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Waste glass powder (WGP) has been shown to help improve concrete properties. However, the underlying
mechanism needs to be explored at the micro level, specifically on the interfacial transition zones (ITZs). This
study aims to investigate the microtopography and bonding behaviours of ITZs using modelled recycled
aggregate concrete (MRAC). To highlight the differences, two sets of MEAC were prepared, consisting of old and
new mortars with water-cement ratios of 0.45 and 0.40, respectively. WGP was incorporaed in the new mortar,
replacing 20 wt% of cement to enhance the performance of the new ITZ. Two groups of MRAC with three types of
ITZs were successfully fabricated and studied. The property differences between the old ITZ, new ITZ without
WGP, and new ITZ with WGP were comprehensively evaluated and compared based on phase distribution,
chemical composition, and micromechanical properties. The results show that the new ITZ without WGP
exhibited the highest porosity (avg. 7.29%) but a higher calcium silicate hydrate (C-S-H) elastic modulus (avg.
11.89 GPa) compared to the old ITZ (avg. 4.33% and 10.37 GPa, respectively). WGP effectively reduced the
volume fraction of pores and cracks to 4.30% by reacting with calcium hydroxide (CH) within the new ITZ and
the adjacent old mortar, resulting in generation of a significant amount of C-S-H gel with a Si/Ca ratio of
approximately 1.5. To obtian more accurate results regarding the bonding strength between the old and new
mortars, it is necessary to further evaluate the cohesion of C-S-H and the compactness of the new ITZ in a
comprehensive manner.

1. Introduction waste glass powder (WGP) as substitutes for natural coarse aggregate

(NCA) and cement, respectively [5-7]. Existing research results indicate

1.1. Recycled aggregate and waste glass

In recent years, researchers devoted themselves to finding novel and
environmentally friendly construction materials [1]. As a resource-
intensive material, concrete consumes a large amount of natural sand,
gravel and cement every year [2]. Natural aggregates are not renewable,
and conventional Portland cement production aggravates CO, emissions
[3]. Meanwhile, hard degradable construction and municipal (C&M)
waste such as crushed waste concrete and waste glass are occupying
space in landfills [1,4]. Recycling these waste materials and applying
them in concrete production is undoubtedly an effective way to maxi-
mize environmental benefits.

Researchers have attempted to recycle crushed waste concrete and

that the old mortar on the surface of recycled coarse aggregate (RCA) is
responsible for the weak bond strength with the new mortar matrix,
resulting in lower mechanical and durable properties of recycled
aggregate concrete (RAC) [8,9]. On the other hand, a large amount of
amorphous silica in WGP is an important substance for pozzolanic re-
action, similar to the role of supplementary cementitious materials
(SCM, such as fly ash, slag and nano-SiO3) commonly used in the cement
industry [3,10-12]. Omran et al. [13] and Islam et al. [14] reported that
20% of cement replaced by WGP can improve the compressive strength
of concrete.

To deeply explain the behaviour mechanism of sustainable concrete
under mechanical loading and aggressive environments, it is necessary
to explore concrete physical and chemical properties from a microscopic
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level, especially the properties of interfacial transition zones (ITZs) [15].
The concrete internal structure can be roughly divided into three phases:
the coarse aggregate, the mortar matrix and the ITZ between the two
regions [16]. The composition types of ITZ are the same as the mortar
matrix, but the characteristics are slightly different [17]. Due to the ‘wall
effect’” and bleeding of aggregate, water-cement ratio, porosity and
alkaline crystalline phases of ITZ are higher than mortar matrix [18].
Therefore, ITZ is usually regarded as the weakest area in concrete, which
is the key to studying concrete mechanical and ion transport
performance.

RAC possesses more ITZs than NAC, among which, researchers
mostly focus on the old ITZ adjacent to NCA and the new ITZ between
the old mortar on the RCA and the new mortar [19,20]. Numerous
existing instrumentation techniques such as Scanning electron micro-
scope (SEM-based) characterisation and nanoindentation provide a
realistic basis for the determination of ITZ width and understanding its
characteristics from multiple dimensions [21]. Xiao and Li et al. [22,23]
investigated the micromechanical properties of old and new ITZs in RAC
by nanoindentation technique. After extensive testing, it was deter-
mined that the thickness of the new and old ITZs in RAC were around
40-50 pm and 55-65 pm respectively [22,23]. In addition, the elastic
modulus of old ITZ was about 70-80% of old mortar, and the elastic
modulus of new ITZ was about 80-90% of new mortar [22,23]. Bosque
et al. [24] compared the results of electron microscopy and nano-
indentation tests and found that the thickness of new ITZ measured by
nanoindentation was 50-60 pm, which was smaller than the value ob-
tained by Scanning electron microscope-Energy dispersive spectrometer
(SEM-EDS).

When a small amount of WGP is added to concrete, the active silica in
glass participates in the pozzolanic reaction to generate C-S-H, which
contributes to improving the strength of ITZ [25,26]. Kong et al. [27]
found that there was more C-S-H in the ITZ of concrete containing 30%
WGP. Du and Tan [28] also pointed out that fine soda-lime glass powder
can react with CH in concrete to form C-S-H gel. Concrete with 15-30%
of cement replaced by WGP had a more compact and homogeneous ITZ
microstructure [28]. For higher WGP content and insufficient CH, the
excess WGP can block channels to reduce the water and ions penetration
depth [28].

1.2. Innovation of modelled aggregate concrete

Most existing studies on the microscopic properties of RAC with WGP
are based on irregular aggregate [29]. However, rough and angular
aggregate surface brings severe challenges to the research of ITZ [30]. In
nanoindentation tests, for example, the indenter may touch the aggre-
gate hidden under the surface cement paste [31]. The number of test
points available for ITZ analysis in each column of grid nanoindentation
is different [30]. It is also difficult to determine the distance of each row
of test points from the aggregate boundary [30]. Testers have to reduce
indentation depth and increase the density of the grid. This greatly in-
creases the workload and makes it difficult to achieve accurate statistical
results [21]. SEM-based analysis faces a similar problem. It is well-
known that the formation of ITZ is attributed to the ‘wall effect’ of
aggregate [32]. The uneven surface of aggregate is destined to the het-
erogeneity and complexity of ITZ [30,31]. In addition, the bleeding
around the aggregate seriously affects the properties of ITZ at different
locations [5]. This requires researchers to extract a large number of ITZ
images at different positions to obtain a passable average result.

