +d,
f=—— =

- )

where d; and d, are the movement measured by the
two sensors, L the initial length of the casted specimen.
The length of the specimens was 515 mm, and the
cross-section was 100 mm x 100 mm. After casting,

the specimens were sealed by polystyrene sheets to
avoid moisture loss. Measurements were started 1 h
after the casting. For each mixture, 3 specimens were
tested. Strain was recorded every hour consecutively
for 7 days. The average value represented the shrink-
age strain. The environmental temperature was kept at
20 £ 2 °C during the test.

3 Results and discussions
3.1 Fresh properties

Table 2 shows the measurements of slump flow, Tsq,
J-ring spread value as well as blocking ratio. It is
evident that the increase in replacement ratio causes a
reduction in the flowability. With 100% replacement,
a reduction of 12% is observed for the slump flow,
while 11.06% for the J-ring test. Consequently, it takes
a longer period for the mixture to flow to 500 mm.
Nevertheless, the slump flowability meets the criteria
for SF2 (640-800 mm), which is suitable for many
normal applications [34]. The difference between
slump flow and J-ring spread diameter is smaller than
25 mm, which means its passing ablitiy belongs to the
PA2 as specified by the Chinese technical specifica-
tion (Technical Specification for Application of Self-
compacting Concrete, JGJ/T283-2012) [42]. Further-
more, the blocking ratio decreases from 0.82 to 0.73,
with replacement level of NFA increasing from O to
100%. This can be caused by stronger cohesion
between cement paste and RFCBA, compared with
NFA. This is in accordance with [43] but in contrast
with [44]. However, in [44], additional water was
added during mixing to prepare the SCC. According to
[34], the prepared SCC containing 100% RFCBA
maintains adequate passing ability (0.70).

3.2 MIP results

In Fig. 2, the capillary pore size distribution of cement
paste mixes around different types of aggregate is
shown. The critical pore diameter is assumed as the
peak in the differential pore size distribution [38]. The
critical pore diameter decreases when RFCBA is used.
Figure 3 shows the relative frequency of the pore size
distribution. The paste in the vicinity of RFCBA tends
to have smaller pores. Specifically, most pores fall in
the range between 20-50 nm for the NFA-mortar,
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Table 2 Measured fresh properties of RA-SCC mixtures

Replacement level (%) Slump flow (mm) Ts00 (s) J-ring spread diameter (mm) Blocking ratio
0 745.2 3.75 719.0 0.82
25 707.0 4.53 678.5 0.80
50 696.3 6.43 669.0 0.79
75 663.8 7.68 654.3 0.75
100 652.8 8.59 636.5 0.73
- ~la— NFA [45]. However, it is important to note that pores
' v RFCBA smaller than 6 nm (gel pores) are not accessible by the
0141 MIP test. To characterize the gel pore, helium
n . . .
__onf ’vﬁ pycnometry [46] or nitrogen adsorption test [47] is
2 v | required.
g owof | Y + d
S n
[a) {
W 008 || ¥ 3.3 TG/DTG and XRD results
= v
> 006rv | || & . .
= w T" ‘g The results of the TG/DTG are given in Fig. 4.
v Y | . .
0ot | \# Assuming that the vacuum drying removes all free
0.02 _# 'v\. . water [48], the TG measurement can provide a
'ZE!- L g !ﬂ“v measure of the amount of hydrate water. A peak at
0.00 e . .
10 100 1000 10000 100000 100-125 °C is observed in DTG because of the

Pore diameter (nm)

Fig. 2 Influence of RFCBA on the pore size distribution
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Fig. 3 Influence of RFCBA on the relative frequency of pore
size distribution

while with the use of RFCBA, more than 50% of the
pore volume has a size smaller than 20 nm. Table 3
shows the measured percolated pore volume. The use
of RFCBA has a remarkable influence on the pore
volume leading to a lower porosity, because the
internal curing effect causes further hydration of
cement paste, which reduces the porosity and pore size

dehydration of ettringite and C-S-H [49]. However,
the amount of the two phases cannot be quantified
because their peaks are overlapped. The dehydration
of calcium hydroxide leads to a peak of DTG in the
temperature interval around 450 °C. This peak can be
used to calculate the amount of calcium hydroxide In
the temperature 600-800 °C, carbonate phases (i.e.,
CaCOs3) decompose, introducing a small peak in the
DTG. As reported by Weerdt et al.[50], the amount of
hydrate water (H) and calcium hydroxide (CH) are
expressed as % of the dry sample weight at 550 °C

(wss0):

g — L100 ~ @so (3)
Ws550
— 74
CH — W450 — Ws50 /= (4)

550 18

(*)Ca(OH)2 (74 g/mol) — CaO + H20 (18 g/mol)
weight difference determined using stepwise method.
Table 4 shows the calculated amount of hydrate water
(H) and calcium hydroxide (CH). Clearly, at 28 days,
the use of SSD RFCBA leads to an increase of bound
water and calcium hydroxide in the surrounding
cement paste. As reported by [51], when the content
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Table 3 The effect of fine aggregate type on porosity, average pore size, and critical pore diameter

Aggregate type

Porosity (%)

