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Abstract: Influence of nano-strengthening immersion on
the properties of recycled aggregate (RA) and recycled
aggregate concrete (RAC) and the microstructure of in-
terfacial transition zones (ITZs) between mortar and ag-
gregate were studied in this paper. Results showed that
nano-strengthening immersion was helpful to reduce the
crushing value and total pore area of RA, to significantly
improve the mechanical strength of RAC, and to mod-
ify the bond strength between RAC and steel rebar and
the structural properties of RAC beams. Mercury intrusion
porosimetry (MIP), micro-hardness (MH) and scanning
electron microscope (SEM) observation were conducted
in order to reveal the enhancement mechanism of nano-
strengthening immersion. Results showed that the den-
sity and mechanical properties in ITZs were obviously im-
proved by nano-strengthening because the coating and
penetration of nano-materials was helpful to block the
pores and cracks in ITZs, to avoid the directed gathering of
CH crystal, and to accelerate the hydration of cement and
mineral additions.
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1 Introduction
Concrete is the most widely used building material in con-
struction industry. Nowadays, it is estimated that the pro-
duction of concrete may achieve more than 6 billion tons
per year in the world. This causes severe environmental
problems including the increasing shortage of natural ag-
gregates and the pollution on the process of concrete pro-
duction. The valuable utilization of construction and de-
molition wastes (C&DW) may well be the reasonable and
prospective way to deal with those problems [1].

The reuse of C&DW have been conducted for more
than thirty years in order to reduce the amount of C&DW
disposed of in landfilling and to preserve natural re-
sources. It is reported that the recycling level in Holland
andBelgium reached almost 90% in the late of 1990swhile
it was still less than 50% in many other developed coun-
tries [2–4]. Nowadays, the problems from C&DW are in-
creasing up because of the accelerating urbanization in
the developing countries, especially in China, Brazil and
India [5–7]. Although the recycling for C&DWhasbeen con-
ducted for more than 50 years, but till now it only cov-
ers the use of coarse aggregates and their use is restricted
due to the low strength and elastic modulus, bad worka-
bility, high water infiltration, high shrinkage and creep of
RAC [8, 9].
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Due to the low density and high porosity of RA, RAC
may well be significantly more permeable than natural
aggregate concrete (NAC) [10, 11], and the compressive
strength of RAC could probably be much less than that of
NAC [12, 13]. Moreover, RA also performed a harmful influ-
ence on durability of RAC due to the presence of weak and
porous particles in RA and the low concentration of orig-
inal coarse aggregate in RAC, especially the resistance of
freezing and thawing [14–17]. And the maximum replace-
ment of natural aggregate (NA) by RA was still restricted
to less than 50% in many countries in order to ensure the
properties of concrete [18, 19]. The structural properties of
RACwere started to study after 2000s in order to apply RAC
into actual engineering [20]. It is shown that the ultimate
strain of RAC decreased with the increase of the replace-
ment by RA from the results of axial compression test [20],
and the tensile and bond strength of RAC beams also de-
creased from 9.4% to 21.3% [21]. Although the replacement
of 50% coarse NA by RA showed a slight effect on the
deflections and the ultimate loads from the shear test re-
sults of RAC beams [22], however, the creep and shrink-
age of RAC with 100% RA increased 51% and 70%, respec-
tively [23]. Moreover, it is believed that themain reason for
the low Young’s modulus, high peak strain and high brit-
tleness of RAC was the large volume content of new and
old hardened mortar in RAC, especially the large amount
of weak old mortar in RA [24, 25]. It can be concluded that
RAperformeda severenegative influenceon theproperties
of concrete due to the high water absorbability, the weak
interfacial ITZs and the high content of mortar.

In recent years, many attempts have been conducted
in order to improve the fluidity, mechanical properties and
durability of RAC throughmany technical methods includ-
ing the modification of mixing process, the pre-wetting or
surface-coating for RA, and the modification of physical
properties of RAand cohesional force in ITZby addingmin-
eral admixtures, superplasticizer, polymer, fibers.

