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Recycled lump concrete (RLC) is a new sustainable construction material for filling large-sized demolished
concrete lump (DCL) piles with fresh mortar or concrete. Due to the differences from conventional concrete
casting technology, the heterogeneity and cohesion performance of the interfacial transition zones (ITZs) require
further investigation. In this study, two types of self-compacting mortar (SCPM) were designed using blends of
cement, recycled sand/recycled powder (RS/RP), and fly ash as raw materials. The filling performance of the
SCPM was evaluated based on the microstructure, micromechanical properties and phase distribution within the
ITZs and the adjacent matrix surrounding DCLs. Both types of SCPM effectively fill the gaps between DCLs,
observed in the appearance of specimens. However, the bonding strength of bottom and oblique bottom ITZs of
RLC prepared by SCPM without fly ash and superplasticizer was poor, making it impossible to produce ITZ
samples from these two locations successfully. The heterogeneity and cohesion strength of the ITZs surrounding
the DCLs depends on the distribution of pores and grains. Grains, including RP and fly ash, accumulated at the
top and oblique top sides of the DCL due to sedimentation. Fly ash and RP effectively promoted the healing of
micro-pores and cracks around DCLs but had a limited effect on pores and cracks with an average equivalent
diameter greater than 1 pm. In summary, the ITZs at the top and oblique top sides of the DCLs had a denser
microstructure and better bonding performance than those at other locations around the DCLs.

1. Introduction

Concrete is the most widely used construction material but comes
with a high carbon footprint. The production and transportation of
cement, sand and aggregate trigger a large amount of carbon emission.
Recycled lump concrete (RLC) is a new type of sustainable concrete
material with large-sized demolished concrete lump (DCL) piles as the
skeleton and fresh concrete/mortar to fill in the gaps between the DCLs.
The production of DCLs simplifies the crushing and sieving process of
traditional recycled aggregate, therefore reducing the dust pollution to
the air. Most importantly, DCLs can occupy most of the volume of the
material, thus reducing the consumption of cement. Yan and Wu [1]
reported that using large-sized DCLs as the concrete skeleton reduced
cement consumption by 25 %-30 % compared with traditional recycled

aggregate concrete (RAC). Jian et al. [2] analysed the environmental
impacts of RLC through life cycle assessment and found that concrete
containing 30 % DCLs had a more than 30 % decrease in cumulated
energy demand, eutrophication potential, and acidification potential
compared with ordinary RAC. Therefore, scholars are strongly promot-
ing the application of RLC in construction projects because of its
attractive financial and environmental benefits [3,4].

For RLC, traditional concrete preparation methods are no longer
suitable. Referring to the casting process of rock-filled concrete (RFC),
DCLs were initially put into moulds, followed by filling the voids be-
tween the DCLs with high-fluidity fresh concrete [5]. This technique is
extremely suitable for massive concrete structure constructions, because
it avoids vibration and large-volume steel grid reinforcements [6]. An
et al. [7] reported that this casting technique has been successfully
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Fig. 1. DCL and RS/RP blends.

Table 1
Mixture proportion of source concrete (kg/m>).

Cement  Coarse Fine Water ~ Water/cement Sand
aggregate aggregate ratio ratio
481 700 507 217 0.45 0.42

applied on more than 60 hydraulic engineering projects in China, and
the application of RFC has exceeded 800,000 m>. However, the main
component of DCL surface is old cement mortar. Therefore, its hardness,
permeability and bonding performance with new fresh concrete are
different from natural rocks [8]. Wu et al. [9-11] conducted long-term
research on the mechanical properties and durability of RLC. They
produced DCLs by crushing concrete structures with an original 150 mm
cubic compressive strength of 47.3 MPa, and then successfully fabri-
cated RLC specimens with a 28-day compressive strength of 38 MPa,
which satisfies the compressive strength requirement of C30 concrete,
although the porosity and harmful pores increased remarkably around
DCLs [1,3]. Paradoxically, Lin and Wu [12] concluded in another
experiment that DCLs would not cause significant changes in the pore
structure of fresh concrete surrounding DCLs. The impermeability of
RLC is mainly affected by the density of source concrete. Wu et al. [4]
indicated that the supporting effect of DCL for concrete matrix can
effectively reduce autogenous and drying shrinkage compared to ordi-
nary RAC. However, they failed to provide a more profound explanation
of the volumetric stability mechanism by observing the micromor-
phology of the DCL-fresh concrete interface.

The narrow region of cement paste bonded to aggregate, that is, the
interfacial transition zone (ITZ), is considered to determine the me-
chanical properties, resistance to ion penetration, and volumetric sta-
bility of concrete [13,14]. DCL is an entirety composed of a large amount
of natural aggregate and old mortar, and its physical properties are
similar to ordinary recycled coarse aggregate (RCA) [4]. However, due
to differences in casting procedures, it is inappropriate to transfer the
test results and conclusions of ITZs in ordinary RAC to RLC. For example,
RCA used to require a saturated surface drying state or a water
compensation method to alleviate the impact of high water absorption
of RCA [15]. For DCL, due to the excessively large size, it is difficult to
eliminate the impact of the high-water absorption of the old mortar on
the effective water-cement ratio within the RLC through the above
methods. This leads to the difference between the bleeding phenomenon
of DCL and ordinary RCA during the curing process. In addition, some
scholars proposed that highly inhomogeneous ITZs may induce stress
concentration under loading and cause an instant collapse of concrete
structures [16]. The special casting process and large-sized aggregate of
RLC make this inhomogeneity even more worthy of attention. Xie et al.
[17,18] used image analysis and nanoindentation techniques to study
the pore distribution and micromechanical properties of ITZ in RFC with
different aggregate sizes, concrete fluidity and aggregate moisture, but

ignored the interference of rock surface inhomogeneity on the statistical
results. Luo et al. [19] manufactured a modelled aggregate geopolymer
concrete and found that the micromechanical properties of ITZs at the
top and bottom boundaries were higher than the ITZs at lateral
boundaries. However, modelled aggregate idealised the real aggregate
condition.

Up to now, most research focused on the macroscopic mechanical
properties and durability of RLC specimens [3,8]. The quantitative
analysis of the bonding performance and heterogeneity of ITZs sur-
rounding a DCL is insufficient. In this study, we used Portland cement,
fly ash, superplasticiser and recycled sand/recycled powder (RS/RP)
blends to prepare two types of fresh mortar with self-compacting ca-
pabilities to compare filling performance. Backscattered electron
(BSE)-based image analysis, nanoindentation and electron dispersive
spectroscopy (EDS) hypermap quantitative analysis techniques were
used in this research. The bonding performance of mortar to DCLs and
the heterogeneity at different positions around DCLs were comprehen-
sively discussed through the pore structure, micromechanical properties
and element distribution within ITZs and adjacent matrix. The research
results are contributed to explain the mechanical performance and the
degradation mechanism of RLC in hydraulic engineering structures
during long-term service [20-22].