To solve the above problems, Shah and Winter [33] are the first to
propose a novel modelled concrete with cylindrical aggregate for ana-
lysing the inelastic mechanical properties of concrete. Subsequently,
Xiao et al. [34] extended the study of this concrete to the microscopic
level. In recent years, Luo et al. [30,31], Fu et al. [35], and Zhan et al.
[36] used a similar concept to simulate ITZ by aggregate blocks and
obtained satisfactory microstructure, chemical composition and micro-
mechanical performance test results. It has to be admitted that the ITZ
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simulated by modelled concrete idealises the actual situation and ig-
nores the randomness and complexity of the real ITZ [30,31]. However,
with the help of characteristics of modelled concrete, the bonding
mechanism of aggregate and mortar can be more effectively explored.

2. Research scope and significance

The old mortar attached to the surface of the recycled aggregate
makes the surface rougher, which increases the uncertainty of the new
ITZ study between old mortar and new mortar. In this case, transferring
the research object from the real ITZs to the simplified ITZs in the model
sample can greatly improve the research efficiency. However, few re-
searchers fabricated MRAC samples successfully for ITZ performance
studies. Although Zhan et al. [36] produced similar samples, they used
cement paste as recycled aggregate, calling it modelled recycled con-
crete aggregate instead of MRAC (containing old and new ITZs). In
addition, the bonding properties between old mortar and new mortar
with WGP are still unknown. Therefore, referring to the previous
experimental experience [30,31,36,37], three regular ITZs (old ITZ, new
ITZ with and without WGP) were manufactured through MRAC in this
study. The ITZ width was identified by Backscattered electron (BSE)
combined with image analysis. Subsequently, the differences in chemi-
cal composition and micromechanical properties were systematically
tested by Energy dispersive spectrometer (EDS), Thermogravimetry
analysis (TGA), Nuclear magnetic resonance spectrometer (NMR) and
nanoindentation techniques to evaluate the improving performance of
WGP within the new ITZs.

This study contributed to more accurately and efficiently exploring
the cohesion of multiple ITZs in RAC by observing the micromorphology
and constituent distribution. In addition, the enhancing mechanism of
WGP on the new ITZ of RAC was comprehensively evaluated from
multiple dimensions. This study is beneficial to enhance the under-
standing of the efficacy of WGP in RAC and promote the recycling
application of WGP in structural construction materials [68-70].

3. Experimental program
3.1. Materials and mixture proportion

A MRAC sample consists of three parts: a rectangular granite block,
old mortar on the surface of the stone block, and new mortar on the
outermost layer of the sample. The schematic diagram of MRAC is
shown in Fig. 1. Rectangular granite blocks were seen as virgin coarse
aggregate. Fine aggregate in the old and new mortar was silica sand with
a fineness modulus of 1.9. General purpose Portland cement was used as
the main cementitious material. In the MRAC sample with WGP, 20% of
cement in the new mortar was replaced by milled waste soda-lime glass
powder with average particle size of 50 pm. The particle size distribution
and oxide composition of cement and WGP are shown in Fig. 2. and

Old mortar

Granite

12 mm

[y

26 mm

Fig. 1. Schematic diagram of MRAC.
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Fig. 2. Particle size distribution of cementitious materials tested by Master-
sizer 3000.

Table 1, respectively. Considering that the interface between old and
new mortar may be difficult to distinguish under an electron micro-
scope, different water-cement ratios were designed in the preparation of
new and old mortar. According to previous studies, the strength of RAC
is normally lower than that of NAC under the same conditions [38]. Civil
engineers usually reduce water-cement ratio of new mortar or choose
cement with higher strength grade to ensure that the RAC structures
meet the strength requirements [1]. Therefore, the water-cement ratios
of old and new mortars in this study were designed to be 0.45 and 0.4,
respectively. The detailed mix proportion of new and old mortar is
shown in Table 2.

3.2. Sample preparation

According to previous experience [30,31,37], the main steps of
MRAC sample preparation were designed and shown in Fig. 3. Granite
gravels with appropriate size were selected and ground on 320 grits
abrasive papers into 13 mm x 13 mm x 8 mm rectangular blocks. Then,
the surface of the granite blocks was smoothed by 600, 800 and 1200
grits abrasive papers with each grade lasting for 15 min. 0.3 pm and
0.05 pm alumina slurry were used to polish granite blocks under a small
force, and the polish process lasted for 1 h. After grinding and polishing,
granite blocks were cleaned in an ultrasonic bath for 3 min to remove
alumina particles on the surface of samples. The processed granite
blocks are called modelled NCA. According to the mix proportion in
Table 2, the saturated surface dried modelled NCA were covered with
old mortar in ®25 mm cylindrical moulds and discharged air bubbles in
the mortar by tapping. After curing in the mould for one day, samples
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was ground and polished. It should be noted that to avoid the height
difference between the aggregate and mortar caused by excessive pol-
ishing, the entire polishing time was reduced to 30 min [39]. Photos of
MRAC manufacturing process are presented in Fig. 4. The modelled
samples were used for Backscattered Electron-Energy dispersive spec-
trometer (BSE-EDS) tests and nanoindentation. After that, the new
mortar was cut out and ground into powder for Thermogravimetric-
derivative thermogravimetry (TG-DTG) and Nuclear magnetic reso-
nance spectrometer (2981 NMR) tests.