Average pore diameter (nm)

Critical pore diameter (nm)

NFA 15.26 16.26 27.14
RFCBA 11.31 11.48 13.19
0.00 A A A Ca(OH), B Alite
C Belite D Ettringte
E C,AF
-0.03 ‘ AJ
! wniido® a5 4 RFCBA

- = = TG curve (NFA)
F = = TG curve (RFCBAY) «

85

-0.06

-0.09

DTG (%/°C)
-
i
ii
wl| ‘\7_
?
3 E

20(7)

—— DTG curve (NFA) T -0.12
——DTG curve (RFCBA) R
h b g
80 -0.15
200 400 600 800
Temperature (°C)

Fig. 4 Results of TG/DTG results

Table 4 Amount of calcium hydroxide and hydrate water
content for SCC containing a different type of aggregates

Aggregate type CH (wt.%) H ( wt.%)
NFA 13.66 11.57
RFCBA 16.11 14.52

of fly ash is larger than 30% (40% in the current study),
the absorption of fly ash is over the released energy of
cement after 7 days. Since calcium hydroxide is
mainly produced by the hydration of cement, the
TG/DTG measurements tend to confirm that a higher
degree of hydration is achieved through using the SSD
RFCBA.

Figure 5 shows the recorded XRD diffractograms
along with identified mineral phases for pastes taken
from different mixes. All pastes show peaks for
calcium hydroxide, alite, belite, ettringite, and C4AF,
which are the dominating minerals presented in
hydrated Portland cement paste. No other peak
corresponding to the other mineral phase is observed.
Moreover, when RFCBA is used, the intensity calcium
hydroxide increases and intensities of alite and belite

Fig. 5 Influence of fine aggregate type on mineral phases
presented in the hardened cement paste matrix

decrease, proving the internal curing effect of RFCBA
as discussed above.

Figure 6 shows the interface between RFCBA and
cementitious paste. Unlike the NFA [52], no clear
bond is found between RFCBA and paste. Due to the
internal curing effect, few anhydrous cement grains
remain close to the RFCBA, indicating a much higher
hydration degree has been reached by using the pre-
wetted RFCBA. Furthermore, a large number of big
open pores exist in the RFCBA. These pores allow the
entrance of cement particles during the mixing and
provide sites for the hydrated cement paste to merge
across the interface, improving the interaction
between RFCBA and the cement matrix [53]. It is
similar to lightweight aggregate concrete. Therefore,
cracks do not follow the interface, but often also pass
through aggregates [54].

3.4 Strengths and elastic moduli

Figure 7 presents the effect of replacement level on
the strengths and elastic modulus of the RFCBA-SCC
specimens. Figure 7a presents the development of
compressive strength. After 3 days, there is a marked
difference among RFCBA-SCCs incorporating differ-
ent amounts of RFCBA: the increasing of fine
aggregate replacement level reduces the compressive
strength. With a 25% replacement of RFCBA, a slight
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Fig. 6 BSE micrographs of the interface between RFCBA and hardened cement paste: (a) low magnification (x 180); (b) high

magnification (x 500)

increase is observed for the 3-d compressive strength.
In general, no significant compressive strength reduc-
tion is observed for the replacement level of 25%,
while a reduction of around 20% is found for the
replacement level of 100%. Flexural strength is shown
in Fig. 7b, while splitting strengths are presented in
Fig. 7c. The same trends are observed. The tensile
strengths decrease less than the compressive strength
[55-57]. This can be attributed to the fact that in
regular concrete, tensile failure is mainly governed by
the weakest ITZ [58]. With respect to the RFCBA-
SCC, a well-bonded interface is formed, which results
in higher tensile strength. The 28-d elastic modulus
shown in Fig. 7d is in accordance with the strength
development, especially the 28-d compressive
strength.

Figure 8 presents the relationship between the
measured tensile and compressive strengths. A deter-
mination coefficient (R?) greater than 0.98 observed.
This indicates that tensile strength and compressive
strength are linearly dependent in RFCBA-SCC.
Furthermore, as expected, flexural strength is higher
than splitting strength because larger pure tension
volume exists in the latter [55]. In Fig. 8b, a linear
equation is adopted to exploit the compressive
strength-elastic modulus relationship with a determi-
nation coefficient of 0.94. These observations are in
accordance with other studies [59-62]. It is worth to
mention that the fitted linear relationships are only

suitable for the limited compressive range
(35-65 MPa) in the current study. In terms of a wider
range compressive strength, the linear relationships do
not apply. In return, the tensile-compressive strength
and elastic modulus-compressive strength ratios
decrease with the increasing of the compressive
strength [63].

3.5 Internal curing effect

Figure 9 show the measured autogenous shrinkage of
RA-SCC with various NFA replacement level. As
expected, the shrinkage strain increases rapidly in the
first few days. Because of the low w/b ratio, the
reference SCC made with NFA has high shrinkage,
i.e., 800 x 10 ~® at 7 days. The shrinkage is signif-
icantly reduced by using the pre-wetted RFCBA. At
the replacement level of 50%, the deformation is
reduced by about 50% of the reference. When the
replacement level reaches 100%, the autogenous
shrinkage is reduced to less than 100 x 107°. This
can be attributed to the delayed drop of internal RH as
discussed followings.

