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Abstract: In this study, a quantitative review was performed on the mechanical performance, permeation resistance of concrete,
and durability of surface-modified coarse aggregates (SMCA) produced using low-quality recycled coarse aggregates, the surface
of which was modified using a fine inorganic powder. The shear bond strength was first measured experimentally and the interface
between the SMCA and the cement matrix was observed with field-emission scanning electron microscopy. The results showed
that a reinforcement of the interfacial transition zone (ITZ), a weak part of the concrete, by coating the surface of the original
coarse aggregate with surface-modification material, can help suppress the occurrence of microcracks and improve the mechanical
performance of the aggregate. Also, the use of low-quality recycled coarse aggregates, the surfaces of which were modified using
inorganic materials, resulted in improved strength, permeability, and durability of concrete. These results are thought to be due to
the enhanced adhesion between the recycled coarse aggregates and the cement matrix, which resulted from the improved ITZ in

the interface between a coarse aggregate and the cement matrix.

Keywords: surface-modification technology, interfacial transition zone (ITZ), low-quality recycled coarse aggregate,

interface strength, durability, micro-crack.

1. Introduction

Concrete is one of the most prominent materials used for
construction in modern societies. Among its constituents,
aggregates for concrete have a significant impact on quality
of the density and water absorption ratios as they account for
70-80 % of the total volume (Choi et al. 2014a; Noguchi and
Tamura 2001). Thus, in order to manufacture high-quality
concrete, there is a need to use quality aggregates with
stable physical and chemical properties (Choi et al. 2014a).
Figure 1 shows the estimated volume of concrete waste and
demand for aggregates in Japan from 1950 to 2100. There
has been a decrease in the total aggregate market and the
demand for aggregates for concrete mixes, and the service
life of concrete structures built in the 1970s is running out.
These factors contribute to the increased deconstruction of
concrete structures and generation of recycled aggregates
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(Noguchi 2008). Recycled aggregates are mainly used as a
sub-base course material, and the recycling rate has been
fairly high. In the long term, however, as the demand for sub-
base course materials is expected to fall because of declining
road construction (Hendriks and Janssen 2001; Shima et al.
2005), it is important to expand the scope of concrete-waste
recycling and use recycled aggregates for concrete mixes. In
an effort to resolve these issues, the Japanese Industrial
Standards (JIS), formed to establish the standards used for
industrial activities in Japan, amended the standards for
recycled aggregates in order to expand the distribution of
recycled aggregates generated from concrete waste in Japan,
and there have been advances in the recycling system for
concrete (Choi et al. 2012). However, low-quality recycled
aggregates manufactured by simple processing is a major
cause of reduced concrete performance, and low quality is
recognized as a factor that hinders the expanded use of
recycled aggregates. Therefore, it is important to improve the
interface between cement matrix and coarse aggregate of
low-quality recycled aggregates to promote their application
in concrete mixes. Qualitative improvement will in turn
enhance the mechanical performance such as the modulus of
elasticity and strength, and it will be possible to manufacture
concrete with improved durability in terms of drying
shrinkage, neutralization, and freezing-thawing. Choi et al.
(2014a, b) conducted a study on surface modification
(Noguchi and Tamura 2001; Tsujino et al. 2010, 2011)
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through the use of an inorganic material on crushed stone
aggregates; they reported its effect on improving the
mechanical characteristics of crushed stone aggregates and
recovering high-quality recycled aggregates. Of particular
note, based on the method using sand enveloped by cement
(SEC), in which fine aggregates are coated with a cement
paste with low water-to-cement (W/C) ratio, while the mix-
ing water is added in steps (Tazawa 2002), a surface-modi-
fication technique was developed for the enhancement of
concrete performance by improving the interfacial transition
zone (ITZ), which is the weak region in concrete (Tsujino
et al. 2007; Choi et al. 2014b).

In this study, crushed-stone coarse aggregates, whose
surfaces had been modified, were used to fabricate the
concrete specimens. The bonding performance was assessed
and the interface was observed with microscopy. The
resulting improvement in the concrete’s mechanical
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Fig. 1 Estimation of concrete waste and aggregate demand
in Japan (Noguchi and Tamura 2001).

performance and the applicability of the surface-modifica-
tion technology to low-quality recycled aggregates with low
density and large water absorption ratio was determined.
Moreover, the effects of surface modification on low-quality
recycled aggregates, which are mainly used as a sub-base
course material, were examined, and their effects on the
mechanical and permeation resistance of the water and
deterioration factor into the concrete and durability perfor-
mance of concrete were reviewed.

