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ABSTRACT

Recycling solid waste in cement-based materials cannot only ease its load on the natural environment but also
reduce the carbon emissions of building materials. This study aims to investigate the effect of recycled glass pow-
der (RGP) on the early-age mechanical properties and autogenous shrinkage of cement pastes, where cement is
replaced by 10%, 20% and 30% of RGP. In addition, the microstructure and nano-mechanical properties of
cement paste with different RGP content and water to binder (W/B) ratio were also evaluated using SEM,
MIP and nanoindentation techniques. The results indicate that the early-age autogenous shrinkage decreases with
the increase of RGP content and W/B ratio. While the mechanical strength deteriorates due to the addition of
RGP, it can be compensated by reducing the W/B ratio. Although the addition of RGP increases the total porosity
of the hardened paste, it reduces the small size porosity (<50 nm). In addition, the proportions of different types
of C-S-H are changed, and the volume fraction of porosity is increased, but that of hydration products of cement
paste is reduced due to the incorporation of RGP. Besides its pozzolanic activity, the mitigated shrinkage defor-
mation that RGP is generating in cement pastes is encouraging for its use as a novel supplementary cementitious
material that reduces the early-age cracking risk of cement-based materials. Meanwhile, the life cycle assessments
indicate that the RGP-cement component is an economical and eco-friendly novel engineering material.
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1 Introduction

Nowadays, Portland cement has become the most widely used binder for building materials [1—4].
However, cement production contributes to nearly 5%—7% of total anthropogenic CO, emissions [5].
Meanwhile, this effect is increasing, and the CO, emissions from cement production are projected to
increase to 16%—-24% by 2050 [5]. Therefore, there is an urgent need to enhance the sustainability of the
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cement industry, so supplementary cementitious materials (SCMs) with hydraulic, filler or pozzolanic
properties are used to partially replace cement. In the past, granulated blast-furnace slag (GBFS),
limestone powder, fly ash (FA), etc., were used to replace cement, but due to their availability and
production limitations, natural pozzolanic materials have been difficult to meet the growing demand for
binders now [6—10]. Therefore, new SCMs need to be developed to replace cement.

The use of recycled glass powder (RGP) as a novel SCM has received considerable interest in recent
years [11,12]. The RGP is obtained by grinding waste glass, which is used as a desirable SCM due to the
high silica content and potential reactivity [11]. Some studies have shown that the pozzolanic effect of
RGP can improve the properties of cement-based materials, especially durability [11]. Du et al. [13]
revealed the mechanical properties and durability of concrete containing fine RGP in high volumes up to
60% as cement substitute, the results indicated that all concrete containing RGP exhibited higher strength
than plain concrete due to the denser microstructure, and the permeability of harmful ion (CI") and water
was hindered in concrete with high volume RGP. Wang et al. found that the utilization of RGP reduced
drying shrinkage of mortar with multiple fineness glass aggregates, and especially, 20% RGP as cement
substitute inhibited successfully the deteriorative alkali-silica reaction (ASR) expansion induced by glass
aggregates [10]. In addition, the research results of Sharifi et al. show that the incorporation of RGP
reduced the drying shrinkage of concrete, while Kara et al. concluded the opposite result [14,15]. Kamali
et al. [16] found that incorporation of RGP increased later mechanical properties of concrete and the
impermeability of chloride, and effectively inhibited the expansion of ASR in the concrete, which was
mainly due to the densification of microstructure from the pozzolanic properties of RGP. He et al. [17]
revealed the effect of RGP on the creep of concrete, and found that the utilization of RGP obviously
reduced the creep of concrete largely due to the increased proportion of high density calcium silicate
hydrate (HD C-S-H). Based on the above analysis, the RGP also effectively improves some properties of
concrete, and there is no potential risk of ASR expansion in RGP concrete, but there is very little
research on autogenous shrinkage of cementitious materials containing RGP as a novel SCM [18,19].