Modification of mixing process showed a positive in-
fluence on the properties of RAC. A new mixing method
named two-stage mixing approach (TSMA) was proposed
and showed a significant enhancement for compressive
strength of RAC, especially for that at early ages and
with high replacement ratio by RA. Moreover, it seemed
that cracks in RA could probably be filled after adopting
TSMA [26, 27]. Compared to air-dried and oven-dried RAs,
saturated surface-dried RA probably imposed the largest
negative effect on compressive strength of RAC due to the
“bleeding” of excess water in fresh concrete even if it pro-
vided the maximum fluidity of fresh concrete [28]. More-
over, a new triple mixing method developed from TSMA
and surface-coating showed a further improvement for the

compressive strength and the Coulomb charge passed in
RAC [29–31]. In view of the high amount of cement mor-
tar in RAC, a new equivalentmortar volumemethod (EMV)
which regarded the totalmortar volumeas the sumof resid-
ual and fresh mortar volume in RAC was developed for
the mix design method of RAC. Experimental results indi-
cated EMVmethod could increase the density of fresh and
harden RAC, and improve the mechanical and structural
properties in RAC structures [32].

Some specific materials were adopted to modify the
properties of RAC. It was said that fly ash and silica fume
with extra superplasticizer could improve the fluidity and
mechanical properties of RAC with 100% RA and the ul-
timate load of RAC beams [33]. The similar result was re-
ported in the research of rice husk-bark ash which was a
main agricultural by-product in Thailand [34]. Moreover,
polypropylene fibers and metallic fibers were helpful to
reduce the width of crack and free shrinkage of RAC [35].
At the same time, microwave-assisted technique was even
used to enhance the quality of RA [36]. Thermal treatment
was also used to achieve the rehydration of cement mor-
tar in RA and enhance the properties of RAC [37]. Results
implied the dehydration and transformed components,
which was formed from the initial cement products when
the temperature increased up to 500∘C, could rehydrated
and significantly increase the compressive strength of ce-
ment mortar in RA.

Because the strength of adhered mortar in RA usually
was much lower than that in NA and new cement paste,
therefore the porous ITZ which may probably be the weak-
est point in RAC could obviously affect the properties of RA
and RAC [38, 39]. A Modeled Recycled Concrete was stud-
ied by nanoindentation tests and results showed that ITZs
had a significant effect on stress-strain response and fail-
ure patterns [40]. Thus, how to strengthen the ITZs and old
cement mortar have become the key point for the develop-
ment of high strengthRACand thewide application of RAC
in construction engineering.

Some valuable progresses have obtained in this area
by adding the cementitious materials in recent years, how-
ever, most of them only focused on the ITZ between the
NA and new cement mortar while other two types of ITZs,
between NA and old mortar, and between old mortar and
newmortar, seemed to be ignored [24]. Moreover, it is diffi-
cult to modify the ITZ between NA and oldmortar which is
generally the weakest zone in RAC due to the limited per-
meability of these cementitious materials. Therefore, if a
specific material can penetrate into the RA and reduce the
porosity of this ITZ, it will be very helpful to improve the
mechanical properties and durability of RAC. At present,
the influence of nano-materials on the properties of con-
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crete has been concentrated widely due to the significant
improvement inmechanical strengthanddurability of con-
crete. It was said that nano-SiO2 could improve the density
of concrete even under the same fluidity of concrete [41],
and nano-SiO2 and nano-TiO2 were helpful to refine the
pore structure and enhance the resistance of chloride pen-
etration of concrete [42, 43]. Moreover, the formation of C-
S-H gel could also be accelerated by these nano-materials
especially at the early ages and the nano-filling was much
helpful to decrease the amount of harmful pores in con-
crete [44–46].

Nano-strengthening for RAwas studied bynanoinden-
tation and three beams in a real building including nano-
silica modified recycled aggregate beam was tested [47,
48]. Results proved that nano-strengthening may well
be a suitable modification method for RAC although the
relative research on the effect of nano-strengthening on
the properties and microstructure of RA and RAC hasn’t
published. In this paper, nano-SiO2 gel and nano-CaCO3
slurry were expected to perform as the available nano-
strengthening immersion solutions for the modification
of RA due to their high activity and high penetrability
through the mechanical and structural experiments of
RA and RAC. Meanwhile, the enhancement mechanism of
nano-strengthening for RAs and ITZs in RACs was also at-
tempted to reveal by Mercury Intrusion Porosimetry (MIP)
analysis, Micro-hardness (MH) tests and Scanning Elec-
tron Microscopy (SEM) observations.