2. Surface-Modification Technology

In general, the factors that determine the mechanical per-
formance of concrete are the strength of the cement matrix,
strength of aggregates (which is sufficiently high in most
cases), strength of the interface between an aggregate and the
cement matrix (which is the source of weakness in most
cases), and stress acting on the interface (related to the ratio
between the elastic modulus of the cement matrix and the
elastic modulus of the aggregate). Another factor that has
been reported to have a significant impact on the physical
properties and durability of general concrete is the ITZ
between an aggregate and the cement paste. This is a par-
ticularly weak area of concrete that consists of pores around
the hydrates and aggregate and is characterized by a dis-
continuous and porous area between the aggregate and
cement paste (Kumar Mehta and Moneiro 2006). Thus, it is
reasoned that the strength of concrete can be improved to a
certain extent by increasing the strength of the interface
when the W/C ratio of the cement matrix is kept the same.
The surface-modification technique makes it possible to
improve the mechanical frictional force and chemical bond
between each aggregate and the cement matrix by coating
the surface of the original aggregates with cement paste

Adhesive property between
OCA and SMCP

Original coarse

aggregate

Surface-modification )
coarse paste (SMCP)

(OCA)

> Cement matrix

Adhesive property between

SMCP and cement matrix

Fig. 2 Surface adhesion of modified aggregate (Choi et al. 2014a).
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using an inorganic material, thereby improving the ITZ and
enhancing the mechanical characteristics of the resulting
concrete (Tsujino et al. 2007, 2010, 2011; Choi et al. 2014b).
Figure 2 shows a schematic diagram of the bonding mech-
anism at each interface after surface modification, while
Fig. 3 shows the dominant factors in the adhesion of the
components at each interface after the addition of a surface
modifier (modification paste) (Choi et al. 2014a, b). The
resulting concrete consists of the three main components,
defined as follows: original coarse aggregate (OCA); coating
material of OCA surface (surface-modification coarse paste)
(SMCP); surface-modified coarse aggregate (SMCA); low-
quality recycled coarse aggregate (LRCA).

3. Effects of Surface Modification
on the Mechanical Characteristics of Each
Interface

3.1 Overview of the Experiment

An assessment was conducted on the bond, i.e., integrity,
between the original aggregate and the modification paste, as
well as the bond between the modification paste and the
cement matrix, using the surface-modification technique
mentioned in Sect. 2. In order to assess the chemical and
physical bonds of the modified aggregate, general aggre-
gates, and the cement matrix, specimens simulating coarse
aggregates, modification paste, and mortar were fabricated
as shown in Fig. 4, based on the modification paste and
mortar mix reported in an earlier study on surface modifi-
cation (Choi et al. 2014b). Compressive- and tensile-shear
bonding tests were performed to assess the effect of surface
modification on the chemical and physical bonding charac-
teristics of the aggregate and cement matrix. In addition,
samples were collected from each of the specimens, on
which the compressive-shear bonding test was performed,
for observation with field-emission scanning electron
microscopy (FE-SEM) to microscopically analyze the
bonding performance of each interface. It should be noted,
however, that the coarse aggregates used in this experiment

Cement matrix

Chemical bonding

Physical bonding

were general crushed stone aggregates that were cut. Based
on the results of the experiment, the applicability of the
surface-modification technology on low-quality recycled
aggregates was determined.

3.2 Experimental Method

In this experiment, crushed hard sandstone (density in
saturated surface-dry condition: 2.66 g/cm’; water absorp-
tion ratio: 0.70 %) that was cut was used as coarse aggre-
gates (Choi et al. 2012). The objective was to assess the
mechanical performance of concrete that contained aggre-
gates, the adhesion quality of which was improved by
coating the surface of the original aggregates with an inor-
ganic powder (Table 1). Here, the W/C ratio of mortar was
55 %, and this was true for all of the specimens (Table 2).
The dimensions of the specimens for the compressive- and
tensile-shear bonding tests were 10 x 10 x 40 (cm) and
10 x 10 x 20 (cm), respectively. Also, in order to vary the
magnitude of stress on the bonding interface in the com-
pressive- and tensile-shear bonding tests, fabricated modified
aggregates cut to have an interface angle of 30°, 45°, and 60°
were added to the formwork and mortar was added after-
wards. After the surface of the original aggregates was
coated with the surface-modification paste, they were air-
cured for 28 days at a constant temperature of 20 °C and a
humidity level of 60 % RH prior to the mortar placement.
Next, to prevent failure in the aggregate—mortar-matrix