2. Experimental programme
2.1. Raw materials

In this study, DCLs (see Fig. 1 (a)) come from a batch of ®100 x 200
mm NAC cylinders at the age of more than one year, and the mixture
proportion is shown in Table 1. The 28-day compressive strength of
these cylinder specimens was approximately 41 + 3.5 MPa. The con-
crete cylinders were simply crushed to obtain DCLs with a diameter of
approximately 80-100 mm. The RS/RP blends with a diameter below
4.75 mm, as shown in Fig. 1 (b) generated during the crushing process
were collected and used to prepare self-compacting mortar (SCPM).
Three groups of RS/RP blends with a mass of 1 kg each were used to test
particle size distribution, and the results are shown in Table 2. Ac-
cording to ASTM C29-17 (Standard Test Method for Bulk Density (“Unit
Weight”) and Voids in Aggregate) and ASTM C128-22 (Standard Test
Method for Relative Density (Specific Gravity) and Absorption of Fine
Aggregate), the pore ratio, relative density and water absorption ratio of
the RS/RP blends were 0.226, 2320.72 kg/m® and 6.38 %, respectively.
General purpose Portland cement, fly ash and recycled powder were the
main binder materials in SCPM. The chemical composition of binder
materials tested by X-ray fluorescence (XRF) is shown in Table 3. Tap
water and naphthalene-based superplasticizer (SP) were used to blend
constituents.
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Table 2
Proportions of different size particles in RS/RP blends.
2.36-4.75 mm 1.18-2.36 mm 0.6-1.18 mm 0.3-0.6 mm 0.15-0.3 mm 0-0.15 mm
46.8 £ 3.5% 16.6 £ 1.3 % 114+ 05% 10.4 £ 0.9 % 21+02% 126 +£1.1 %
Table 3
Chemical composition of powder materials (wt.%).
Oxide NaO MgO Al,O3 SiOy P,0s SO3 K>0 CaO TiOy V505 Mn30y4 Fe,03 ZnO LOI
Cement 0.21 1.41 5.01 18.46 0.19 2.44 0.45 62.49 0.30 0.02 0.18 291 0.02 5.91
Fly ash 0.57 0.57 27.45 61.34 0.22 0.04 1.30 1.91 1.05 0.01 0.03 2.85 <0.01 2.65
RP 1.09 1.51 10.13 57.82 0.15 0.49 1.29 12.61 0.66 0.01 0.08 4.46 0.02 9.68
Table 4 dropped 10 times in 15 s rather than 25 times required in ASTM C1437
Mixture proportion of self-compacting mortar (SCPM). [23]. Otherwise, the flow diameter of SCPM would exceed the
Mix Raw materials (kg/m?) Flow measuring range. The flow diameter of SCPM-1 and SCPM-2 is shown in
ID. diamet Table 4, which satisfies the requirements of self-compacting mortar
Cement  Water  Additional RS/ Fly SP (;fnn:f er ’ a p 8
water RP ash [241.
The prepped SCPM was smoothly poured into the mould without
SCPM- 450 225 57 900 0 0 201 . . . . . .
1 vibration as shown in Fig. 2. The specimens were then covered with a
SCPM-  337.5 180 57 900 1125 1 231 layer of plastic film and cured in the moulds for 24 h before being

2

2.2. Mixture design and specimen preparation

Approximately 3-4 DCLs were placed into a 200 mm x 200 mm
cubic mould, and the spaces between the DCLs were subsequently filled
by SCPM. In this study, two mortar mixture with high flowability were
designed, labelled SCPM-1 and SCPM-2, respectively, as shown in
Table 4. The main ingredients of the first mortar mixture were based on
cement and RS/RP. To ensure high fluidity and avoid mortar delami-
nation, the water-cement ratio was finally determined to be 0.5 after
repeated attempts. 57 kg/m® of additional water was used to compen-
sate for the water absorbed by RS/RP during mixing process. The water-
cement ratio of the second mortar was determined to be 0.4. Fly ash and
SP were used to improve the flowability of the mortar. Here we focus on
the fluidity difference between the two mixture proportions. The effects
of water-cement ratio, fly ash and superplasticizer on mortar perfor-
mance are well known and therefore will not interfere with the analysis
of subsequent test results. In the SCPM preparation process, cementi-
tious materials and RS/RP were dry-mixed for 2 min. For SCPM-2, water
with SP solution was added to the bowl slowly and mixed thoroughly for
another 4 min. Mini-slump tests were conducted to determine the
flowability of the two SCPM according to ASTM C1437 (Standard Test
Method for Flow of Hydraulic Cement Mortar). A conical mould with top
opening and bottom opening diameters of 70 mm and 100 mm,
respectively was filled with mortar. Due to the high flowability of the
mortar in this study, after carefully lifting away the mould, the table was

transferred to a standard curing room (23 + 3 °C, 95 % RH) for 28 d.
Cubic specimens with a side length of 200 mm were used for compres-
sive strength tests at a loading speed of 0.4 MPa/s according to GB/T
50081 (Standard for test method of mechanical properties on ordinary
concrete). Each group of tests were repeated three times.

Another group of 100 mm x 100 mm cubic specimens with a single
DCL was fabricated using SCPM-1 and SCPM-2 in the same procedure,
and then the specimens were cut along the cross-section where the
maximum diameter of DCL was located to minimize the error in the
evaluation of the microscopic properties of ITZs [25]. As shown in Fig. 3,
five regions from the top side to the bottom side of the DCL were used to
statistically analyse the heterogeneity of the ITZ within the RLC pre-
pared by SCPM-2. The sample at the corresponding regions are labelled
as SCPM-2-1, SCPM-2-2, SCPM-2-3, SCPM-2-4 and SCPM-2-5, respec-
tively. Due to poor bonding strength of SCPM-1 at bottom and oblique
bottom side of DCL, only SCPM-1-1, SCPM-1-2 and SCPM-1-3 (#1, #2
and #3 regions respectively in Fig. 3) were obtained for RLC prepared by
SCPM-1. Concrete fragments containing ITZs were impregnated with
epoxy resin and cured in the room temperature for one day. Referring to
the previous procedure [19,26,27], the samples were ground with 240,
600 and 1200 grit abrasive paper for 10 min in sequence. The sample
surface was then polished by 9 pm, 3 pm, 1 pm and 0.05 pm diamond
solution for 15 min in sequence. After each polishing, the samples were
put in an ultrasonic bath for 2 min to remove residual particles on the
sample surface. Finally, the samples were placed in a vacuum drying
oven and dried at 60 °C for 48 h.