3.3. Experimental methods

3.3.1. BSE-EDS tests

A scanning electron microscope (SEM, Zeiss EVO LS15) equipped
with a BSE image detector was used to randomly extract images of ITZs.
The accelerating voltage and working distance were set as 15 kV and 10
mm respectively. For each ITZ, 30 BSE images at 500 x magnification
were used to statistically analyse the volume fraction of constituents
[30,39]. The brightness and contrast of BSE images of each ITZ were
kept consistent to reduce the workload of image analysis. EDS data were
acquired at accelerating voltage consistent with BSE and lower probe
current. EDS mapping was used to show phase distribution. In addition,
stoichiometric quantification with P/B-ZAF on Si, Ca and Na was con-
ducted to deeply analyse the element ratio within ITZs and adjacent
mortar matrix.

3.3.2. TG-DTG tests

TG tests were conducted by NETZSCH STA 449 F3 Jupiter. 20-30 mg
sample powder was weighed in an alumina crucible, and then kept in a
40 °C/N; environment. After maintaining this environment for 30 min,
the temperature in the furnace was heated to 1000 °C at a speed of 10
°C/min, and the mass loss of the sample powder between 50 and 1000 °C
was obtained. The TG curves were derived to highlight the relative
content differences of C-S-H, Portlandite and Calcite in different groups
of samples.

3.3.3. ?°Si NMR tests

Agilent 500 MHz Nuclear Magnetic Resonance (NMR) was used to
acquire solid-state 2°Si spectra from —50 to —150 ppm. The measure-
ments were conducted in a 4 mm rotor at 71.4 kHz spinning rate and 30 s
relaxation delays. The statistical deconvolution of 2°Si NMR spectra
based on the Gaussian model was applied to obtain Q°-Q? for unhy-
drated cement clinkers and C-S-H gel content analysis.

3.3.4. Nanoindentation
Nanoindentation tests on ITZs were carried out by an Agilent G200

Table 2
Mix proportions of MRAC.

Mix ID Phases Cement Glass Sand Water Granite
were put in a moist environment at 23 + 3 °C for 28 days. Grinding and 3 [3) [3) 3)
polishing were consistent with the above-mentioned processes of MRAC-  Old 100 0 150 45 1
modelled NCA. Then, new mortar with/without WGP was prepared and c mortar
covered around the modelled RCA. After 28 days, the MRAC with old New 100 0 150 40
and new mortar was ground and put in ®35 mm cylindrical moulds and mortar
- . MRAC-  Old 100 0 150 45 1
poured with epoxy resin. After one day, samples were wet-cut by a low- p mortar
speed diamond saw under the protection of hardened epoxy resin to New 30 20 150 40
expose old and new ITZs into the air. Finally, samples were coated with mortar
an additional layer of epoxy resin. The surface waiting for observation
Table 1
Oxide composition of cement and WGP measured by X-ray fluorescence.
Composition (%) CaO SiOo Al,03 SO3 Fe,03 MgO K>O0 Na,O LOI
Cement 64.9 18.6 4.1 3.0 3.1 1.6 0.5 - 4.2
WGP 10.8 68.4 0.9 0.1 0.4 1.8 0.3 13.5 3.8
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Fig. 3. Process of MRAC sample preparation.

(a) Casting mortar

(c) Cutting modelled sample with epoxy resin

(b) Modelled RAC after surface polishing

OoldITZ
New ITZ

(d) modelled sample after grinding and polishing

Fig. 4. Preparation of modelled recycled aggregate concrete.

Nano Indenter. Due to the heterogeneous structure of cement-based
materials, it may be difficult to obtain accurate micromechanical
properties of ITZ under shallow indentation tests [30]. If the indentation
depth is too deep, the indentation area of a single point would be too
large to ensure that enough indentation points are conducted within
ITZs. Comprehensively comparing the previous research data and ac-
cording to the requirements in ASTM E384-17 (Standard test method for
microindentation hardness of materials), the indentation depth of each
testing point was set to 800 nm [30]. The vertical spacing of testing
points was 15 pm. The horizontal spacing of the testing points near the
boundary between aggregate and ITZ was 8 pm, and the horizontal
spacing between the remaining testing points was 7 pm. No testing
points were designed at the boundary to avoid the interference of sud-
den change of hardness on the results.

The layout of the testing points and a typical depth-load curve on old
ITZ are shown in Fig. 5. The nanoindentation depth-load curve was not
deformed, indicating that the flatness of the sample after polishing
meets the test requirements of nanoindentation. Five of these 14 x 5 grid
nanoindentation tests were performed for each ITZ [30]. The nano-
indentation force loading procedure was based on the depth control
method. When the indentation depth was close to 800 nm, the load was
sustained at the peak value for 10 s, and then gradually unloaded to 10%
of the peak load after reaching the target depth. The elastic modulus and
hardness of ITZs can be calculated by indentation load (P), indentation
depth (h), reduced elastic modulus (E,), projected area (A) and charac-
teristics of the diamond indenter tip (elastic modulus, E; and Poisson’s
ratio, V;) according to Egs. (1) to (3) adopted by previous researchers
[22,40]. The Poisson’s ratio of cement paste (v) was set as 0.2. This study
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Fig. 5. Grid nanoindentation and a typical load-depth curve.

focused on the cohesion strength of ITZ, so the test avoided regions close
to fine aggregate and large cracks. The test results of each column were
averaged as the results.
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4. Results and analysis
4.1. Phases distribution of ITZs

Fig. 6 shows typical BSE images of three ITZs in this study. Compared
with common SEM images, BSE is easier to distinguish between phases
in cement-based materials according to grey value, even though the
resolution of BSE image may be lower than SEM images [41]. Many
researchers have adopted BSE images combined with image analysis
techniques to investigate the constituent distribution in ITZs [41-43].