Cement matrix OCA
X v
/,,
,/
,/ \ﬁ
SMCP / Interface angle

Fig. 4 Specimen for shear bonding test of SMCA concrete
(Tsujino et al. 2010).
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Fig. 3 Dominant factor in surface adhesion of a modified aggregate (Choi et al. 2014a).
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Table 1 Composition of SMCP.

W/C (%) W (mL)

C F6203 (%)

Volume (mL/L)

Weight (g/L)

30 487

513

1620 C x 100

W water, C cement: density of cement: 3.16 g/cm’.

Table 2 Composition of mortar.

Type W/C (%) Air (%) Unit weight (kg/m>)
w C Fine aggregate Admixture
(0] 55 45+ 15 175 318 833 1.59 (a*)
M

O OCA concrete, M SMCA concrete; a* air entraining agent.

interface, air curing was performed for 5 days at a constant
temperature of 20 °C and a humidity level of 60 % RH, and
water curing was performed for 28 days at 20 °C. The
bonding failure load was then measured at a loading speed of
1 mm/min. In the tensile-shear bonding test, an epoxy
adhesive was used on the tension test device to perform the
loading using a ring without causing eccentricity (Choi et al.
2014b). Moreover, for a more quantitative examination of
the mechanism in which the strength of modified aggregates
is improved, through a microscopic analysis of the ITZ, the
specimens shown in Fig. 5 were formed in such a way to
allow high-magnification FE-SEM observation using the
device shown in Fig. 6. Table 3 is a summary of the
experimental factors and conditions, and Table 4 presents
the experimental levels of the SMCA concrete.

3.3 Compressive- and Tensile-Shear Bond

Figure 7 shows the results of the compressive- and tensile-
shear bonding experiments. First, the compressive-shear
bond strength of the modified aggregate (M-C) was about
50 % higher than that of a general aggregate (O), regardless
of the interface angle. Also, there was a negative correlation
between the interface angle of the modified aggregate and
the compressive-shear bond strength, which is considered to
be due to the sliding effect at higher interface angles,
regardless of the area of the bond. Meanwhile, the tensile-

Fig. 5 Specimens for FE-SEM.

shear bond strength of the SMCA tended to increase with
increasing interface angle. It is considered that the tensile
strength was improved by the modification since a larger area
of bonding meant larger area of improvement in the ITZ.

3.4 Microscopic Observation of the Interface
Between Each Aggregate and the Cement Matrix

Generally, failure in concrete caused by loading starts in
the ITZ between the aggregate and the cement paste (Um
and Choi 1997). Figures 8 and 9 show the interfacial char-
acteristics of general (OCA) and modified aggregates
(SMCA), determined based on FE-SEM observations. In the
case of the OCA, a crack was formed in the interface, as
shown at x 1,000 magnification in Fig. 8a, exposing the
interface between the original aggregate and the cement
matrix. Figure 8b shows the area of the cement matrix in the
general-aggregate concrete, where the original aggregate had
become detached. An arbitrary observation point within the
general ITZ (about 10-50 pm) (Kumar Mehta and Moneiro
2006) was designated, and the hydration products in this
area were observed, as shown in Fig. 8c and d. A large
amount of calcium hydrate (Ca(OH),), which causes weak-
ening of concrete strength, was found in the ITZ, and it is
considered to be the cause of microcracks in the ITZ and the
reduced strength. On the other hand, in the case of the
SMCA, no cracks were observed in the interface between the

Fig. 6 FE-SEM setup.
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Table 3 Experimental factors and conditions.