RLC specimens for compressive strength tests

Fig. 2. Fabrication process of RLC specimens.
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Fig. 3. Location distribution of samples for microscopic tests.
2.3. Nanoindentation tests

Nanoindentation is an important technique for detecting the micro-
mechanical properties of cementitious materials. It can be used to
evaluate the cohesion performance of cement paste bonded to DCLs at
different locations. A nanoindenter equipped with Berkovich tip was
used for grid nanoindentation tests. The layout of testing points is shown
in Fig. 4. To avoid overlapping to testing points, the horizontal and
vertical spacing between the testing points were 5 pm and 10 pm,
respectively [28]. Each grid nanoindentation region contains 20 x 5
testing points from DCL to SCPM matrix. The test regions close to sands
and large pores were artificially avoided. Two groups of such grid
nanoindentation tests were performed at the interface between SCPM
and DCL at each location designed in Fig. 3. Indentation depth was
controlled by peak force, which was set to 1200 pN in this study [29].
When the indentation force reached 1200 pN, the tip was maintained at
the peak force for 5 s and then unloaded to 10 % of the peak force and
maintained for another 2 s. The elastic modulus and hardness of cement
paste can be calculated by Egs. (1)-(3) based on indentation load (P),
peak load (Ppax), indentation depth (h), project contact area (A),
reduced elastic modulus (E,), characteristics of the tip (elastic modulus,
E; = 1140 GPa and Poisson’s ratio, v; = 0.07) and characteristics of
cement paste (Poisson’s ratio, v = 0.2) [30].

1 1-v? 12

ET L + E, (@)
dp 2
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2.4. BSE-based image analysis

Samples were sputter-coated with a layer of 10 nm carbon before the
tests since concrete is an insulating material. At least 30 backscattered
electron (BSE) images at a magnification of 500x were taken for #1 to
#5 locations as shown in Fig. 5(a)-(h). Due to the extremely poor
bonding performance of SCPM-1-4 and SCPM-1-5 (see Fig. 3), the
samples could not withstand the force from the clamp and blade during

95 um
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Fig. 4. Schematic diagram of grid nanoindentation tests.
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the cutting process. Therefore, only 8 samples were prepared in this
study (3 samples for SCPM-1 and 5 samples for SCPM-2). According to
the grey gradient theory proposed by Wong et al., [31] constituents
within cement paste can be easily captured and segmented. This tech-
nique has been successfully used in previous studies [26,27,32]. Taking
Fig. 5 (h) as an example, the segmented image is shown in Fig. 5 (i). The
black area represents pores and cracks; the yellow area represents hy-
dration products; the blue area represents unreacted particles, including
clinkers and fly ash; and the green area represents DCL. It should be
noted that the pores on the fly ash and holes left by fly ash spalling were
regarded as part of the clinkers rather than pores or hydration products
in the cement paste [19]. Subsequently, the BSE images were divided
into 20 continuous strips with a width of 5 pm from the DCL surface to
the SCPM matrix. The proportions of hydration products, clinkers and
fly ash were used to identify ITZ width. The equivalent diameter dis-
tribution of pores and cracks was calculated and used to evaluate the
performance of ITZs at different locations.

2.5. BSE-EDS hypermap analysis

Different from traditional electron dispersive spectroscopy (EDS)
mapping analysis, EDS hypermap can display element distribution on
BSE images as well as provide quantitative results [33]. This contributed
to obtaining a deeper understanding of the SCPM chemical composition
based on Al/Ca and Si/Ca at different regions near the DCL surface. To
ensure that sufficient data were available for quantitative analysis, the
accelerating voltage was set as 15 kV and the deadtime was kept at
around 30 % [33]. In a rectangular area of 50 pm x 34 pm, the reso-
lution was set to 1024 x 768 pixels with 256 s dwell time per pixel [33].
As a result, the acquisition time of each hypermap was around 1 h.
Subsequently, the spectrum signal of Al, Si, Ca, Na, K etc. based on
hypermaps were quantified by the Aztec built-in QuantMap function and
saved as txt files.

The framework, edxia, which is coded in python and included as a
plugin to Glue software was used to process the quantised txt files. Due
to the limitations of the EDS detector and scanning period, the hypermap
usually needs to experience a denoising process to eliminate densely
dotted textures on the elemental maps. After repeated attempts, the total
variation algorithm with the weight of 0.1 can achieve the most ideal
denoising results. Therefore, it was used to process elemental maps in
this research. The EDS spectrum of each pixel in Hypermaps was pre-
sented as data points in Si/Ca vs. Al/Ca figures. Based on previous
experience [34], the hydration degree and phase composition of SCPM
bonded to the DCL surface at different locations can be obtained through
quantified data.

3. Results and analysis
3.1. Compressive strength and failure face

The 7-day and 28-day compressive strength of RLC specimens are
shown in Fig. 6. The compressive strengths of RLC prepared with SCPM-
1 and SCPM-2 were 28.10 MPa and 30.05 MPa, respectively at 7 days.
When the curing period reached 28 days, the compressive strength of
both groups of RLC can exceed 33 MPa. Considering the size effect on the
test results, the RLC fabricated in this study can be applied to roads,
hydraulic structures and some non-critical regions [7,35]. Among them,
the compressive strength of RLC made with SCPM-2 was slightly higher
than that of its counterpart due to the lower water-cement ratio. In
addition, compared with the 7-day compressive strength, the difference
in compressive strength between the two groups of specimens was
reduced to only 1.38 MPa on the 28th day. The failure patterns in Fig. 6
show that DCL was mainly through-break, while the DCLs near the
middle of the pressure surface was relatively intact because friction
limited the displacement of top and bottom ends.
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Fig. 5. BSE images and image analysis at DCL-cement paste interfaces: (a) SCPM-1-1; (b) SCPM-1-2; (c) SCPM-1-3; (d) SCPM-2-1; (e) SCPM-2-2; (f) SCPM-2-3; (g)

SCPM-2-4; (h) SCPM-2-5; (i) Constituents segmentation.

Note: the number after SCPM-1 and SCPM-2 represents a corresponding location in Fig. 3. The same as below.
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Fig. 6. Compressive strength test results of RLC.

SCPM-2

3.2. ITZ width identification

The BSE-based image analysis technique was used to segment the
cement paste into pores and cracks, hydration products, and unreacted
particles according to grey thresholds. Statistical analysis of the suc-
cessive strips with 5 pm in width divided in Section 2.4 can reveal the
variation trend of the constituent proportions from the DCL surface to
the SCPM matrix. Since the bonding strength of the cement paste at the
SCPM-1-4 and SCPM-1-5 is extremely poor and qualified samples cannot

be successfully produced, the performance of the #1, #2 and #3 regions
will be used to analyse heterogeneity of RLC prepared by SCPM-1. The
corresponding results are shown in Fig. 7.