In Fig. 10, the evolution of internal RH between
1-7 days for RA-SCC specimens with the various
percentage of RFCBA is given. In general, the RH
decreases with elapsed time, and the rate is rather high
in the first few days and then slows down gradually.
Clearly, with the percentage of RFCBA increasing, the
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Fig. 7 Effect of fine aggregate replacement level on: (a) compressive strength; (b) flexural strength; (c) splitting strength; (d) elastic

modulus

reduction of RH decreases. More promisingly, the
reduction of RH on the first day has been significantly
reduced by replacing the NFA with saturated RFCBA.
These findings are consistent with autogenous shrink-
age observations.

As a similar evolution trend is found between
internal RH and autogenous deformation, Fig. 11
plots the autogenous shrinkage and internal RH
reduction (1-RH) together. Clearly, a linear relation
can be found between the measured shrinkage strain
and RH reduction. Similar trends are observed in
cement paste [64], normal concrete [65] and light-
weight concrete [66]. Thus, a linear regression

equation was used to approximate the relationship
between shrinkage deformation and the RH reduction
[64]:

e=—la-(1—RH)+b]x107° (5)

where ¢ is the autogenous shrinkage strain, a and b
empirical fitting constants. A least-squares method
was used for the regression. As shown in Fig. 11, the
high value of the determination coefficient
(R* > 0.95) confirms the shrinkage strain is strongly
related to the RH reduction. However, it should be
noticed that the slope of each mix is different. Higher
RFCBA content results in a gentler slope. As found by
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Wei.et al. [64], regardless of the w/b ratio, the slope
should be constant for cementitious paste. Thus, this
difference can be introduced by the aggregate
restraining effects [67]:

e=2¢ - (1=Va)" (6)

where ép is the shrinkage of net cement paste, V, the
aggregate volume fraction, n the parameter represent-
ing aggregate restraining effect. The gentle slope of
the high RFCBA content mix indicates that the
RFCBA has a higher aggregate restraining effect
compared with the NFA, although it possesses lower
elastic modulus. This can be possibly attributed to the
following reasons: 1) The internal curing effect leads

Autogenous shrinkage (10°)

0 1 2 3 4 5 6 7
Time (days)

Fig. 9 Influence of fine aggregate replacement level on
measured autogenous shrinkage

100

o 1 2 3 4 5 6 7 8 9 10 11
Time (days)

Fig. 10 Influence of fine aggregate replacement level on
internal RH

to a stronger matrix around the RFCBA, which
enlarges the effectively restrained area; 2) Together
with the internal curing effect, the rough and porous
surface of RFCBA leads to the well-bounded interface
between cement paste matrix and RFCBA. This
enhances the restraining ability of RFCBA.

In the first 24 h, the microstructure of cement paste
changes significantly with time. More complex mech-
anism including chemical shrinkage, creep and tem-
perature change et.al should be considered for the
deformation changes [7, 68]. Therefore, the linear
relartionship relationship between RH drop and mea-
sured shrinkage is not validated. The fitted parameter
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b may be used to represent the total deformation apart
from the self-desiccation.

4 Conclusions

In this paper, SSD RFCBA was used to replace NFA
for the purpose of internal curing for the SCC. Five
mixes with different RFCBA content were investi-
gated. Microstructural characterisation and meso-
scale mechanical measures were carried out for a
comprehensive understanding on the influence of
RFCBA on the SCC performance. With the results
presented in this study, the following conclusions can
be drawn:

e Replacement of NFA with RFCBA decreases the
flowability, passing ability and segregation resis-
tance. However, even with the 100% replacement,
it satisfies the criteria for SF2 (suitable for many
normal applications) and maintains adequate pass-
ing ability.

e The MIP, TGA and XRD show the internal curing
has been achieved by using the pre-saturated
RFCBA. The BSE images show that a well-
bounded ITZ exists between the RFCBA and
cement paste.

e In general, with the increasing of RFCBA content,
mechanical properties of the SCC decrease. With a
replacement level of 25%, no significant drop in
mechanical properties is observed, while for a
replacement level of 100%, a reduction of around

20% for compressive strength and elastic modulus
is found. Because of the well-bonded interface, the
tensile strengths decrease less than compressive
strength. Similar to normal concrete, a linear
relationship between strengths and elastic modulus
was found.

e Pre-wetted RFCBA can effectively delay the drop
of internal RH in SCC attributed to the self-
desiccation. The overall autogenous shrinkage of
the RFCBA-SCC is therefore significantly
reduced.

e The autogenous shrinkage possesses a linear
relationship with the RH drop after 1 day curing
and the solpe decreases with the increment of
RFCBA content. This indicates that the SSD has a
stronger restraining effect compared with NFA.

The using of RFCBA in SCC is promising as it can
significantly reduce the autogenous shrinkage in the
SCC, which offers a sustainable and economical
solution in reusing of waste clay brick. Nevertheless,
prior to the practical application, more comprehensive
studies on the drying shrinkage and long-term perfor-
mance are still required.
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