Experimental factors

Conditions

OCA

Cutting specimen of crushed hard sandstone
(standard density: 2.66 g/cm3 ; water
absorption ratio: 0.70 %)

SMCP Ww/C 30 %
Modification Cement
Cement matrix Normal strength, W/C = 55 %
Interface angle 30°, 45°, 60°
Table 4 Experimental levels.
Experiment Modification paste Compressive-shear test Tensile-shear test
o N/A P P
M-C A

O original coarse aggregate (OCA), M surface-modified coarse aggregate (SMCA), C cement, N/4 not applicable, 4 applied, P performed.
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Fig. 7 Compressive- and tensile-shear bond strength.

modification paste and the cement matrix, as shown in
Fig. 9. The interface between the modification paste and the
cement matrix was determined, as shown in Fig. 9b, and the
modification paste and hydration products in the interfacial
region were observed, as shown in Fig. 9c and d. It has been
shown that the hydration products of calcium hydrate
(Ca(OH),) are hydrated to a lesser extent compared to the
calcium-silicate-hydrate (C—S—H) gel. This suggests that a
denser and stronger ITZ with a high level of C-S—-H was
strengthened by the surface modification.

4. Effects of Surface Modification
on the Mechanical Characteristics of Low-
Quality Recycled Aggregates

In Sect. 3, the results of examining the bonding perfor-
mance of the simulated concrete fabricated by performing
surface modification on crushed stone coarse aggregate and
observing the specimens microscopically showed that it was
possible to improve the mechanical performance (improve-
ment of ITZ) of concrete through surface modification. Also,

based on the results, it is deemed possible to enhance the
mechanical performance of concrete and improve the inter-
face enhancement between cement matrix and low-quality
recycled coarse aggregate (LRCA) through surface modifi-
cation (Xiao 2013). Thus, in this section, an experiment was
conducted, according to Japanese Industrial Standards (JIS),
for the purpose of reviewing the permeability and durability
performance (drying shrinkage, neutralization, freezing-
thawing) and mechanical performance of concrete by
examining the effect of surface modification on improving
the adhesion quality of recycled aggregate.

4.1 Materials

In the experiment, ordinary Portland cement (density:
3.16 g/em’; symbol: C) was used as the cement material and
land sand (density in saturated surface-dry condition: 2.61
g/em®; water absorption ratio: 1.43 %; fineness modulus
(FM): 2.53; symbol: S) was used as the fine aggregate. The
coarse aggregate contained large amounts of recycled
aggregates, as shown in Fig. 10b and c, and fell under the
category of “Recycled Aggregate L” (hereafter referred to as
low-quality recycled coarse aggregate; LRCA) in JIS A
5023. This aggregate was treated with surface modification
and the resulting modified aggregate was used. The results of
quality of density and water absorption ratio assessment on
each type of aggregate showed that the surface modification
of low-quality recycled coarse aggregate (LRCA) resulted in
increased density and reduced water absorption rate
(Table 5). It is considered that the multiple pores in the
adhesive paste used in the low-quality recycled coarse
aggregate (LRCA) were filled with high-fluidity modifica-
tion paste, making water penetration more difficult and
thereby reducing the absorption rate. Table 5 shows the
results of the pre- and post-modification property-test per-
formed on the aggregates, and Table 6 shows the composi-
tion of the modification paste. Figure 10 shows the types of
recycled aggregates.
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4.2 Composition of Concrete

In this experiment, the amount of chemical admixture and
concrete W/C were adjusted so that its performance would
be equivalent to that of the low-quality recycled coarse
aggregate (LRCA) concrete with W/C of 55 %, as shown in
Table 7 (Choi et al. 2014a, b). Also, even though concrete
generally comprises cement, water, and fine and coarse
aggregates, in the case of modified concrete, the amount of
cement paste added during modification of the original
aggregate must be taken into consideration in the concrete-
mix design. In other words, the amount of cement and water
in the modification paste used to coat the low-quality coarse
aggregate is considered so that the unit cement volume (in
m®) would remain constant (Choi et al. 2014a, 2012). In this
experiment, the target slump and air content were set at
18 £ 2.5 cm and 4.5 £ 1.5 %, respectively, and the results
satisfied the target values, as shown in Table 8.