It can be clearly seen that the porosity of SCPM-1 on the DCL surface
is significantly higher than the regions far away from the DCL. This
phenomenon is common even in ordinary RAC [36]. The calcium silicate
hydrate (C-S-H) gel with cohesion properties was created in the hydra-
tion reaction of cementitious materials, which makes the paste matrix
attach to the aggregate [37]. Therefore, the aggregate-paste matrix
interface is the region with a high probability of gaps. This is more
significant in RLC. For example, Jan and Wu [3] found a higher content
of pores, cracks and crystals at ITZs of RLC because DCLs did not fully
mixed with fresh concrete and form a poor bonding. The image analysis
results show that the volume fraction of pores and cracks of SCPM-1-1
and SCPM-1-2 at 2.5 pm from the DCL surface reached more than 0.2,
whereas these data in the paste matrix 60 pm away from the DCL surface
dropped rapidly to around 0.08-0.12. This proves that SCPM is more
likely to form a dense microstructure in the matrix area. In contrast, the
proportion of pores and cracks of SCPM-1-3 on the DCL surface was
more than twice that of the first two locations. Previous studies have also
confirmed that the porosity of cement paste is usually higher on the
lateral face of aggregate [19]. RCL amplifies this phenomenon because
the filling effect of SCPM is extremely dependent on the shear stress
generated by gravity vs. the yield stress of the fresh mortar. According to
Bingham fluid theory, when the shear stress of SCPM is higher than the
yield stress, the mortar can exhibit liquid performance [38]. Due to the
narrow channel between the mould sidewall and the lateral side of the
DCL, the shear stress generated by the gravity of SCPM could be very low
and cannot overcome the yield stress. Only cement paste with extremely
low yield stress could pass through. Thus, the proportion of pores and
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Fig. 7. Constituent distribution from DCL surface to SCPM-1 matrix: (a) SCPM-1-1; (b) SCPM-1-2; (c) SCPM-1-3.

cracks at the lateral side was over the limit. The proportion of pores and
cracks of SCPM-1-3 in the area far from the DCL surface was maintained
at about 0.09, which was close to that in the corresponding areas of
SCPM-1-1 and SCPM-1-2.

Although the old mortar of DCLs makes its surface loose and porous,
which is different from natural rock, the stiffness of DCLs is still obvi-
ously higher than that of fresh SCPM because of long-term curing. This
means that there is also an obvious wall effect in RLC. The volume
fraction of hydration products and unreacted particles gradually
increased from the DCL surface to the SCPM matrix and maintained a
stable value. The volume fraction of unreacted particles at SCPM-1-1
and SCPM-1-2 was slightly higher than that at SCPM-1-3 because most
clinkers and particles accumulated on the top and oblique top sides of
DCL due to sedimentation. In addition, the content of hydration prod-
ucts of SCPM-1-3 near the DCL surface was lower than that of SCPM-1-1
and SCPM-1-2 because of the excessively high porosity of SCPM-1-3. In
summary, it can be estimated that SCPM-1-3 is the weakest site among
the three detected regions in RLC prepared by SCPM-1.

The image analysis results of SCPM-2 are shown in Fig. 8. The
porosity of cement paste near the DCL surface was significantly higher
than that of the paste matrix in SCPM-2-1 and SCPM-2-4, but this phe-
nomenon did not appear in SCPM-2-2, SCPM-2-3 and SCPM-2-5. This is
because superplasticizer and fly ash helped SCPM-2 achieve higher
fluidity at a low water-cement ratio. In addition, 25 % by mass of cement
was replaced by fly ash to help evenly distribute the particles in the
cement paste. The phenomenon of the excessively high proportion of
pores and cracks on the DCL surface in SCPM-2-1 is probably due to the
segregation and sedimentation of larger particles, which makes the C-S-
H gel insufficient [39]. However, this phenomenon rapidly eased at a

distance of 20 pm from the DCL surface. For SCPM-2-4, it can be
attributed to the more significant sedimentation of unreacted particles.
In general, due to the limitations of the novel casting method of RLC, the
porosity at the bottom of DCL was slightly higher than that at the top and
lateral sides. For the diameters of pores and cracks, they will be dis-
cussed in detail in Section 3.3.

Fig. 8 shows that the distribution of hydration products and
unreacted particles was relatively uniform compared to SCPM-1 in
Fig. 7, which confirms the theory that fly ash contributes to the evenly
distribution of particles in the cement paste. Since the pozzolanic reac-
tion speed of fly ash is generally much lower than the hydration reaction
speed of cement, there were still a large number of incompletely reacted
fly ash particles in the samples during observation. As a result, the
volume fraction of unreacted particles in SCPM-2 was maintained at
0.2-0.4, especially for SCPM-2-2, SCPM-2-3 and SCPM-2-5. Corre-
spondingly, the decrease in the relative content of cement in SCPM-2
resulted in a lower proportion of hydration products in the cement
paste than that in SCPM-1.

Hydration products and unreacted particles are more suitable for
determining ITZ width than pores and cracks with a high degree of non-
uniformity [40]. The coefficient of difference (CoD) for hydration
products and unreacted particles will be used for identifying ITZ width.
It can be calculated as [40]:
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where CoDy and CoDy represent the coefficient of difference of hydra-
tion products and unreacted particles, respectively. Py; and Py; represent
volume fraction of hydration products and unreacted particles in the ith
strip. Pgp and Py represent the volume fraction of hydration products
and unreacted particles in the first strip, respectively.

It is generally believed that the region where CoDy and CoDy tend to
be stable simultaneously can be treated as the paste matrix [27,40].
Accordingly, ITZ widths of SCPM-1 and SCPM-2 at different locations
could be identified, as shown in Figs. 9 and 10, respectively. For
SCPM-1-1, CoDy and CoDy remained around 0.18 and 2.98 after being

58 pm away from the DCL surface, while for SCPM-1-2, CoDy and CoDy
fluctuated between 0.1-0.2 and 1.5-2.5, respectively, after being only
18 pm away from the DCL surface. Therefore, it can be determined that
the ITZ width of SCPM-1-1 and SCPM-1-2 was 58 pm and 18 pm
respectively. The volume fraction of hydration products and unreacted
particles in SCPM-1-3 varied in a larger range with the distance to the
DCL surface. Hydration products and unreacted particles stabilized at
approximately 0.59 and 5.88 at 53 pm, respectively. Therefore, the ITZ
width of SCPM-1-3 was 53 pm.

The CoDy and CoDy of SCPM-2 at each region were significantly
lower than the corresponding values of SCPM-1 as shown in Fig. 10.
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Fig. 9. ITZ width identification for SCPM-1: (a) SCPM-1-1; (b) SCPM-1-2; (c) SCPM-1-3.