Taking the old ITZ as an example, Fig. 7 shows the schematic view of
BSE image processing for statistical analysis. The boundary between the
aggregate and the matrix can be easily captured manually and the
aggregate part can be removed by Photoshop. For the remaining mortar
matrix region, the image analysis software, Image Pro was used to ac-
quire its grey value-area segmentation curve. Wong’s grey value seg-
mentation method was adopted [44-46]. The grey value threshold and
different phases can be identified by the intersection between the two
liner fittings at the inflection of the cumulative area curve with grey
values, as shown in Fig. 7 (b). The image after phase segmentation is
shown in Fig. 7 (c) (red represents pores and cracks; green represents
reaction products; blue represents unreacted products). The matrix
within 100 pm from the aggregate boundary was continuously divided

(a) Ol ITZ (b) New ITZ without WGP

(C) New ITZ with WGP

Fig. 6. BSE images of old and new modelled ITZs.

into 20 strips with a width of 5 pm. For each ITZ, 30 BSE images were
selected for statistical analysis of phase volume fraction within ITZ and a
part of the mortar matrix.

The volume fractions of unreacted products, reaction products and
pores/cracks are shown in Fig. 8 as stacked area graphs. The ‘wall effect’
can be clearly detected by observing the volume fraction change of
unreacted products from the aggregate surface to mortar matrix. The
content of unreacted products in the region close to the aggregate sur-
face was lower and the percentage gradually improved to a stable value
with the increase of distance to the aggregate surface. Compared to
pores and cracks, reaction and unreacted product contents have a lower
variability degree at different positions [18]. As a result, the ITZ width
can be determined according to the volume fraction of unreacted
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Fig. 7. Schematic view of BSE image processing.

products [18,30]. Taking the middle of the strips as the coordinate
points, the region where the content of unreacted products increased
significantly was identified as ITZ. Therefore, the widths of old ITZ, new
ITZ with and without WGP were 52.5, 37.5 and 22.5 pm, respectively.
The width of the new ITZ without WGP was narrower than the old ITZ,
probably because the lower water-cement ratio designed in the new
mortar improved the properties of the matrix [22]. Comparing the
volume fractions of reaction and unreacted products in ITZs, it is seen
that the content of unreacted products in the new ITZ without WGP was
11.98%, lower than 14.60% of the old ITZ. However, the volume frac-
tions of reaction products were similar, both around 80.5%, because of
the higher proportion of pores and cracks (7.29%) within the new ITZ
without WGP than about 4.33% of the old ITZ. The surface of old mortar
was looser and more porous than natural granite aggregate, and it was
difficult to form a dense bonding between old and new mortar [47]. In
comparison, the width, unreacted products, and void volume fractions
in new ITZ containing WGP were significantly reduced to 22.5 pm,
10.27% and 4.30% respectively. Correspondingly, the proportion of
reaction products increased to 85.43%, indicating that WGP can effec-
tively reduce the volume of ITZ in RAC and improve the bonding per-
formance between new mortar and RCA surface. By observing the
volume fraction of pores and cracks in three ITZs, the volume fraction
close to the aggregate surface was obviously higher than in other regions
and decreased rapidly within 10 pm from the aggregate surface. This is
not only due to the ‘wall effect’ improving local water-cement ratio, the
self-shrinkage of cement paste was more obvious than aggregate because
of lower elastic modulus [30]. Some researchers have even discovered
the debonding phenomenon between mortar and aggregate [48,49].
This proves the feasibility of the image analysis technique in this work
from another aspect.

To conduct a more detailed statistical analysis of the phases within
the ITZ, the analysis of variance (ANOVA) proposed by R.A. Fisher was
used to evaluate the difference significance between ITZ-mortar matrix
and ITZ-ITZ. The F value in ANOVA represents the ratio of the between-
group mean variance to the within-group mean variance [50]. The

larger F value means a significant difference between the two groups of
data [50]. However, the P value can more intuitively reveal the differ-
ence between two groups of data. Each F value corresponds to a P value.
A P value higher than 0.05 indicates that the two groups of data are
similar [51]. Otherwise, it is believed that there is a significant differ-
ence between the two groups of data, and when the P value is less than
0.01, it can be considered that the difference between the two groups of
data is extremely significant [51]. The statistical results of the volume
fraction of phases between ITZ-mortar matrix and ITZ-ITZ are shown in
Table 3.

The data shows that the content of reaction/unreacted products
between old ITZ and old mortar matrix was significantly different. This
was equally evident between the new mortar matrix and the new ITZ
without WGP. The volume fractions of reaction and unreacted products
directly reflect the performance of ITZs [18]. It can be inferred from the
statistical results that the characteristics of pure cement-based ITZ were
obviously weaker than the mortar matrix. In comparison, the content of
reaction/unreacted products in the new mortar matrix and new ITZ with
20% WGP were similar, while the proportions of pores and cracks were
obviously different, indicating that WGP can effectively refine the per-
centage of reaction and unreacted products, but the ability to reduce
porosity in ITZ was insufficient. Nevertheless, it still can be seen from
Fig. 8 that the volume fraction of pores and cracks in the ITZ with WGP
was lower than that of old mortar and new mortar without WGP.

Table 4 presents the statistical results of phase differences among
ITZs. The difference of phases between old ITZ and new ITZ without
WGP was not obvious. However, the volume fraction of reaction prod-
ucts was significantly different in the new ITZs with and without WGP.
Combining with Fig. 8, it can be seen that the increase in the volume
fraction of reaction products in the new ITZ with WGP was the result of
the decrease in both the proportion of pores/cracks and unreacted
products. Therefore, the difference in the content of the reaction prod-
ucts within the two groups of new ITZ was the most obvious.
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Fig. 8. Phases volume fraction from aggregate boundary to the mortar matrix.

Table 3
Difference comparison of phases between ITZ and mortar matrix.
Pores and cracks Reaction products Unreacted products
P value F value P value F value P value F value
Old ITZ 0.68204 0.17339 2.44 x 10> 20.76867 0.00202** 13.00413
0Old mortar matrix
New ITZ without WGP 0.66176 0.19785 0.02505* 5.97313 0.00543** 9.98152
New mortar matrix without WGP
New ITZ with WGP 0.01994* 6.52166 0.2609 1.3474 0.53176 0.40653

New mortar matrix with WGP

Note: The symbol “** and “**’ represent significant difference and extremely significant difference between two groups of data, respectively.