4.3 Results and Discussion

4.3.1 Mechanical Characteristics

Figures 11 and 12 show the results of the experiment on
compressive and splitting tensile strength. The compressive
strength increased by about 15 % in M concrete at each
material age. The splitting tensile strength increased at a
higher rate than the compressive strength, and it increased by
30-35 % higher in L concrete than in M concrete. It is
considered that this occurred because of the stronger

chemical and physical bonds and material densification
resulting from the modification paste coated on the interface
between the aggregate and cement matrix of L concrete. In
addition, the fracture plane of the concrete specimens was
examined following the splitting-tensile-strength test to
determine the bonding performance of each concrete speci-
men; the results are shown in Figs. 13 and 14. Fractures
were observed at the aggregate interface in many areas of L
concrete, but in the case of M concrete, the majority of the
cracks caused by loading occurred in a through pattern.

4.3.2 Permeability

The modification treatment of the surface of adhesive
paste consist of a porous causes densification on the surface
of recycled coarse aggregates, resulting in higher density and
lower absorption ratio compared to low-quality recycled
aggregates as shown in Sect. 4.1. On the other hand, large
amounts of adhesive paste are present in the low-quality
recycled coarse aggregates (Fig. 10) and modified aggre-
gates used in this study, and due to the large sizes of internal
pores compared to general coarse aggregates, there may be
an increased possibility of penetration of water and harmful
substances into the concrete from the external environment.
In other words, the progressive penetration of deterioration
factors such as water, CO, gas and chloride ions (Cl™) into
the concrete increases permeability, which is highly associ-
ated with durability. This in turn accelerates deterioration of
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Fig. 10 Types of recycled coarse aggregates.

Table 5 Type and quality of coarse aggregates.

Type Standard density (g/cm®) Water absorption ratio (%)
L 2.42 7.57
M 2.49 6.89

L low-quality recycled coarse aggregate, M modified coarse aggregate.

Table 6 Composition of modification paste (based on 1 kg of original coarse aggregates) (Choi et al. 2014a).

W/C (%) Water (g) Cement (g) Fe,05 (%) Admixture (%) Table flow (mm)
30 21 70 C x 100 C x 1.9 (b%) 300

b* superplasticizer.
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Table 7 Composition of concrete.

Type W/C (%) |Slump (mm)| Air (%) Gax (mm) Unit weight (kg/m®) Admixture
W C S G (%)

L concrete 55 180 +£25 | 45£1.5 20 175 318 805 913 C x 0.5(a*)

M concrete 172 312 805 915 C x 0.5(a*)

L concrete low-quality recycled coarse aggregate concrete, M concrete modified coarse aggregate concrete, a* air entraining agent.

Table 8 Slump and air content of each type of concrete.

Type Slump (cm) Air content (%)
L concrete 17.2 4.6
M concrete 18.3 4.0
40
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Fig. 11 Compressive strength.
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Fig. 12 Splitting tensile strength.

concrete and as a consequence, there are concerns of fatal
damage to the concrete structure concerned (Jacobsen 1996;
Wang et al. 1997; Khatri and Sirivivatnanon 1997).
Accordingly, after fabricating concrete using low-quality
recycled coarse aggregates and modified coarse aggregates,
the water and air permeability coefficients of each specimen
were measured and the correlations between the water and
air permeability coefficients and compressive strength were
analyzed as a means to determine the water tightness and air
tightness of each concrete specimen.

Fig. 13 Fracture surface of L concrete.

The results of the experiment on water permeability
showed that the water permeability coefficient of the M
concrete was 0.87 x 1077 m/s, as shown in Fig. 15., indi-
cating that its water permeability resistance was 3.9 times
higher than that of the L concrete, the water permeability
coefficient of which was measured to be 3.41 x 107" m/s.
Also, the results of the experiment on air permeability
showed that the air permeability coefficient of the M con-
crete was 2.26 x 10~° m/s, indicating that its air perme-
ability resistance was 4.2 times higher than that of the L
concrete, the air permeability coefficient of which was
measured to be 3.41 x 107° m/s. This was similar to the
results of the water permeability experiment (Fig. 15). In
addition, as for the correlations between the water and air
permeability coefficients and compressive strength, Fig. 16
shows that the higher the strength of the M concrete
resulting from the modification treatment of the surface of
low-quality recycled aggregates using an inorganic material
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Fig. 14 Fracture surface of M concrete.
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(Sect. 4.3.1), the higher the water and air permeability
resistances were (Hilsdorf and Kropp 1995). In other words,
modification treatment of the porous adhesive paste surface