2 Materials and experiment

2.1 Materials

Cement

Commercial P.O42.5R type of Portland cement according to
Chinese National Standard GB 175-2007 produced by La-
farge Cement Company, China was used for this experi-
ment.

Recycled coarse aggregate

RA with size fraction from 4.75mm to 19.0mm, which
was broken by the jaw crusher from the abandoned con-
crete in concrete companies with the original compressive
strength approximately from 20MPa to 40MPa, was used
in this experiment.

Fine aggregate

Commercial mixed sand with fineness modulus of 2.5,
which was widely used in China for the construction, pro-
duced in Zhejiang by mixing high fine sand and artificial
sandwhichwasbroken from the coarse gravelwith thepro-
portion of 80% and 20% respectively was used for this ex-
periment.

Superplasticizer

A naphthalene-based superplasticizer with 25% water re-
duce ratio produced by Wulong Company of Zhejiang was
selected for this experiment.

Fly ash

Commercial Grade-II type of fly ash according to Chinese
National Standard GB/T 1596-2005 produced in Changxing
Power Plant, Zhejiang was adopted in this experiment.

Nano-CaCO3 slurry

Nano-CaCO3 slurry produced in Institute of BuildingMate-
rials in Zhejiang University, with the solid content of 12%
and size fraction from 30nm to 50nm was considered in
this experiment.

Nano-silica sol

Commercial GS-30 type of Nano-silica sol produced by Zhe-
jiang Yuda Chemical Co., Ltd., with the solid content of
30.5%, PH value of 10.4, viscosity of 6.9cP and particle size
fraction from 8nm to 20nm was used in this experiment.

Steel rebar

low-carbon steel rebar with the yield strength of 235MPa,
the ultimate tensile strength of 370MPa and the nominal
diameter of 10mm was used in this experiment.
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2.2 Experimental methods of RA

Immersion strengthening method

Nano-CaCO3 slurry and nano-SiO2 sol were chosen to per-
form as the strengthening solution. After mixed these ma-
terials with tap water according to the mix proportions
shown in Table 1, RAs were immersed into the different
nano-strengthening solutions and removed after 45min
immersion. Then the strengthened RAs were dried at 20 ±
2 ∘C and RH of 65 ± 5% for at least 3 days in order to test the
related properties, or removed to drain in order to achieve
the saturated surface-dried condition for mixing.

Table 1: Proportion of the Immersion solutions (%)

Specimen
number

Nano-CaCO3
slurry

Nano-SiO2
sol

Water

A0 / / 100
A1 5 / 95
A2 / 5 95
A3 5 5 90

Note: The content of nano-materials represented the real solid content,
not the dosage of nano-material solutions.

Crushing value

Approximate 3kg weight of RAs with the particle diameter
between 9.5 mm and 19.0mm were placed into the steel
cylinder. After vibrating the cylinder with a round steel
bar for 25 times in order to compact the RAs according to
Chinese national standard GB/T 14685-2011, the RAs were
loadedwith the speedof approximate 1kN/s to theultimate
load of 200 kNand then slowly unloaded five seconds later.
Thus the weight of crushed aggregates could be weighed
and the crushing value could be calculated after sieved the
crushed aggregates with the diameter below 2.36 mm.

Water absorption ratio

After the RAs were immersed under the water for 24 ± 0.5h,
the water on the surface of RAs was removed by a wet
towel and the weight of RAs in the saturated surface-dried
condition was measured. After that, the RAs were placed
into the oven and dried at 105 ± 5∘C for 24 ± 0.5 h in or-
der to obtain the weight of RAs in the oven-dried condi-
tion. Thus, the water absorption ratio could be calculated

according to Chinese national standard GB/T 14685-2011.
Table 2 showed the experimental results of crushing value
and water absorption ratio of RAs.