Table 4
Difference comparison of phases between ITZs.
Pores and cracks Reaction products Unreacted products
P value F value P value F value P value F value
Old ITZ 0.065 3.8921 0.81863 0.05424 0.13371 2.48027
New ITZ without WGP
New ITZ without WGP 0.2115 1.76007 0.00662** 11.13918 0.19851 1.87228

New ITZ with WGP

Note: The symbol “** and “*** represent significant difference and extremely significant difference between two groups of data, respectively.
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4.2. Chemical and mineralogical composition of ITZs

4.2.1. EDS element mapping analysis

Considering that soda-lime WGP was used as an additive in this
study, in addition to the main elements (Al, Si, Ca) belonging to cement-
based materials, the distribution of Na is also presented in Fig. 9 by EDS
mapping. The natural aggregate used in this research was granite, whose
main component was silica and feldspar. The boundary between natural
aggregate and old mortar can be easily distinguished by the observation
of Al, Si, Na distribution in Fig. 9 (a). Granite possesses an extremely low
water absorption ratio. Free water attached below the surface of granite
is easy to bleed into ITZs and form a local high water-cement ratio region
with less Al, Si and Ca content near the boundary of aggregate, as shown
in Fig. 9 (a). This is an important reason why the cohesion of C-S-H in
ITZ is weaker than that in the mortar matrix [52]. Al was mainly
distributed in some phases, such as C-A-S-H, which is consistent with the
distribution of Al in previous cement paste samples [21,38]. In addition,
Si and Ca were dispersed in ITZs uniformly in old ITZ and new ITZ
without WGP, indicating that cement in these two regions had high
degree of hydration. In comparison, there were obvious Si and Na rich
zones in the new ITZ with WGP, which were incompletely reacted glass
clinkers, and the proportion increased with the distance to the boundary
of old mortar. This is consistent with the unreacted products distribution
in Fig. 8 (c¢) and previous studies on the fly ash clinkers distribution in
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ITZs of geopolymer concrete [18,31]. According to Chen et al. [53] and
Du et al. [28], the pozzolanic reaction involved in WGP is a long process,
which may last for one year or more. However, this did not prevent the
amorphous silica in small-size and parts of large-size glass clinkers from
dissolving and reacting with CH to form more C-S-H gel, which
improved the performance of ITZ [29].

4.2.2. EDS element quantitative analysis

Numerous areas were randomly selected, and more than 10,000
points were extracted for quantitative analysis of EDS results. The Si/Ca
vs. Si/Na atomic ratios of effective points in ITZs and the adjacent matrix
were collected and shown in Fig. 10. Except several data points close to
0 may represent pores or cracks, the densest point cluster within the blue
ellipse represents C-S-H gel. The centre of the ellipse was marked with a
red dot. It can be clearly seen from Fig. 10 (a) that the number of
effective points in the old ITZ was lower than that in other regions,
indicating that the constituents in the old ITZ was relatively loose. The
number of effective points in the corresponding old mortar matrix
increased significantly, and the average Si/Ca ratio of C-S-H was about
1.2, higher than that of the old ITZ (0.6 on average). It has been known
that C-S-H exhibits a better performance with a higher Si/Ca ratio,
which is consistent with the common knowledge that ITZ is the weakest
region in concrete [54]. Since a lower water-cement ratio was designed
to prepare new mortar, the distance between cement clinkers in the new

(a) Old ITZ

Fig. 9. EDS mapping analysis of ITZs.
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(b) New ITZ without WGP
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(¢) New ITZ with WGP

Fig. 9. (continued).

ITZ and the matrix reduced. As a result, the number of effective points in
the new ITZ and the matrix without WGP were both higher than old ITZ.
In addition, the average Si/Ca ratio in the two regions reached around
1.0 in Fig. 10 (c) and (d). When 20% of the cement in the sample was
replaced by WGP, the Si/Na ratio reduced, and the Si/Ca ratio increased
significantly to around 1.5 as shown in Fig. 10 (e) and (f). Cement
dilution as well as unreacted glass clinkers were important factors for
the above element ratio changes [55]. However, it cannot be ignored
that part of the WGP participated in the pozzolanic reaction, generating
more C-S-H gel with high Si/Ca ratio, which enhanced the bonding
strength of ITZ [56]. In addition, from the physical level, the rough and
angular surface of the glass clinkers provided a natural place for the C-S-
H nucleation reaction, which promotes the cement hydration, thereby
increasing the overall Si/Ca ratio [57].

4.2.3. TG-DTG analysis
The new mortar part of the sample was cut out and ground into
powder for TG tests in this section and 295i NMR tests in Section 3.2.4.
Although the chemical composition in the new ITZs cannot be under-
stood exactly, the influence of WGP on the performance of ITZs can still
be deduced indirectly through the analysis of the new mortar matrix.
Fig. 11 shows the TG-DTG results for new mortar with and without

WGP. The apparent mass loss at 100-150 °C, 385-440 °C and 600-690
°C represent the decomposition of C-S-H/AFt, Portlandite and Calcite,
respectively [58]. From the results of DTG analysis, it can be clearly
found that the content of CH in the new mortar containing WGP was
lower than that of the new mortar without WGP. Moreover, the C-S-H/
AFt content of new mortar containing WGP was slightly higher than that
of the counterpart. These results were consistent with the EDS chemical
elemental analysis in section 3.2.2. WGP consumed CH in the mortar
and generated C-S-H/AFt, which helped to improve the cohesion and
density of ITZs. In addition, WGP increased the mass ratio of CaCOj3 in
the new mortar.

To further confirm the hydration degree of the two groups of mortar,
the total amount of CH (including the existing portion and the portion
transformed into CaCO3) and nonevaporable water were calculated by
Egs. (4) and (5) [59,60]. The results were shown in Fig. 11 (b).

