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In this paper, the aim is to explore the potential of recycled concrete powder (RCP) as
an internal curing agent in reducing the shrinkage of cement-based material. Different
amount of RCP was added into cement paste and the autogenous shrinkage of cement
matrix was measured. Low-field nuclear magnetic resonance (NMR) was applied to monitor
the water state during the hydration process. Scanning electronic microscope (SEM) was
used to observe the micro-morphology of RCP added cement matrix. The results show that
the autogenous shrinkage of samples with addition of RCP was remarkably reduced. This
is because much water was captured by RCP and the water will be released to balance the
capillary pressure of the cement matrix, thus leading to a smaller deformation. SEM
images also showed that there were fewer microcracks after adding RCP. Although the
shrinkage was inhibited by RCP to some extent, the compressive strength of samples with
the addition of RCP decreased. Our work proves that RCP is an effective internal curing
agent for cement-based material.

Keywords: internal curing agent, autogenous shrinkage, recycled concrete powder,
low-field NMR.

Jocainskennsa BILIMBY JOOABOK IepepofiieHOro 6eTOHy HA BJACTHBOCTI MarepiajiB Ha
ocuosi nemenrty. Xuefeng Yuan, Gang Liao

Bupueno BmactuBocti mepepo6ienoro Geronuoro mopomky (RCP) sy Buyrpimmboro sa-
TBepAsKyBaua AJS 3MeEHIIEHHA ycaAKU Marepiamy Ha ocHoBi memeHTy. MeTomom gmepHOTO
MarHiTHOTO pesoHancy (SIMP) mpoBozuBcsa KOHTPOJL CTaHy BOZU B Ipolleci rigpararrii.
Cranyrounil erekTpoHHull Mikpockon (SEM) BUKOPUCTOBYBaIM [JIsi CIOCTEPEIKEHHS MIiKpO-
mopdosorier nemenTtHol marpuili 8 gogmaBanuaMm RCP. Pesynbraru mokasyors, II[o ayToreH-
He ycaJsKeHHs 3paskiB 3 gomaBanusam RCP smauno ameninyerhesa. 3obpaxkenus SEM Takox
mokasanu, o micas gomaBamus RCP cmocrepiraetbes menie mixporpimua. Xoua RCP
npurHivy ycagky, MinHicTh Ha cTucHeHHS 3paskiB 3 gogaBamuaM RCP smummyerscs. Pesyunb-
TaTyu MOOKasyioTb, o RCP e edekTuBHMM BHYTpiIHIM saTBep/KyBaueM MarepianiB Ha
OCHOBI IIeMeHTY.

1. Introduction

With the development of urbanization,
massive concrete waste is produced in
China, which not only causes severe envi-
ronment pollution, but also occupies a large
amount of land. At present, the fine frac-
tion of concrete waste, recycled concrete
powder (RCP), has not been disposed well
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[1-3]. Some RCP are simply sent to landfill,
and other part of RCP are used as building
materials of low value, such as supplemen-
tary cementitious materials (SCMs), fillers,
and feedstocks for clinker [4-7]. The main
reason for the low recycling rate of RCP is
that RCP varies in chemical constitutes and
physical properties. Adding excessive RCP
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to cement-based material can lead to the
performance degradation of the cement ma-
trix. For instance, the main product of RCP
is hydrated cement paste with low hydration
activity, and adding RCP into cement will
degrade the mechanical property of the ce-
ment matrix [8-9]. Also, the surface of RCP
is rough and the interface transition zone
(ITZ) between RCP and the new cement paste
is weak, which negatively affects the durabil-
ity of concrete. Therefore, the conventional
method is limited in promoting the reutiliza-
tion of RCP, and people should provide some
new insights into the recycling of RCP.

Nowadays, a high performance cement-
based material (HPC) has been developed.
However, the autogenous shrinkage of the
cement paste is remarkable, which is a key
factor influencing the performance of HPC.
Some shrinkage reducing agents (SRA),
such as, alcohol and polyoxyethylene, have
been developed to reduce the shrinkage by
decreasing the surface tension [10-12]. And
some expanding agents like MgO and CaO
are used to offset the deformation of con-
crete [13]. Recently, internal curing agents
like superabsorbent polymer (SAP) are
added to cement to reduce the autogenous
shrinkage [14-15]. SAP has very high water
absorption, and when SAP is introduced
into cement, much water will be absorbed by
SAP. With progressive cement hydration,
free water in capillary pores is consumed
fast, and water absorbed in SAP will mi-
grate from SAP to cement to compensate
the internal moisture of cement, thus reduc-
ing the shrinkage. Therefore, it can be de-
duced that the substance with high water
absorption can be used as an internal curing
agent to reduce the shrinkage of concrete.
It should be noticed that RCP has rough
surface as well as high water absorption.
From this point of view, RCP can be em-
ployed as internal curing agents for reduc-
ing the shrinkage of concrete in theory.