Mercury intrusion porosimetry (MIP) analysis

The RAs with the particle diameter between 2.5mm to
5mm were chosen and conducted the mercury penetra-
tion experiment by Micromeritics AutoPore IV 9500 Series
Pore Size Analyzer from Zhejiang University Polymeriza-
tion andPolymer Engineering Laboratory. Then the results
were analyzed by porosity analysis software and total pore
area in RAs which was shown in Table 2 could be obtained.

Table 2: Physical properties and total pore area of RAs with or
without strengthening

Specimen
number

Crushing
value (%)

Water
absorption
ratio (%)

Total pore
area (m2/g)

A0 15 8.45 15.579
A1 11.6 8.38 11.309
A2 10.9 9.68 8.962
A3 12.7 6.88 6.915

Scanning electron microscope (SEM) observations in RAs

The RAs were crushed and the particles with the diameter
less than 1cm were selected to conduct the SEM test. After
those small particleswere sprayedwith gold for 60s in SBC-
12 Small Particles Sputtering Apparatus to make them con-
ductive, themicroscopic structures of those specimens un-
der different magnifications were observed with TM3000.
Figures 1 and 2 showed the micro-morphology of ITZs in
specimen A0 and A3, respectively.

2.3 Experimental methods of RAC

Mix proportion

In order to study the effect of nano-strengthened RAs on
the mechanical properties, structural properties and the
microstructure in ITZs of RACs, the RACs with the similar
fluidityweremixed according to themix proportion shown
in Table 3 The reference concretewasmixed by the original
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Table 3:Mix proportions and physical properties of recycled concrete

Specimen Mix proportions of concrete (kg/m3) slump apparent Strengthening solution
number Cement Water Superplasticizer Sand RAs (mm) density

(kg/m3)
A 307 197 5.4 785 1000 160 2320 /
B 307 197 5.4 785 1000 160 2320 5% Nano-CaCO3 Slurry

+5% Nano-SiO2 Sol
C 358 229 6.2 763 970 200 2290 5% Nano-CaCO3 Slurry

+5% Nano-SiO2 Sol
D 365 233 6.1 756 962 150 2290 5% Nano-CaCO3 Slurry

+1% Dispersant
Note:
1. The percentages in strengthening solutions represented the real solid content of nano-materials.
2. The dosage of superplasticizer was recommended by the producer and adjusted according to the similar slump of concrete.
The water absorbed by the RAs was not including in the dosage of water.

Figure 1:Micro-morphology of ITZ in recycled aggregate of Speci-
men A0

RAs and the other three concretes were produced by the
strengthened RAs. In addition, the target strength grade
of reference concrete was designed as C25 with the water-
binder ratio of 0.59, the over-replacement index of fly ash
was 1.5 and the volume fraction of sand to total aggregate
was 44%. In view of the significant effect of combined
nano-solutions on the physical properties and pore distri-
bution of RAs, A3 was determined to perform as the ma-
jor nano-strengthening solution of RAs. Meanwhile, in or-
der tomodify the dispersion of nano-materials in the nano-
strengthening process of RAs, nano-CaCO3 slurry with dis-
persantwas considered as another nano-strengthening so-
lution. Moreover, the content of cement paste with the
same water-binder ratio varied slightly in order to achieve
the similar slump because of the effect of different RAs on

Figure 2:Micro-morphology of ITZ in recycled aggregate of Speci-
men A3

the fluidity of concrete. Table 3 showed themix proportion
and nano-strengthening solution of RACs.

Mixing procedure

As for the mixing procedure, a revised method from
the two-stage mixing approach (TSMA) and the surface-
coating mixing procedure was adopted in this experiment
in order to satisfy the requirement of nano-strengthening
and mixing process. Figure 3 illustrated the flow process
chart of this mixing procedure. After immersing into the
nano-strengthening solutions or tap water for 45 min, the
RAs were removed to drain in order to achieve the satu-
rated surface-dried condition. Then the RAs were mixed
with half of the cementitious materials for 30s, and later
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Figure 3:Mixing procedure of recycled aggregate concrete (RACs)

Figure 4: Compressive strength of RACs at different ages

Figure 5: Design details of the beam

mixed with fine aggregates and another half of cementi-
tious materials for another 30s. Finally, the mixing water
was added into and mixed for 120s. Thus the fresh RACs
after nano-strengthening and mixing were produced and
casted to perform the experiments.