74 My — M. 74 Moo — M,
cH = = Mo 385, 14 Moo 600

18 M, 44 M, )

~ Mg — Mios
M,

NEW )

Among the equations, My represents the initial mass of the sample;
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Fig. 10. Atomic proportions of element statistical results in ITZs and mortar matrix.

M, represents the residual mass of the sample at x °C; The numbers 74,

18 and 44 represent the relative molecular weight of CH, water, and CO»
respectively.

According to Fig. 11 (b), the mass fractions of CH and nonevaporable
water in the new mortar with WGP decreased 1.16% and 0.36%,
respectively, compared with the new mortar without WGP. In cement
paste containing SCM, nonevaporable water is contributed by cement
hydration and replacement material [61]. It is reported that smaller
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amounts of additional water were required in pozzolanic reaction than
cement hydration [61]. The decrease of the proportion of nonevaporable
in the mortar containing WGP combined with the variation of C-S-H and
CH contents proved the existence of pozzolanic reaction.

4.2.4. 2°Si NMR characterisation analysis
The 2°Si NMR spectra and corresponding deconvolution results of
samples with and without WGP are shown in Fig. 12 and Table 5. The
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Fig. 11. TG and DTG results of new mortar with and without WGP.

295 NMR reflected the bonding relations between Si and O in cemen-
titious materials [62]. A silicon chain can be represented by Q", and the
number ‘n’ corresponds to the number of (Si04)4' units attached to the
central (SiO4)* tetrahedral units [62]. The complex degree of the silicate
chain improved with the number of units, and the chemical shift became
more negative [63]. Q3-Q° corresponded to quartz and silicon-rich im-
purities. Here we only focus on the Si chains most directly related to
Portland cement hydration, including Q° Q! and Q2, whose chemical
shifts were at around —70 ppm, —80 ppm and —85 ppm, respectively
[64]. The Gaussian distribution area frictions of QB-Q6 were deducted,
and the remaining proportions were adjusted. Q° could be considered as
the unreacted cement clinkers (C,S and C3S) [64,65]. Q1 and Q2 refer to
the end-chain unit and middle-chain unit of C-S-H gel [64,65].

The peaks of soda-lime glass and unreacted cement clinkers over-
lapped [64]. In Fig. 12, the Q° peak of the sample containing WGP
decreased, while the Q1 and Q2 peak improved compared with the
sample powder without WGP, indicating that amorphous SiO5 in WGP
reacted with incompletely hydrated cement clinker to generate more C-
S-H gel. In addition, WGP can also contribute to cement hydration to
generate more C-S-H gel due to filler effect [57].

According to the relative intensities of Q% Q' and Q2 the degree of
hydration (DoH) of silicate phase, the polymerization degree (PD) of C-
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(a) New mortar without WGP
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(b) New mortar with WGP

Fig. 12. 2°Si NMR spectra of new mortar with and without WGP.

Table 5
Statistical deconvolution results of °Si NMR spectra.
Q° Q! Q? DoH PD MCL
New mortar without WGP 55.2% 17.8% 27.0% 44.8% 1.38 5.03
New mortar with WGP 20.9%  27.1% 52.0%  79.1% 1.59 5.84

S-H and the mean chain length (MCL) of the silicate chain can be
calculated [64]. The relative equations are as follows:

DoH = 100% — Q° (6)
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The quantitative analysis results in Table 5 show that the hydration
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degree of silicate phase and polymerization degree of C-S-H in the
sample with 20% WGP improved by 34.3% and 0.21, respectively,
compared with the sample without WGP. In addition, the increase of the
mean length of silicate chains in new mortar with WGP reflected the
formation of denser and more stable C-S-H gel [64]. This explains why
there were more hydration products and less pores/cracks in new ITZs
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Fig. 13. Grid nanoindentation test results of modelled ITZs.
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containing WGP in image analysis. To summarize, the TG-DTG and 2°Si
NMR test results supported the deductions in Section 3.1 and Section
3.2.1 about the functions of WGP in new ITZs.

4.3. Micromechanical properties of ITZs
The nanoindentation test results with ITZ widths identified in Sec-
tion 3.1 are shown in Fig. 13. The NCA adopted in this study was granite

with the elastic modulus exceeding 160 GPa and the hardness over 25
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GPa. It is worth noting that there was a clear drop in micromechanical
properties on the edge of the modelled NCA, but not where the old
mortar matrix adjacent to new ITZs. This could be explained that the
elastic modulus and hardness of NCA chosen in this experiment were
significantly higher than old mortar matrix. Old ITZ cannot provide
enough restraint on the NCA edge. As a result, the value of the third
column in Fig. 13 (a) and (b) NAC region was evidently lower than the
first two columns. It can also be found that the average elastic modulus
and hardness of old ITZ were slightly lower than old mortar matrix, and
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Fig. 14. Distribution of grid nanoindentation results in modelled ITZs.



H. Zhao et al.

the corresponding average elastic modulus and hardness ratios were
0.86 and 0.88, respectively. This is because of the ‘wall effect’ leading to
a high water-cement ratio and low strength of old ITZ. Among them, the
elastic modulus and hardness of old ITZ at 4 pm away from the surface of
NCA were obviously lower than those far away from the surface of NCA.
This corresponded to the local high water-cement ratio region near the
NCA boundary observed in Fig. 9 (a).

As for MRAC without WGP, the average elastic modulus and hard-
ness of new ITZ were 11.89 GPa and 0.29 GPa, respectively, which were
slightly higher than those of the adjacent old mortar matrix (8.2 GPa and
0.2 GPa respectively). Although the ‘wall effect’” and release of pore
water from the surface of RCA weakened the strength of the new ITZ, the
lower initial water-cement ratio of the new ITZ still played a dominant
role. Similar to the old ITZ, the micromechanical properties of the new
ITZ were lower than those of the new mortar matrix (average elastic
modulus ratio and hardness ratio were 0.69 and 0.71, respectively). In
addition, the average elastic modulus and hardness of the new ITZ
increased by 14.7% and 9.5%, respectively, compared with the old ITZ
(10.37 GPa and 0.26 GPa), which confirmed the proposal to satisfy the
strength requirements of RAC by reducing the water-cement ratio of the
new mortar in real infrastructure construction.