The aim of this paper is to investigate
the shrinkage reducing effect of RCP on the
cement matrix. Specifically, various
amounts of RCP were added to cement, and
the autogenous shrinkage of the cement
paste was measured. In addition, low field
nuclear magnetic resonance (NMR) was ap-
plied to monitor the internal water state.
Also, a scanning electronic microscope
(SEM) was used to observe the microstruc-
ture of the cement matrix added with RCP.
This work may provide a new application
field for RCP and improve the recycling
rate of RCP.
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Table 1. Chemical compositions of cement

and RCP
No. | CaO | SiO, |AlL,O, | MgO | SO, | LOI
PC |59.89(24.06| 6.34 | 0.98 | 2.46 | 2.07
RCP [81.03|47.49(11.71| 2.04 |0.914| 1.06

PC is Portland cement.

Table 2. Mix proportions of RCP added ce-
ment paste

No. Cement, g | RCP, g Water, g
R-0 100 - 35
R-15 85 15 35
R-30 70 30 35

2. Experimental

2.1 Raw material

Cementitious material was P-O 42.5 ce-
ment, and recycled concrete powder (RCP)
was provided by Shanghai Recycled Aggre-
gate Factory. RCP were sieved through a
standard sieve with 100 mesh. The chemical
compositions of cement and RCP is listed in
Table 1.

2.2 Sample preparation

Various amounts of RCP were added into
cement, and the ratio of water to solid was
fixed as 0.835. The mix proportions are
shown in Table 2. Firstly, cement and RCP
were mixed in a mortar mixer, and then
water was added with continuous stirring.
The fresh cement paste was poured into a
bellow to measure shrinkage.
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Fig. 1. Deformation of cement paste with dif-
ferent amount of RCP.
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2.3 Characterization

2.3.1 Autogenous shrinkage measurement

The autogenous shrinkage was continu-
ously measured for 48 h by an apparatus
according to American standard ASTM
C1698. The apparatus was made up of a
bellows (®20x420 mm) and an electronic
dial gauge. In a typical test procedure, the
fresh cement paste was added to the bellows
with vibration until the bellows was filled
with cement paste. And then the bellows
was placed horizontally. The deformation of
the bellow was monitored by an electronic
dial gauge.

2.3.2 Low-field NMR

A NMRC12-010-T type NMR Analyzer
(Niumag Analytical Instrument Co., Ltd,
China) was used in this work. The parame-
ters of low-field NMR were described in our
previous work [16]. 1H was the probe to
characterize the state of water. Specifically,
a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence was used to measure the trans-
verse relaxation time (T,) of "H in free
water. In different chemical environments,
water has a different value of Ty; and T,
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Fig. 2. T, distribution curves of (a) R-0, (b)
R-15, and (c) R-30.

can be regarded as an indicator of micro-
structure. Generally, a higher T, value cor-
responds to a larger pore size in the cement
matrix.

3. Results and discussion

3.1 Autogenous shrinkage

Figure 1 displays the deformation of the
cement matrix with different addition of
RCP. It can be seen that the deformation of
all samples increased with hydration time,
indicating shrinkage occurred continuously
in the hydration process. Especially, up to
8 h of hydration, the deformation was
large, because autogenous shrinkage is more
noticeable under lower water-to-cement
ratio conditions. After 8 h, the deformation
increased slightly. Although the autogenous
shrinkage can?t be absolutely avoided dur-
ing the hardening of cement paste, the de-
formation varied in different samples. With
increasing addition of RCP, autogenous
shrinkage was contained, since the deforma-
tion of R-30 was much lower than that of
R-0 and R-15. This directly shows that RCP
can reduce the autogenous shrinkage of ce-
ment paste. The shrinkage reducing effect
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Fig. 3. (a) Plot of weighted average of T, in the range of 1 to 100 ms vs. time; (b) Plot of water

proportion in capillary pores vs. time.

of RCP can be attributed to two aspects. On
the one hand, RCP mainly consists of hy-
drated cement paste and quartz, which have
high volume stability and chemical inert-
ness. During the process of cement shrink-
age, the development of microcracks can be
inhibited by RCP. And with an increase in
the rate of replacement of RCP, less cement
paste is involved in the hydration reaction,
which means that less microcracks will
form. On the other hand, RCP has a high
water absorption ability, which can play the
role of internal curing agent. And this ef-
fect will be discussed in detail in the next
part.