Figure 6: Experimental arrangement of stress and strain equipment
in beam test

Figure 7: Schematic illustration of the central pullout test

Compressive strength test

After demoulded at 1 day, RACs were conserved into the
water at 20±2 ∘C and the compressive strength was con-
ducted at specific ages according to Chinese national stan-
dard GB/T 50081-2002. Figure 4 showed the compressive
strength of RACs at different ages.

Beam test

In order to understand further information about the effect
of nano-strengthening immersion on the structural proper-
ties of RACs, four beams were casted according to the four
different mix proportions of RACs. Meanwhile, in order to
remove the shearing force, a kind of distribution beam to
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Figure 8: Load-slip curves of pullout test

form a pure bending sectionwith a length of 500mmat the
mid spanwas designed. The strain of concrete and steel re-
bar, the deflection and the load of those beams had been
measured according to Chinese Standard for test method
of concrete structures GB/T 50152-2012. Figures 5 and 6 in-
dicated the design details of these beams including the re-
inforcement condition and the experimental arrangement
of stress and strain equipment in beam test, respectively.

Pullout test

The schematic illustration of the central pullout test was
shown in Figure 7 according to the Chinese Standard “Test
code for hydraulic concrete” (DL/T 5150-2001). The load
and the slip at the free end of steel rebar anchored in the
RAC specimens were measured artificially in order to ob-
tain the relationship between load and slip in different
specimens. Figures 7 and 8 showed the schematic illustra-

tion and experimental results of central pullout test, re-
spectively.

Micro-hardness (MH) test method in ITZs

Concrete at certain curing agewas cut to several sliceswith
the depth of 5mm. Vickers micro-hardness value in ITZs
was measured at each 30µm distance from the interface
between the aggregate andmortar by DHV-1000 Digital Mi-
croscopic Vickers Hardness Tester. Figure 9 showed the
difference between specimen A and specimen D of micro-
hardness in different ITZs.

SEM observations in RACs

The RACs were molded and conserved in the water at
20±2∘C. Then the RACs at certain curing age were broken
into small fragments and the hydration of cement was
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(a) (b)

(c)

Figure 9:Micro-hardness in different ITZs of specimen A and specimen D a) ITZ between old mortar and new mortar; b) ITZ between original
aggregate and new mortar; c) ITZ between original aggregate and new mortar

stopped by pure alcohol at specific age. In order to distin-
guish the different kinds of ITZs, the appearance of those
small fragments was sketched before they were sprayed
with gold for 60s in SBC-12 Small Particles SputteringAppa-
ratus to make them conductive. Microscopic structures in
different ITZs of specimens under different magnifications
were observedwith TM3000. Figures 10 to 12 presented the
SEM images in three different ITZs of specimen A and spec-
imen D, respectively.

3 Results and discussion

3.1 Results and discussion of RA experiment

Table 1 showed the mix proportion of nano-strengthening
solutions. In order to study the efficacy of nano-materials
on the properties of RA, specimen A was immersed into
the water as the reference RA while other specimens were
placed under the nano-strengthening solutions. Table 2 in-
dicated the change of properties in RAs with or without
nano-strengthening. Results showed nano-CaCO3 slurry
and nano-silica sol could reduce the crushing value for ap-
proximately 23%and 27%, respectively. Itwashelpful to in-
crease the mechanical properties of RAC. However, the re-
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sults of water absorption experiment were depressed due
to the extra high water absorbability of nano-materials on
the surface of RAs. Moreover, the water absorption ratio of
specimen A2was a little higher than that of reference spec-
imen because nano-silica sol could form a thin film on the
surface of RAs and prevent the water in RAs from evapora-
tion. It is pointed out that the different test methods of wa-
ter absorption would cause the different results and a new
approachnamed real-time assessment ofwater absorption
is presented [49]. Therefore, the traditional water absorp-
tion test may not achieve a satisfied accuracy of results for
these nano-strengthened RAs. Further research will be de-
signed and tested in order to find the proper method for
the test of water absorption.