(Fig. 10) caused densification in the surface of the recycled
coarse aggregates and improvement of the interfacial adhe-
sive performance between the low-quality recycled coarse
aggregates and the cement matrix within the concrete. Based
on this, when this is applied to an actual structure made of
modified aggregate concrete, it will effectively improve its
strength and inhibit the penetration of deterioration factors.
Figure 17 shows the cross-sections of low-quality recycled
coarse aggregate concrete (L concrete) and modified aggre-
gate concrete (M concrete). In the case of L concrete shown
in Fig. 17a, the interface between the porous adhesive paste
and the cement matrix is not well-defined, and it is expected
that the area with the porous adhesive paste will become a
penetration route for deterioration factors from the external
environment. However, in the case of M concrete in
Fig. 17b, the interface between the porous adhesive paste
and the cement matrix has become clearly defined as a result
of the modification treatment of low-quality recycled
aggregate surface, and the densification in the interface is
expected to effectively inhibit the penetration of deteriora-
tion factors.

4.3.3 Durability

Both L concrete and M concrete, whose surface was
coated, exhibited a high water-absorption rate of about 7 %.
Aggregates with a high absorption rate can have a significant
negative impact on concrete properties and durability. Thus,
in order to review the durability performance of each con-
crete specimen, the resistance against drying shrinkage,
neutralization, and freezing—thawing was reviewed. The
results are shown in Figs. 18, 19 and 20. Figure 18 shows
the results of the drying-shrinkage test. The specimens were
removed from the formwork at day 1, and water cured until
day 7. After that, the drying-shrinkage deformation was
observed at a constant temperature of 20 °C and a humidity
level of 60 % RH. Substantial differences were observed in
the concrete specimens starting at week 1, and the drying-
shrinkage rate was lower in M concrete by 10-20 %
compared to L concrete between week 4 and week 6.
Based on these results, it is considered that moisture
evaporation in the coarse aggregates was suppressed
somewhat because the SMCP was added to the cement,
and the micro-filler effect and accelerated hydration reac-
tion caused the ITZ structure to grow denser. Figure 19
shows the results of the freezing—thawing experiment. The
difference in the relative elastic modulus between L con-
crete and M concrete was small for the first 150 cycles.
After 150 cycles, however, the difference gradually
increased, and the modulus of elasticity was lower in M
concrete than L concrete by about 7 % at the end of 300
cycles. Generally, in the case of aggregates with high water
absorption rate, there is a larger volume of water that can
freeze inside the concrete, which means concrete deterio-
ration resulting from freezing and thawing is likely to
occur. For L concrete, the resistance against freezing and
thawing was improved as the surface modification reduced
the absorption rate of the aggregate and at the same time,
the material was densified as a result of the improved
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performance of the aggregate surface. In addition, based on
the proportional relationship between the water absorption
ratio and the carbonation rate coefficient (Nagataki et al.
2000), it was initially speculated that there was a possi-
bility that M concrete, with a slightly lower water
absorption ratio than the L concrete, could exert a negative
impact on the concrete properties as it would facilitate the
movement of substances within the concrete. As shown in
Fig. 20, the carbonation depth in M concrete was decreased
by approximately 3-5 % at weeks 1, 4, 8 and 12, com-
pared to L concrete. Based on this result, it is difficult to
argue that there was a substantial difference in terms of
carbonation resistance and that the quality of the density
and water absorption ratios of M concrete was sufficient in
this regard.
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5. Results and Discussion

The following conclusions were made based on the results
of the experiments conducted to examine the interface
enhancement between cement matrix and coarse aggregate
of low-quality recycled coarse aggregates with surface
modification.

(1) When the W/C ratio was 55 %, the improvements in
the shear bond strength were confirmed to be due to the
SMCP coating, and the ITZ was densified by the
admixtures (inorganic materials). The FE-SEM results
confirmed that the interface between the SMCA and the
cement matrix was denser and ITZ was strengthened
with a high level of calcium-silicate—hydrate by the
surface modification.

(2) The use of low-quality recycled coarse aggregates
(LRCA), the surfaces of which were modified with
inorganic materials, resulted in improved strength,
permeability, and durability of concrete. These
improvements are thought to be due to the enhanced
adhesion between recycled coarse aggregate and
cement matrices resulting from the improved ITZ that
existed in the interface between the coarse aggregate
and the cement matrix.
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