As shown in Fig. 13 (e) and (f) the average elastic modulus of the new
ITZ with WGP and the adjacent old mortar matrix was 14.11 GPa and
12.93 GPa, respectively. The average hardness was 0.34 and 0.35 GPa,
respectively. As expected, WGP participated in the pozzolanic reaction,
generating more C-S-H gels with a high Si/Ca ratio, which enhanced the
strength and compactness of the new ITZ. It is worth noting that the
micromechanical properties of the old mortar adjacent to the new ITZ
with WGP were also enhanced compared to the old mortar adjacent to
the new ITZ without WGP (average elastic modulus and hardness
increased by 57.9% and 70.8% respectively). This can be partly attrib-
uted to the dissemination effect of amorphous silica in the new mortar
with WGP. SiOy in the new mortar penetrated into the adjacent old
mortar region and proceeded the pozzolanic reaction, so that the local
old mortar performance was improved and achieved a tighter bond
between old and new mortar. Furthermore, the ‘wall effect’ was also
evident in the MRAC with WGP. The average elastic modulus and
average hardness ratio of the new ITZ to the new mortar matrix were
0.74 and 0.68, respectively. In addition, the data fluctuation of columns
in the new ITZ containing WGP was more significant than old ITZ and
new ITZ without WGP. A small amount of unreacted WGP particles may
still hid under the observation surface. According to Bosque et al. [24],
the nanoindentation elastic modulus of glass was up to 86.17 GPa, which
was significantly higher than that of cement products. The heterogeneity
of cement paste containing WGP could pose a certain degree of influence
on the results of nanoindentation test.

The nanoindentation test results were collected and presented in
Fig. 14 in the form of frequency distribution histograms and contour
maps. The elastic modulus and hardness of ITZ roughly follows the
normal distribution. Therefore, the Gaussian model was used to fit the
frequency histogram of the nanoindentation test results. The elastic
modulus and hardness of the old ITZ were mainly distributed around
5-15 GPa and 0.2 GPa. The elastic modulus and hardness of the new ITZ
without WGP increased slightly compared with the old ITZ. The values
in the new ITZ with WGP were scattered in a larger range, and the
overall elastic modulus and hardness were higher than those of the old
ITZ and the new ITZ without WGP. In the contour maps of new ITZs with
and without WGP, there were points with higher elastic modulus and
hardness than surrounding area. This revealed the existence of CH and
glass clinkers in the sample.

5. Discussions
Two groups of MRAC samples were fabricated and three ITZs were

simulated in this study. In order to conduct a more comprehensive and
detailed comparative analysis, the properties of the three ITZs were
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investigated from microscopic morphology, chemical and micro-
mechanical properties. The sketch of three ITZs are shown in Fig. 15.

The test results of the old ITZ were basically consistent with the
performance of the traditional ITZs [22,23,48]. The width of the old ITZ
was around 50 pm. In addition, the old ITZ had a higher porosity than
the old mortar matrix as shown in Fig. 15 (a). As a result, the cohesion of
the old ITZ was the worst in the whole old mortar area. Meanwhile, due
to extremely poor water absorption of granite, the free water in the
mortar and attached on the surface of the natural aggregate was easy to
accumulate on the boundary, forming a local cement paste region with a
high water-cement ratio. These factors were shown in the nano-
indentation tests as the lower average elastic modulus and hardness of
the old ITZ than that of the mortar matrix. Moreover, the region closes to
the natural aggregate surface along the old ITZ had the weakest me-
chanical properties. In some extreme cases [48,49], a debonding phe-
nomenon occurred at the ITZs. On the one hand, it may be due to the
non-uniform shrinkage between the natural aggregate and the mortar,
leading to gaps along the aggregate boundary [30]. On the other hand,
the soft character of cement paste near the aggregate boundary was
likely to be removed during the grinding and polishing process, forming
a gap where the cement paste seemed to be completely peeled off from
the aggregate under an electron microscope [39]. However, in some
studies, there was also the case that the ITZ microstructure was not
different from the cement paste and the micromechanical properties of
ITZ were even stronger than the mortar matrix [30,32]. The authors who
came to these conclusions explained that the incompletely hydrated CH
in the cement paste filled the pores within the ITZ and exhibited higher
strength in nanoindentation tests [30,32]. In fact, CH has almost no
cohesion properties and it would not affect the final result of the ITZ
being the weakest zone in ordinary concrete [66,67]. In this study, the
old mortar was cured for more than two months under the standard
environment, and the cement paste achieved a higher hydration degree.
Therefore, the difference in micromechanical properties between the old
ITZ and the old mortar matrix was more obvious.

New mortar was prepared with a lower water-cement ratio than old
mortar in this study. The effect of water-cement ratio on the mechanical
properties and durability of RAC corresponds to the microscopic per-
formance [22]. In Fig. 10, the number of effective points and Si/Ca ratio
of C-S-H in the new ITZ without WGP was slightly higher than those in
the old ITZ, indicating stronger C-S-H cohesion strength [54]. In the
nanoindentation test, the new ITZ without WGP also exhibited higher
elastic modulus and hardness than the old ITZ. The image analysis in
Section 3.1 also shows that the width of the new ITZ was slightly lower
than that of the old ITZ. These test results were all due to the low water-
cement ratio reducing the distance between cement clinkers. However,
in Fig. 8, the volume fraction of pores and cracks in the new ITZ was
higher than that in the old ITZ. This seems to contradict the above
conclusion of high cohesion strength of C-S-H in the new ITZ without
WGP. For the new ITZ, in fact, due to the microstructure characteristics
of the cement mortar, it was impossible to achieve the same degree of
flatness on the old mortar as the modelled NCA surface by only grinding
and polishing work [5]. There would inevitably be many pores and gaps
on the surface of the old mortar. To fill the pores on the surface of the old
mortar, the new ITZs were likely to form more pores and cracks, which
reduced the effective bonding area between the old and new mortar in
Fig. 15 (b). This is consistent with the theory that when fresh concrete
fills moulds, many pores will be generated inside, and the air bubbles
need to be removed by vibration. However, these pores may not be
detected in nanoindentation tests. Because the regions with high
porosity and large cracks were avoided in nanoindentation. In addition,
when the indenter was stuck into a hole, the facility may not obtain a
value or the load-indentation depth curve seriously deformed [23]. As a
result, the nanomechanical properties of the new ITZ still remained at a
high level, although possessed a high porosity.