Table 2 also showed the difference of pore distribution
in RAs with and without nano-strengthening. Compared
to specimen A0, the total pore area of other three spec-
imens were much lower due to the significant influence
of nano-strengthening. After strengthenedbynano-CaCO3
slurry and nano-silica sol solutions, the total pore area
of specimens decreased approximately 27.5% and 42.5%,
respectively. Moreover, combined nano-solutions showed
the best influence and reduced 55.6% total pore area.

Figures 1 and 2 indicated the micro-morphology im-
ages of ITZ between original aggregate and old mortar in
specimen A0 and A3, respectively. Compared to specimen
A3,many cracks and tinyholes couldbe found in specimen
A0due to the original loosen ITZ inparent concrete and the
damage on the manufacture process of RA. After strength-
enedby combinednano-solutions,many tiny crystalswere
settling on the surface of RA and blocking the cracks in ITZ
and RA. Therefore, the density in ITZ of specimen A3 was
improved and the cracks became hazy and discontinuous.

It can be concluded that combined nano-solutions
presented a significant influence on the physical proper-
ties andmicrostructure of RAs from these experimental re-
sults. Thus, the experiments of RAC with 100% RAs nano-
strengthened by the combined nano-solutions were con-
ducted in order to reveal the effect of nano-strengthening
on the mechanical properties of RACs and microstructure
in ITZs and achieve the available performance of RA for the
high strength and strong durability concrete.

3.2 Results and discussion of RAC
experiments

According to the target strength grade of C25, the water-
binder ratio was calculated as 0.59 while the over-
replacement index of fly ash and the volume fraction of
sand to total aggregatewere determined as 1.5 and 44%, re-

spectively. At the same time, two strengthening solutions
were selected. One was combined nano-solution with 5%
nano-CaCO3 slurry and 5% nano-SiO2 sol, the other was
the solution with 5% nano-CaCO3 slurry and 1% disper-
sant for improving the dispersivity of nano-materials in
concrete and reducing the cost of nano-strengthening.
Moreover, twomix proportions with the extra dosage of ce-
ment paste were designed in order to maintain the similar
fluidity of specimen A and specimen D, and compare the
different influence between these two nano-solutions. Ta-
ble 3 showed the mix proportion and physical properties
of RACs.

In addition, a revised method from the two-stage mix-
ing approach and the surface-coating mixing procedure
was adopted in this experiment in order to exhibit the effi-
ciency of nano-strengthening. Figure 3 illustrated the mix-
ing procedure of RACs.

Figure 4 showed the compressive strength of RACs at
different ages. Considering to the target design strength
of 25MPa, the compressive strength of RAC with 100% RA
at 28 days was 25.7MPa, a little lower than the calcula-
tion target strength from Chinese professional standard
JGJ 55-2011 of common concrete with 100% natural aggre-
gate due to the high porosity and high-water absorption
of RA. However, the compressive strength of specimen B
strengthened by combined nano-solution at 1 day, 3 days,
7days and 28 days were much higher than that of spec-
imen A without strengthening for approximately 52.8%,
54.9%, 56.0%, 32.7%, respectively. Compared to specimen
B, the compressive strength of specimen C only increased
less than 10%. This meant nano-strengthening could pro-
vide more effective improvement on mechanical strength
than the amount increase of cement paste with the same
cement-binder ratio. As for the two nano-solutions, 5%
nano-CaCO3 slurry with 1% dispersant indicated a better
influence because the compressive strength of specimen D
at 1 day, 3 days, 7days and 28 days were higher than that of
specimen C for approximately 36.9%, 37.3%, 33.8%, 21.6%,
respectively. The possible reasons were the adhesion force
between the RA and new mortar could be reduced by the
film formed by nano-silica sol and the dispersivity of nano-
materials may be enhanced by dispersant.