Moreover, CoDy and CoDy of SCPM-2 were closer, and even the differ-
ence between CoDy and CoDy of SCPM-2-1 after stabilization at 33 pm
from the DCL surface did not exceed 0.6. This demonstrated that using
SCPM-2 to prepare RLC significantly alleviated the heterogeneity of ITZ
and matrix in various areas near DCL surface. In a similar method, it can
be confirmed that the ITZ widths of SCPM-2-1, SCPM-2-2, SCPM-2-3,
SCPM-2-4 and SCPM-2-5 were 33 pm, 13 pm, 48 pm, 78 pm and 23
pm, respectively. The ITZ widths of the first three regions of SCPM-2
were narrower than those of the corresponding regions of SCPM-1. In
addition, it should be acknowledged that the ITZ width of RLC is rela-
tively high, among which the ITZ of SCPM-1-1, SCPM-1-3 and SCPM-2-4
is wider than the normal concrete ITZ with the width range of 15-50 pm
[41] because of the novel casting method adopted in this research.
However, ITZ width cannot be regarded as a decisive basis for deter-
mining cement paste bonding strength because it is determined by the
CoD of constituents [27].

3.3. Pore and crack measurement results

The pores and cracks in the ITZ and the adjacent paste matrix within
50 pm were identified using a BSE-based image analysis technique. The
average equivalent diameters were calculated based on the area of pores
and cracks, and the quantity proportion distribution curves are shown in

Fig. 11. The black areas in ITZ and matrix BSE images are pores or
cracks.

As can be seen from Fig. 11 (a), in the ITZ of RLC prepared by SCPM-
1, the average equivalent diameter of pores and cracks was mainly
concentrated in 0.2-0.3 pm, among which the ratio of pores and cracks
at SCPM-1-3 in this range reached 0.62. Combined with the volume
fraction of pores and cracks in the ITZ obtained in Fig. 7, it can be
concluded that there were more pores and cracks in the ITZ at SCPM-1-3,
although more than 60 % of the pores were small pores and cracks with
an equivalent diameter of 0.2-0.3 pm. In comparison, the average
equivalent diameter of pores and cracks in the ITZ of RLC prepared by
SCPM-2 was more evenly distributed in a wide range. Taking SCPM-2-3
as an example, the proportions of pores and cracks with average
equivalent diameters within 0.2-0.3 pm and 1-2 pm were 0.43 and 0.12,
respectively, while for SCPM-1-3, the corresponding proportions were
0.62 and 0.04, respectively. This is because SCPM-2 had higher flow-
ability and the grains such as RP and fly ash in SCPM-2 had the ability to
fill small pores and cracks [42]. However, large pores and cracks cannot
be effectively healed, resulting in a phenomenon in which the quantity
proportion of small pores and cracks decreased, and the relative quantity
proportion of large pores and cracks improved. In the comparison of
ITZs attached to different locations of RLC prepared by SCPM-2,
SCPM-2-5 had the highest quantity proportion of pores and cracks
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Fig. 10. ITZ width identification for SCPM-2 specimens: (a) SCPM-2-1; (b) SCPM-2-2; (c) SCPM-2-3; (d) SCPM-2-4; (e) SCPM-2-5.

with equivalent diameter between 1 and 2 pm, as shown in Fig. 11 (b),
because the narrow region at the bottom side of the DCL cannot be
perfectively filled by SCPM-2, resulting in an excessive number of large
voids at SCPM-2-5.

The average equivalent diameter of pores and cracks within SCPM-1
matrix at each location was still concentrated in the range of 0.2-0.3 pm,
but the degree was alleviated when compared with that within ITZ. As
shown in Fig. 11 (c), the proportion of pores and cracks with equivalent

diameters of 0.2-0.3 pm in the matrix of SCPM-1-3 decreased to 0.51,
while the relative proportion of pores and cracks with diameters of 1-2
pm increased to 0.10. This is probably due to the higher content of
particles such as RP in the matrix, which helped fill the small-sized pores
and cracks through physical and chemical actions [43]. Luo et al. [19]
pointed out that due to the wall effect of aggregate, more particles
gathered at locations far away from the aggregate especially at the
lateral surface. In addition, RP possesses secondary hydration capacity,
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which can create more C-S-H gel and fill small pores [43]. A similar
phenomenon also occurred in the SCPM-2 matrix, as shown in Fig. 11
(d). The average equivalent diameter distribution curves of pores and
cracks within SCPM-2 matrix at each location were almost overlapping,
with only slight differences at the two peaks of 0.2-0.3 pm and 1-2 pm,
and the proportions remained around 0.4 and 0.13, respectively.

The average equivalent diameter data of pores and cracks within the
ITZ and matrix were statistically analysed and converted into cumula-
tive proportion curves as shown in Fig. 12. In the average equivalent
diameter range of 0.25-2.5 pm, the cumulative proportion of pores and
cracks of ITZ at SCPM-1-3 was higher than that of SCPM-1-1 and SCPM-
1-2 as shown in Fig. 12 (a), indicating that there were more pores and
cracks between 0.25 and 2.5 pm in the ITZ of SCPM-1-3. This phe-
nomenon also occurred in the ITZ of RLC prepared by SCPM-2, as shown
in Fig. 12 (b). Xie et al. [17] stated that the filling capacity of SCPM
depended on the yield stress and shear stress of the cement paste. The
shear stress generated by the gravity of SCPM is normally higher than
the yield stress, so SCPM has better fluidity. However, for some narrow
gaps between DCLs, such as the lateral side of DCLs, the shear stress
cannot significantly exceed the yield stress [17]. As a result, it is difficult
for SCPM-1 and SCPM-2 to pass through the narrow channel between
the lateral side of the DCL and the mould to form strong bonding
strength on the DCL surface. For ITZs at regions #1 and #2, the cumu-
lative proportions of pore and crack sizes were similar, especially the
cumulative proportion curves with average equivalent diameter above
0.65 pm were almost overlapped. As shown in Fig. 12 (b), the curve of
SCPM-2-5 was always at the bottom in the whole range of 0.25-2.5 pm,
indicating that among the five regions, the ITZ at SCPM-2-5 had the
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highest proportion of large pores with an average equivalent diameter
exceeding 2.5 pm.

Fig. 12 (c) shows that the cumulative proportion of pore and crack
sizes in the matrix of SCPM-1-3 was lower than that of SCPM-1-1 and
SCPM-1-2, which is opposite to the condition of ITZ. Similar to SCPM-2-
5 in Fig. 12 (b), the matrix at SCPM-1-3 contained more large pores and
cracks with equivalent diameters over 2.5 pm, and RP cannot heal these
large voids effectively. In contrast, the matrix of SCPM-2 around the DCL
possessed better uniformity. The cumulative proportions of pore and
crack sizes in the SCPM-2 matrix were closer than ITZ cases as shown in
Fig. 12 (d). The maximum cumulative proportion of SCPM-2-3 and
SCPM-2-4 at 0.65 pm did not exceed 0.06.