For the new ITZ with WGP, all the results show a significant
improvement in micro performance compared to the old ITZ and the
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Fig. 15. ITZs microstructure general view and WGP enhancement mechanism.

new ITZ without WGP. Searching the previous research results and
combining the conclusions obtained from the TG and NMR test results in
this study, it can be easily concluded that WGP accelerated cement hy-
dration from both physical and chemical level to generate more high Si/
Ca ratio C-S-H gel, which provided enough bonding strength between
old and new mortar [3]. In addition, according to Fig. 8, it can be found
that different from the new ITZ without WGP, the porosity of the new
ITZ after adding WGP was lower than that of the old ITZ. In addition to
the pozzolanic reaction induced by WGP to make the new ITZ more
compact, free silica in the new ITZ with WGP released into the adjacent
old mortar, participated in the secondary hydration, and refined the
flatness of the old mortar surface, as shown in Fig. 15 (c). Therefore, the
negative influence of the surface porosity of the old mortar on the
microstructure of the new ITZ was alleviated. Meanwhile, it has to be
admitted that the pozzolanic activity of WGP was poor, and it need a
long time to finish pozzolanic reaction according to some studies [3].
This is somewhat reflected in the nanoindentation test results in Fig. 13
(e) and (f). The influence of incompletely reacted glass particles on the
porosity and micromechanical properties of new ITZ cannot be ignored.

In general, for the traditional ITZ, that is, the old ITZ in this study, the
bonding strength of cement mortar to natural aggregate can be evalu-
ated only based on the compactness or micromechanical properties of
ITZs. Because the strong cohesiveness of C-S-H gel corresponds to the
high compactness. However, for the new ITZs in RAC, there could be
conditions with high C-S-H cohesion strength but high porosity at the
same time. It is unreliable to only rely on a single indicator to evaluate
the bonding strength between old and new mortar. Besides, the weak
bonding of C-S-H gel to unreacted clinkers should also be considered. In
future research, it is necessary to comprehensively evaluate the bonding
performance between old and new mortar through effective contact area
and cohesion strength of C-S-H gel.

6. Conclusions

In this study, MRAC samples were fabricated to simulate regular
ITZs. In order to distinguish the interface between the old and new
mortar easily, the new mortar adopted a lower water-cement ratio. The
performance of old and new ITZs was compared by using statistical
techniques and multiscale experimental methods. Meanwhile, the
improvement efficiency of WGP on the new ITZ properties was evalu-
ated. The related conclusions can be drawn up as below:

(1) The regular natural aggregate-old mortar and old mortar-new
mortar interfaces produced in this study can be -clearly
observed under an electron microscope. Modelled ITZ effectively
reduced unnecessary workload as well as achieved satisfactory
accuracy of test results. The sample preparation procedure in this
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study is sufficient to meet the testing requirements for BSE and
nanoindentation tests.

Morphological analysis revealed that the widths of the old ITZ,
the new ITZ without WGP and the new ITZ with WGP were
around 50, 40, and 20 pm, respectively. The volume fraction of
cracks and pores in the new ITZ without WGP was 7.29%, which
was higher than 4.33% in the old ITZ, while the content of the
reaction was similar, around 80.5%. In comparison, the propor-
tion of pores and unreacted products within the new ITZ with
WGP decreased to 4.30% and 10.27%, and the content of reaction
products increased to 85.43%.

In the ANOVA of the phase distribution, the volume fractions
difference of reaction and unreacted products were extremely
significant for the old and new ITZ without WGP compared with
the corresponding mortar matrix (P values lower than 0.01),
while for the new ITZ with WGP, only the porosity was signifi-
cantly different from that in the new mortar matrix (P value was
between 0.01 and 0.05). In the comparison between different
ITZs, WGP can increase the difference significance in the reaction
products.

The chemical and mineralogical analysis showed that the hy-
dration of cement clinkers in the three types of ITZs reached a
high level. The Si/Ca ratio in the new ITZ without WGP was
around 1.0, which was slightly higher than that of the old ITZ (0.6
on average). WGP can effectively promote hydration and
pozzolanic reaction from physical and chemical level to generate
a large amount of C-S-H with a Si/Ca ratio of around 1.5, which
provided stronger cohesion strength for the ITZ.
Nanoindentation tests well reflected the influence of the ‘wall
effect’ on the micromechanical properties of ITZ. The average
elastic modulus and hardness of the three ITZs were lower than
those of the corresponding mortar matrix. The elastic modulus
and hardness of the new ITZ without WGP were 11.89 GPa and
0.29 GPa, which were higher than old ITZ (10.37 GPa and 0.26
GPa) due to the lower water-cement ratio used in new mortar.
Besides, WGP can largely improve the elastic modulus and
hardness of new ITZs to 14.11 GPa and 0.34 GPa respectively.
There were more exposed pores on the surface of the old mortar,
which led to the fact that the bond between the old and new
mortar cannot be as tight as that between old mortar and natural
aggregate. Moreover, many pores were formed in the new ITZ
without WGP. After adding 20% WGP to the new mortar, amor-
phous silica improved the performance of the new ITZ as well as
penetrated into the adjacent old mortar to accelerate the pozzo-
lanic reaction. The surface structure of the old mortar was thus
also improved. To evaluate the bonding strength between old and
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new mortar in RAC, not only the cohesion of C-S-H gel, but also
the effective contact area should be considered.
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