Figures 5 and 6 showed the design details and the ex-
perimental arrangement in beam test, respectively. Table 4
indicated the experimental results including the force and
moment of RAC beams. Results implied the influence of
nano-strengthening was different between the compres-
sive strength test and the beam test. Compared to the spec-
imen A, the ultimate force and ultimate moment of spec-
imen D only increased approximately 5.7% and 6.4%, re-
spectively. Moreover, the force and moment of specimen C
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Table 4: Experimental results of beam test at 28 days

Specimen number Force(kN) Moment(kN·m)
Yielding Force Ultimate Force Yielding Moment Ultimate Moment

A 39 48.4 6.83 8.47
B 40 49.7 7.01 8.7
C 38.3 43.3 6.71 7.58
D 42.3 51.5 7.42 9.01

showed an unexpected decrease. Consequently, the study
on the behavior of strengthened RAC under different load
and environment should be paid more close attention in
the future.

Figures 7 and 8 presented the schematic illustration
and the load-slip curves of the central pullout test. Be-
cause the cohesional stress along the whole anchorage
length of the steel rebar had been considered as uniform
distribution, bond strength could be worked out by the
equation (1):

τ0 = Pu/πdla (1)

τ0 – bond strength (MPa)
Pu – ultimate force (N)
d – diametre of steel rebar (mm) la – anchorage
length(mm)

It seemed that the ultimate forces and bond strength
of specimen B and D were higher than that of specimen A
for approximately 25.0% and 44.2%, respectively. This in-
dicated 5% nano-CaCO3 slurry with 1% dispersant could
significantly improve the bond strength between RAC and
steel rebar. Moreover, the slip of specimen B and D were
also enlarged. Even if the data of specimen C decreased
slightly, it still can be concluded that nano-strengthening
was helpful to enhance the mechanical properties in pull-
out test.

Combined nano-solutions and 5% nano-CaCO3 slurry
with 1% dispersant represented a high ability for the
strengthening of RAs from the compressive strength re-
sults, however, the results of beam test were not satisfied.
This meant further research on the structural properties of
RACs with nano-strengthening should be conducted in or-
der to understand comprehensively the behavior under dif-
ferent loads and in different environment and achieve the
requirement of engineering.

3.3 Results and discussion of microstructure
experiment in ITZs of RAC

RAC could be regarded as a four-phase composite that in-
cluded natural aggregates, old mortar, new mortar and in-
terfacial transition zone (ITZ), and ITZmayprobably be the
weakest point in RAC [24]. Therefore, ITZ should be paid
close attention because of the high porosity and close rela-
tionship with the mechanical properties and durability of
concrete [50, 51].

In general the thickness of ITZ was typically 10µm to
50µm, it actually varied with many factors such as aggre-
gate size, cement type and water-binder ratio [52]. Exper-
imental results of pore size distribution, CH content and
un-hydrated cement area test implied a more than 100µm
thickness of ITZ in ordinary concrete [53–55]. In this study,
the reference specimenA and specimenD strengthened by
combined nano-solutionswere selected to study themech-
anism of nano-strengthening on the properties of RA and
RAC.Meanwhile,micro-hardness (MH) test andSEMobser-
vations in three types of ITZs were adopted to investigate
the change by nano-strengthening in ITZs which were re-
garded as a maximum 200µm area from the boundary to
the bulk matrix.

Figure 9 showed the MH test results in three types
of ITZs of specimen A and D at 3 days. Figure 9(a) indi-
cated the MH value in ITZ between the old mortar and
newmortar of specimen D was obviously higher than that
of specimen A. The average MH value of specimen A and
D were 332MPa and 390MPa respectively, which meant
nano-strengtheningwasuseful to increase theMHvalue in
this ITZ. A similar result in ITZ between original aggregate
and new mortar was presented in Figure 9(b). However, it
seemed that the MH value in ITZ between original aggre-
gate and old mortar of specimen A was similar with that
of specimen D because the tiny particles of nano-solution
was easy to cover the surface of RA but was still difficult to
penetrate into the inner interface between original aggre-
gate and old mortar.