3.4. Nanoindentation test results

The micromechanical properties of SCPM attached to the DCL sur-
face can reflect the bonding strength of the DCL-SCPM interface. About
three columns of nanoindentation testing points were designed on the
DCL, and the identified ITZ and matrix regions based on the BSE-image
analysis are labelled in Figs. 13-16. Fig. 13 shows the elastic modulus of
SCPM-1 attached to DCLs. The elastic modulus of DCL was approxi-
mately 28.57 GPa. However, the elastic modulus of ITZ at SCPM-1-1,
SCPM-1-2 and SCPM-1-3 decreased to 23.75 GPa, 22.30 GPa and
17.59 GPa, respectively. The reasons for the decrease in elastic modulus
in the ITZ include higher water-cement ratio, higher porosity and
shorter curing age than DCLs. For the matrix, the elastic modulus
showed higher micromechanical properties, that is 24.70 GPa, 23.80
GPa and 17.83 GPa, respectively due to more unreacted particles and



H. Zhao et al.

1.0——a—rrrorr— —
(a) ' —o— SCPM-1-1
: —o— SCPM-1-2
- 2 : —o— SCPM-1-3] |
] '
‘g‘- 1.0
0 0.64 08
s |  E----- c
g -%oa
32 §°7
T 0.4 : /
S 206
§ :
3 5 05
—o— SCPM-1-1
0.2 04 o SCPM-1-2] ]
05 —o— SCPM-1-3
05 1 15 2 25
Average equivalent diameter (um)
0.0 T T
0.1 1 10 100
Average equivalent diameter (um)
10— =
=
(C) —o— SCPM-1-1
—o— SCPM-1-2
0.8 —o— SCPM-1-3| {
s
j =
2
o 0.61 "
S
= ———— 5os
2 H
T 041 g%
o 508
= o e
—o—SCPM-13
% 05 1 15 2 25
0'0 . Average aquiv'alonl diameter (um)
0.1 1 10 100

Average equivalent diameter (um)

Cement and Concrete Composites 161 (2025) 106078

10—
0.81 b
c
.0
E=1
2
0 0.61 .
i
o
o Sos
2 g
T 041 £ ]
g . i 06
3 Sos = Scemas
0.21 - o SCPM-23| -
o— SCPM-24
SCPM-2-5
0 05 1 15 2 25
00 i Average equivallanl diameter (um)
0.1 1 10 100
Average equivalent diameter (um)
10—
(d) r —o— SCPM-2-1
| —o— SCPM-2-2
081 —o— SCPM-2-3| |
c —o— SCPM-2-4
0 —o— SCPM-2-5
t
2
o 0.64
1
= §0s
2 g
T 04+ 8"
3 3o o]
0.21 o4 —o—SCPM-2:3)
o— SCPM-2-4
SCPM-2-5
0 05 1 15 2 25
00 . Average aquiv'alnnl diameter (um)

0.1 1 10
Average equivalent diameter (um)

100

Fig. 12. Cumulative proportion distribution of pore and crack size within ITZs and matrix: (a) SCPM-1 ITZ; (b) SCPM-2 ITZ; (c) SCPM-1 matrix; (d) SCPM-2 matrix.

less pores and cracks.

The hardness of SCPM-1 around DCL showed a similar phenomenon
as shown in Fig. 14. The average hardness of DCL was about 1.72 GPa.
However, the hardness of ITZ at SCPM-1-1, SCPM-1-2 and SCPM-1-3
reduced to 1.12 GPa, 1.05 GPa and 1.10 GPa, respectively. For the
matrix, the hardness was around 1.50 GPa, 1.45 GPa and 1.01 GPa,
respectively. The variation of hardness followed the elastic modulus, but
the difference between regions was not obvious compared to the elastic
modulus. Some testing points even show lower elastic modulus but
higher hardness. This is because cement-based materials are typically
anisotropic, with differences in the elastic modulus and hardness of
multi-phases leading to this phenomenon [29]. In addition, the peak
force was designed to be 1200 pN to ensure sufficient test data at ITZ in
this study, and the corresponding indentation depth for C-S-H was 300
nm. A shallow indentation depth may also cause deviations in the elastic
modulus and hardness calculation results [27].

Due to the lower water-cement ratio and the addition of fly ash, the
elastic modulus of ITZs at SCPM-2-1 and SCPM-2-2 was 29.36 GPa and
25.34 GPa, respectively (see Fig. 15), which were slightly higher than
the corresponding locations of SCPM-1. However, the elastic modulus of
ITZs at SCPM-2-3, SCPM-2-4 and SCPM-2-5 decreased rapidly to 18.35
GPa, 13.18 GPa and 11.94 GPa, compared to the former two locations,
because SCPM-2 cannot perfectly fill lateral, bottom and oblique bottom
sides of DCL. Therefore, more low-density C-S-H, pores and cracks
accumulated at these locations. Due to the contribution of super-
plasticizer and fly ash to the uniform distribution of constituents, the
average elastic modulus of matrix was slightly higher than that of
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adjacent ITZ, which is consistent with the relative relationship between
the elastic modulus of ITZ and paste matrix in previous studies [44,45].

Similar conclusions can be drawn from hardness, as shown in Fig. 16.
The average hardness of ITZ at SCPM-2-1 and SCPM-2-2 was 1.75 GPa
and 2.24 GPa, respectively. The hardness of the inner side of the ITZ at
SCPM-2-1 was significantly lower than that of the outer side, which was
probably due to the gap between the cement paste and the DCL. The
average hardness of ITZ at SCPM-2-3, SCPM-2-4 and SCPM-2-5 was only
0.89 GPa, 0.89 GPa and 0.44 GPa, respectively, which can be explained
by the previous discussion on the distribution of pores and particles. In
contrast, the average hardness of the matrix at SCPM-2-1, SCPM-2-2,
SCPM-2-3, SCPM-2-4 and SCPM-2-5 was 1.77 GPa, 2.23 GPa, 0.96 GPa,
1.82 GPa and 1.17 GPa, respectively.

3.5. Elements distribution

The EDS hypermaps of SCPM-1 and SCPM-2 within 50 x 34 pm
rectangle areas near the DCL surface are shown in Figs. 17 and 18
respectively. If the observation area is attached to the DCL surface, the
test results will inevitably interfere with the constituents in the DCLs
because of the rough DCL surface [46]. Therefore, there was a gap of
about 20 pm between the DCLs and the observation areas. The rectangle
observing area was artificially set to avoid large cracks, pores, and
unreacted particles. It has to be admitted that for some locations, the
observation area may include part of the ITZ and matrix, while for other
locations, only the matrix exists in the observation area. Previous studies
have confirmed that there is no significant difference in the chemical
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composition between ITZ and matrix because they are made from the
same raw materials [26]. Therefore, the operation here is unavoidable
and acceptable.