3.2 Low-field NMR

Figure 2 shows the time distribution (7'2)
of the transverse relaxation of the samples
at different times of hydration. It is well
known that the value of T, represents the
relaxation state of 'H in free water, which
is determined by the confined state of
water. Generally, water has higher relaxa-
tion degree in larger pores, which corre-
sponds to higher Ty. Overall, Ty in all sam-
ples presents a multimodal distribution, in-
dicating that the porosity in cement paste is
complicated. At the early hydration stage,
the main peak of T, is located in the range
of 1 to 100 ms, which corresponds to the
water in capillary pores. This portion of
water is important for autogenous shrink-
age, and when the water in the capillary
pores 1is consumed quickly, autogenous
shrinkage becomes severe. As hydration
progressed, the location of main peak
shifted towards lower T; this can be easily
explained by the fact that more gel pores
were formed during the hydration process,
and the size of the gel pores is usually
smaller than the size of the capillary pores.
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Although all the samples had the same
trend, the proportion of capillary pore
water was different. It was noted that after
24 hours R-0 and R-15 had little capillary
water in the pores, but for R-30 the content
of capillary water in the pores was still
high. The main reason is that RCP has high
porosity and water absorption, and most
water was captured by RCP at the early
stage. When the internal moisture of ce-
ment paste decreases due to hydration, the
water absorbed by RCP will be released into
the capillary pores to promote further hy-
dration of cement; at the same time, auto-
genous shrinkage is suppressed due to less
capillary pressure.

Figure 3a shows the weighted average of
Ty (T3’) in the range of 1 to 100 ms at
different hydration times. It can be seen
that Ty” of R-0 decreased with time, but Ty’
of R-15 and R-30 first increased and then
decreased with time. This can be explained
by the fact that when RCP was added, it
first absorbed water; since the RCP pore
size was larger than the capillary pore size
in the cement paste, the water was released
and took part in the hydration reaction. In
addition, R-80 had the largest Ty, and Ty’
of R-15 was larger than that of R-0, which
was proportional to the amount of RCP. It
was mentioned before that in the range of 1
to 100 ms, Ty is an indicator of water in
capillary pore, so the peak area in the range
of 1 to 100 can represent the content of
capillary pore water. In Fig. 3b, the relative
contents of capillary pore water are com-
pared. It is obvious that the capillary pore
water content decreased with time for all
samples, and the capillary pore water con-
tent of R-30 was higher than that of R-0
and R-15. This demonstrated that water in
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Fig. 4. SEM images of (a) R-0, (b) R-15, and (c) R-30.

RCP was slowly released to cement paste,
thus maintaining a balance of internal
capillary pressure, which contributed to
reduce autogenous shrinkage.

3.8 Micro-morphology

Figure 4 shows the micro-morphology
of all samples. It’s clear that there were
many microcracks in R-0 as shown in
Fig. 4a, which were caused by the auto-
genous shrinkage. After adding RCP to
cement paste, the number of microcracks
was obviously reduced in R-15 (Fig. 4b)
and R-30 (Fig. 4b). And the cement ma-
trix of R-30 was most compacted. This
confirmed the shrinkage reduction effect
of the RCP in the cement matrix.

3.4 Compressive strength

Figure 5 displays the compressive
strength of all samples. The compressive
strength increased with hydration time,
but decreased with the RCP content.
This is due to low RCP activity; and less
hydration products such as C-S-H gel
and Ca(OH), were produced in R-15 and
R-30 compared to R-0. In other research,
similar phenomenon was also observed.
For instance, after introducing internal
curing agents like SAP, the autogenous
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Fig. 5. Compressive strength of all samples.

shrinkage was reduced, but the water-to-ce-
ment ratio was high, especially at the inter-
face transition zone (ITZ), and more et-
tringite (AFt) was produced at ITZ with the
formation of many micro-holes, as a result
of which the compressive strength de-

creased.
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4, Conclusions

In summary, RCP has been successfully
utilized as an internal curing agent to re-
duce the autogenous shrinkage of cement-
based material. The results show that the
deformation of the cement matrix deceased
with the addition of RCP. This effect can be
attributed to two reasons. On the one hand,
RCP is relatively inert and can inhibit the
development of cracks. On the other hand,
much water was absorbed on RCP and the
water will be released slowly during the hy-
dration process, keeping the balance of cap-
illary pressure in the cement matrix, thus
reducing the autogenous shrinkage. The
SEM images also show that less microcracks
were observed in the cement matrix added
with RCP. In the cement matrix with the
addition of RCP, the compressive strength
decreased, but still remained at a relatively
high level, which had little effect on the
characteristics of the cement.
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