Figures 10 to 12 indicated the micro-morphology im-
ages in different ITZs of specimen A and specimen D at
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(a) Specimen A (b) Specimen D

Figure 10: SEM images of ITZ between old mortar and new mortar in specimen A and D

(a) Specimen A (b) Specimen D

Figure 11: SEM images of ITZ between original aggregate and new mortar in specimen A and D

3 days. Figure 10(a) showed the SEM picture in ITZ be-
tween old mortar and new mortar of specimen A. The
porosity was high and many codirectional large plate
crystals which were CH could be found in the ITZ. This
was very harmful to the mechanical properties and dura-
bility of concrete. However, it was different after nano-
strengthening, which was shown in Figure 10(b). Many
tiny crystals which might be formed by the reaction
between nano-materials and cement minerals could be
found in the ITZ. It was helpful to reduce the porosity
and improve the mechanical properties. As for the ITZ
between original aggregate and new mortar in specimen

A which was shown in Figure 11(a), there were many
cracks due to the shrinkage and weak cohesion force.
On the contrary, Figure 11(b) showed many tiny crystals
formed in the boundary of aggregate and mortar after
nano-strengthening and it was helpful to modify the co-
hesion force and block the crack and hole in ITZ. Figure 12
implied apotential influence of nano-strengthening on the
ITZ between original aggregate and oldmortar. Because of
the long-time service and the damage on the manufacture
process, the cracks were easy to create in the boundary of
original aggregate and oldmortar, whichwas very harmful
to theproperties of RAandRAC.Nano-materials couldpen-
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(a) Specimen A

(b) Specimen D

Figure 12: SEM images of ITZ between original aggregate and old
mortar in specimen A and D

etrate into the cracks, fill and block them. Thus the poros-
ity in ITZ could be improved and the cohesion force could
be enhanced, which was very useful to themodification of
mechanical properties and durability in RAC.

4 Conclusions
After revealed the effect of nano-strengthening of ITZs in
RAC by nanoindentation and comparative research on the
properties of nano-strengthening beams in a real building,
the influence of nano-strengthening on the physical prop-
erties and pore distribution of RA and the mechanical and
structural properties of RAC with 100% RA were continu-

ously studied in this paper. Meanwhile, the modifications
in three ITZs by nano-strengthening were attempted to re-
veal through MH test and SEM observations.

It was verified that nano-strengthening immersion by
the 5% nano-CaCO3 slurry and 5% nano-silica sol could
obviously reduce the crushing value of RA, however, it
seemed to showa slight effect onwater absorptionbecause
thewater absorbability of nano-materials on the surface of
RAmight affect the accuracy of experimental results.More-
over, the combined nano-solutions mixed by 5% Nano-
CaCO3 slurry and 5% nano-silica sol revealed an more sig-
nificant influence on the physical properties and pore dis-
tribution in RA than the one element nano-solution. After
that, nano-strengthening was helpful to enhance the den-
sity of RA by nano-filling, surface-coating and hydration
for nano-materials with cement minerals.

Experimental results indicated the obvious increase
of compressive strength by nano-strengthening, not only
at the beginning age but also at the late age. It was pre-
sented that compressive strength of RAC with 100% nano-
strengthening RA at 1 day, 3 days, 7days and 28 days,
which was mixed by a revised mixing procedure from
two-stage mixing approach and surface-coating mixing
procedure, increased 52.8%, 54.9%, 56.0%, 32.7%, respec-
tively. Moreover, 5% Nano-CaCO3 slurry with 1% disper-
sant showed higher strengthening efficacy than the com-
bined nano-solutions. However, the results of RAC beam
test and pullout test only provided a slight improvement
of ultimate force, ultimate moment and bond strength, re-
spectively. This also meant more structural experiments
of nano-strengthening RAC need to conduct in order to
understand comprehensively the structural behavior and
achieve the similar satisfied efficacy as the compressive
strength of RAC.

An approach on the nano-strengthening mechanism
in ITZs was carried out by micro-hardness (MH) test and
SEM observations. Results showed the density and me-
chanical properties in ITZs could be increased by nano-
strengthening, because the coating and penetration of
nano-materials could block the pores and cracks in ITZs,
avoid the directed gathering of CH crystal andhydratewith
cement minerals.

Nano-strengthening immersion indicated a valuable
probability for the enhancement of RAs and the wide ap-
plication of RACs in the actual engineering.
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