As shown in Fig. 17(a)-(c), each location of SCPM-1 was rich in Ca
and Si, which were the main elements of C-S-H gel and portlandite. In
addition, SCPM-1 contains RP with a high content of NayO, K20 and
Al;03 (see Table 3). As a result, some concentrated areas of Na, K and Al
elements can be observed in hypermaps. SCPM-2 contains 25 % fly ash
with an obviously higher proportion of Al and Si elements than cement.
Therefore, more Al and Si circular concentration areas can be observed
in Fig. 18(a)-(e). However, the differences in the weight fractions of
Nay0 and K30 between fly ash and RP were only 0.52 wt% and 0.01 wt
%, respectively according to Table 3. Therefore, there was no significant
difference between the Na and K elements hypermaps of SCPM-2 and
SCPM-1.

Most phases in cement paste can be segmented according to Al/Ca vs.
Si/Ca ratio under an ideal condition [47]. However, cementitious ma-
terials are generally complicated and heterogeneous, especially for RLC
prepared by the unique procedure. It is impossible to clearly divide
scatter plots into a series of points or clusters corresponding to specific
phases. Figs. 19 and 20 show the quantitative results of the above
hypermaps (Figs. 17 and 18). The coloured circles represent relatively
pure phases at the microvolume level [33,34]. It can be seen that most of
the data points belong to the mixed phase of C-S-H and CH, clinkers or
crystals.

As shown in Fig. 19(a) and (b), the point clusters corresponding to
Ferrite phase, Aluminate phase, pozzolanic materials and C-S-H with
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higher Al/Ca ratio at SCPM-1-2 were denser than those at SCPM-1-1,
which is attributed to the presence of more RS/RP sediments at SCPM-
1-2. In comparison, SCPM-1-3 contained almost no other pure phases
and pozzolanic materials except C-S-H gel and several C-S-H intermixed
phases. SCPM-1 achieved self-compacting ability due to its excessively
high water-cement ratio (0.5). However, in this case, the distribution of
the constituents in the mortar was extremely unstable. Most of the
particles, such as unhydrated clinkers, RS and RP, stayed at SCPM-1-1
and SCPM-1-2. Combined with the analysis in Section 3.2, SCPM-1-3
was mainly constituted with C-S-H gel, pores and cracks.

Benefiting from the function of superplasticizer and fly ash, the
scatter plots of SCPM-2 shown in Fig. 20 are more stabilized than those
of SCPM-1, which is consistent with the conclusion on the equivalent
diameter distribution of pores and cracks obtained in Section 3.3. By
comparing the locations #1, #2 and #3 of SCPM-1 and SCPM-2, it can
be found that the line corresponding to the pozzolanic materials in
SCPM-2 was more obvious because SCPM-2 contains 25 % fly ash.
Although SCPM-2 had better stability than SCPM-1, the content of
pozzolanic materials in SCPM-2-1 and SCPM-2-2 was higher than that in
SCPM-2-3 due to the sedimentation. This result also led to differences in
C-S-H and Portlandite clusters. There was a cluster extending into the
pure Portlandite area at SCPM-2-3, SCPM-2-4 and SCPM-2-5, while pure
Portlandite was almost non-existent at SCPM-2-1 and SCPM-2-2 because
the pozzolanic materials stayed at SCPM-2-1 and SCPM-2-2 consumed
Ca(OH)z and generated more C-S-H with higher Si/Ca ratio. In addition,
it is worth noting that the Al/Ca and Si/Ca ratios of C-S-H at SCPM-2-1,
SCPM-2-2 and SCPM-2-4 were around 0.2 and 0.9, respectively, while
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the corresponding ratios of C-S-H at SCPM-2-3 and SCPM-2-5 were only
around 0.15 and 0.5. This indicates that most of the C-S-H gel at SCPM-
2-3 and SCPM-2-5 were loose and porous outer C-S-H with low Si/Ca
ratio [34], which is probably due to the high distances between cement
grains in these two locations. This also proves that SCPM-2-3 and
SCPM-2-5 were the vulnerable regions in the RLP prepared by SCPM-2,
which is consistent with nanoindentation test results in Section 3.4. The
scatter plot of SCPM-2-4 was not as concentrated as the other four re-
gions, which means that there were more mixed phases of C-S-H and
Ferrite, Aluminate and pozzolanic materials. The complicated morpho-
logical conditions of the oblique bottom side of the DCL with the sur-
rounding environment and the vortex shedding of SCPM-2 probably
together created this result.

4. Discussions
4.1. Properties of ITZs around DCLs

The relative contents of the main phases in the ITZ and matrix
around DCL can be roughly inferred by analysing the corresponding
cement paste samples at the micro-level. Due to the slightly poor filling
capacity of SCPM-1, no qualified samples could be prepared from the
bottom side and oblique bottom side of DCL. In RLC fabricated by SCPM-
1, only the phase information within the ITZ and matrix located on the
top, oblique top and lateral sides of the DCL was obtained. Based on the
test results, the constituent relative quantity proportion distribution of
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the two groups of samples in this study can be summarized in Fig. 21.
In RLC, unreacted particles were mostly concentrated on the top side
and oblique top sides of DCL due to sedimentation effect. As can be seen
from Fig. 21, the ITZ on the lateral side of the DCL had a higher pro-
portion of small-sized pores and cracks than the other two regions. Many
previous studies on the concrete pore structure pointed out that large-
sized pores transformed into small-sized pores in the modification pro-
cess of concrete microstructure [48]. Therefore, in the test results, the
number of small-sized pores increased, and the number of large-sized
pores decreased in the concrete sample after the microstructure modi-
fication. This seems inconsistent with the results obtained in this study.
In fact, the casting method of RLC is significantly different from that of
traditional concrete or RAC. When producing RLC specimens, DCLs were
packed in a mould and then the gaps between DCLs were filled
depending on the high fluidity of SCPM. The mixing and vibration
processes were missed in this procedure. Therefore, there may be more
oversized pores in the cement paste around the DCL than in ordinary
concrete. These pores and cracks are so large that grains and addition-
ally generated C-S-H gel are not sufficient to fill them into small pores
below 0.5 pm, whereas the small-sized pores originally existing in the
cement paste can be filled more effectively. As a result, the micro-
structure of ITZ located on the top and oblique top sides of the DCL was
denser and had a lower proportion of small-sized pores and cracks with
0.2-0.3 pm. This situation was alleviated in the matrix because the wall
effect from the DCL can be ignored in this region. The porosity within
the matrix of RLC fabricated by SCPM-1 was generally lower than that of
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80

was better than that of SCPM-1, so there was no obvious difference in
the relative proportions of phases around the DCL. For the bottom side
and oblique bottom side of DCL, the bonding strength of these two areas
was weaker than that of the top side and oblique top side due to the
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Fig. 17. BSE-EDS hypermaps of SCPM-1 matrix adjacent to DCL: (a) SCPM-1-1; (b) SCPM-1-2; (c) SCPM-1-3.

relative relationship between the yield stress and shear stress generated
by the gravity of SCPM-2.

In general, there is an obvious heterogeneity between the cement
paste in different regions around the DCL. This heterogeneity is mainly
reflected in pore size and grain distribution. However, the fluidity of
SCPM, the reaction of supplementary cementitious materials and the
surrounding morphology will have different degrees of influence on ITZ
and matrix. The test results are inevitably variable. Moreover, this study
ignores the impact of the DCL being located in the upper or lower layer
of the mould. Therefore, discussing RLC heterogeneity is a very
complicated and hard work. This study designed two types of SCPM,
among which SCPM-1 did not contain any special additives. To ensure
ideal flowability and avoid serious bleeding of SCPM, the water-cement
ratio of SCPM-1 was determined to 0.5 after repeated attempts.
Although SCPM-1 seemingly filled the gap between the DCLs from the
surface of specimens, we were not able to successfully produce ITZ
samples located on the bottom and oblique bottom sides of the DCL.
There were also obvious differences in the performance of cement paste
located in the rest three regions. Among them, the bonding performance
of cement paste on the top side and the oblique top side was better than
that on the lateral side. In comparison, SCPM-2 performed more
consistently around the DCL. However, it can still be seen that the
bonding performance of the cement paste located on the top side and the
oblique top side was better than that of the other three regions.

4.2. Nano- and micro-characterization techniques on ITZs

Cement-based materials contain C-S-H gel, CH, clinkers, pores,
ettringite etc., which are typical inhomogeneous materials. The study of
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ITZ microscopic properties is more difficult because in addition to
mixture proportion, ITZ performance is also affected by aggregate sur-
face morphology. Some scholars proposed the theory of model aggregate
concrete (MAC) [26,27]. In their research, aggregate was processed into
a cubic block to quickly identify the performance of ITZ. However, this
method ignores some important features, such as the accumulation of
free water and grinds caused by holes and edges on the aggregate sur-
face. This will undoubtedly overestimate the cohesion strength of ITZs.
Therefore, the application of model aggregate concrete in ITZ research is
still controversial. On the other hand, existing nano/microscopic char-
acterization techniques, including SEM, nanoindentation, modulus
mapping and PeakForce QNM, can only provide local information of the
material. This is unreliable for cement paste and ITZ with strong in-
homogeneity. As a result, we prepared multiple samples (three samples
for SCPM-1 and five samples for SCPM-2) around DCLs. BSE-image
analysis, nanoindentation and BSE-EDS hypermap analysis techniques
were combined to discuss the microscopic properties of the ITZ in the
RLC as comprehensively as possible. However, the limitations of existing
nano/microscopic characterization techniques still cannot be
completely avoided. Although blindly increasing the workload can
improve the accuracy of the test results, it will also bring unbearable
financial and time costs. We have made efforts to improve the accuracy
of the test and believe that this study can guide in-depth exploration of
the mechanical properties and durability of RLC. At present, it is still
challenging to fully and accurately understand the microstructure and
micromechanical properties of cementitious materials and ITZ. In the
future, more testing instruments and technical strategies can be devel-
oped for quantitative characterization of cement-based materials.
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Fig. 18. BSE-EDS hypermaps of SCPM-2 matrix adjacent to DCL: (a) SCPM-2-1; (b) SCPM-2-2; (c) SCPM-2-3; (d) SCPM-2-4; (e) SCPM-2-5.

5. Conclusions techniques supported each other to make a comprehensive assessment of
the ITZ performance in RLC. The main conclusions can be drawn up as
Two types of SCPM were designed to prepare RLC, and samples follows:
around DCLs from top side to bottom side were fabricated to investigate
the heterogeneity of ITZs and adjacent paste matrix. The BSE-image (1) Two types of SCPM with cement and RP/RS blends as the main
analysis, nanoindentation and EDS hypermap quantitative analysis raw materials were designed in this study. From an external

17
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observation, both types of SCPM can successfully fill gaps be-
tween DCLs. Cubic RLC specimens can achieve more than 30 MPa
of compressive strength at 28 days. However, SCPM-1 produced
by an excessively high water-cement ratio cannot achieve a
relatively strong bonding strength at the bottom and oblique
bottom sides of DCLs. Additives such as superplasticizer and fly
ash are necessary in preparing RLC.

Fly ash and superplasticizer help to make the distribution of pores
and particles in ITZ and matrix around DCLs more uniform. The
CoDy of unreacted particles in SCPM-1-3 without fly ash and
superplasticizer was stable at around 6.0, while the CoDy of
SCPM-2 with fly ash and superplasticizer was always below 1.0 in
all locations. Nevertheless, due to the special preparing proced-
ure of RLC, the ITZs of RLC were generally wider than those of
ordinary concrete, especially for the ITZ widths of SCPM-1-1 (58
pm), SCPM-1-3 (53 pm) and SCPM-2-4 (78 pm), which were
beyond the ITZ width range of NAC.

(3) The #1, #2 and #3 locations of SCPM-1 contained dense small

pores with an average equivalent diameter of 0.2-0.3 pm, while
the pore diameters in each region of SCPM-2 were more evenly
distributed in a wide range because the RP (high proportion of
Ca0) and fly ash (high proportion of effective SiO3) in SCPM-2
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can more effectively reduce the relative proportion of small-
sized pores through secondary hydration and pozzolanic reac-
tion, respectively. Similar phenomena also exist in the matrix.
However, due to the poor wall effect, the heterogeneity of the
matrix is weakened compared with the adjacent ITZ.

Due to the sedimentation effect of unreacted particles, the
micromechanical properties of ITZ at SCPM-1-1 and SCPM-1-2
were higher than SCPM-1-3, which means cement paste at
SCPM-1-3 cannot form a strong bond with the DCL. The micro-
mechanical properties of SCPM-2 around the DCL were higher
than those of the corresponding regions of SCPM-1. The cement
paste at SCPM-2-4 and SCPM-2-5 had the worst cohesion
strength.

The high water-cement ratio of SCPM-1 led to serious particle
sedimentation. The distribution of constituents in the three lo-
cations was obviously different. In comparison, the RLC prepared
by SCPM-2 had better consistency around the DCL. However, it
can still be seen that the particles were mainly concentrated on
the top and oblique top sides of the DCL. Combined with the
gravity effect of SCPM, the bonding performance of the cement
paste at the top and oblique top side of the DCL was better than
that of the other three locations.
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(6) Existing nano/microscopic characterization techniques on ma-
terials can only provide local microstructure or micromechanical
properties information. For concrete materials with high in-
homogeneity, it is difficult to obtain accurate and reliable
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conclusions through limited test workload. Although simplifica-
tion methods such as MAC technique alleviate the influence of
aggregate surface morphology on ITZs performance, they also
over-idealize the concrete inner structure. It remains challenging
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Fig. 21. Schematic diagram of constituent relative

to comprehensively understand cementitious materials and ITZs
using existing technologies while controlling testing costs. In the
future, more efficient line scan, mapping scan and volume scan
techniques can be developed for concrete materials, such as
nanoscratch technique and X-ray computed tomography which
can obtain massive data in a short time.
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