Time-dependent deformations, such as drying and autogenous shrinkage, are one of the main factors
affecting the long-term service performance of concrete material [17,20]. These deformations are
ubiquitous in concrete, and can generate tensile stresses that cause severe cracking of the concrete. These
deformation behaviors are closely related to the early performance evolution of concrete, including the
formation of microstructures, volume stability, and strength development obtained through hydration
reactions. Thermal deformation and autogenous deformation are common forms of early-age concrete
deformation. The thermal deformation is mainly formed by the hydration heat release of the binder.
Autogenous deformations are defined as volume changes occurring without any moisture loss to the
external environment, and are generated by chemical shrinkage, self-desiccation, etc.

Autogenous shrinkage is an important component of shrinkages induced by the self-desiccation which
does not contain any shrinkage because of loss of substances, and application of external force. Autogenous
shrinkage of cement components is increased with the reduction of the water to binder (W/B) ratio.
Autogenous shrinkage of concrete has predominated the overall shrinkage of UHPC with high content of
binders and low W/B ratio [21]. The stress induced by high autogenous shrinkage results easily in the
cracking of concrete material, especially at early ages, so as to reduce the strengths and durability of
concrete. In addition, autogenous shrinkage is largely dependent on the W/B ratio, the component and
content of binders, internal microstructure and curing conditions [21]. In order to reduce autogenous
shrinkage, based on its mechanism, some techniques are proposed that mainly focus on the addition of
SCMs, chemical admixtures, different types of fibers, as well as the optimization of mixture proportions
[21]. The effect of SCMs on autogenous deformation is related to their mineral composition, and physical
and chemical properties, which affect the mechanical properties, pore structure, chemical shrinkage and
hydration rate of cementitious materials [22]. Most existing SCMs increase self-desiccation and
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autogenous shrinkage by accelerating the hydration of the binder and refining the pore structure. In addition,
as cement clinker is replaced, the dilution effect also reduces shrinkage. Therefore, the influence of different
SCMs on the autogenous deformation of concrete depends on different factors. FA can effectively reduce the
autogenous deformation of concrete due to its low C3A content and reactivity [23]. Meanwhile, FA has a
spherical structure, and retains less water than cement particles, so its free water content is higher [23]. In
addition, highly reactive GBFS and silica fume increase the autogenous deformation of concrete. GBFS
increases the chemical shrinkage of hardened cement paste, and its higher fineness also leads to the
formation of finer pore structures [24]. In addition, the hardened cement paste with silica fume also has
higher chemical shrinkage and smaller pore size, which leads to an increase in autogenous shrinkage.
However, the research on the effect of RGP on the early-age deformation behavior of cement paste has
not been reported in the literature.

Previous studies have discussed the basic properties of concrete mixed with RGP, but the performance of
the cementitious component mixed with RGP, especially the autogenous shrinkage has not been
comprehensively investigated. This study aims to understand the influence of different W/B ratios and
RGP content on the early-age autogenous shrinkage, microstructure and nano-mechanical properties of
cement paste. In order to explain the influence mechanism of RGP on the early-age strengths and
autogenous shrinkage of cement paste, the scanning electron microscope (SEM), mercury intrusion
porosimetry (MIP), and nanoindentation techniques were used to evaluate the development of the
microstructure and nano-mechanical properties. The results help to promote the further application of
RGP in concrete to some extent, especially at a low W/B ratio.

2 Experimental Details

2.1 Materials

Cement and RGP are used as binders in this study. The 42.5 ordinary Portland cement (OPC) was
adopted, and its physical properties are presented in Table 1. The waste glass containers are washed,
dried, crushed, ground and screened to obtain RGP. The chemical compositions of OPC and RGP are
listed in Table 2. The main chemical composition of RGP is SiO,, which is much more than that of OPC,
but the content of Al,O; and CaO of RGP is far less than that of OPC. Meanwhile, the SEM images of
OPC and RGP are presented in Fig. 1, and the OPC and RGP have similar particle morphologies that
show obvious irregular and angular shapes. A sample containing 20% RGP is used to characterize the
strength activity index of RGP. The strength activity indexes of RGP at the ages of 7 and 28 days are
82.15% and 87.32%, respectively.

Table 1: Main physical property indexes of OPC

Water requirement of Setting time (min)  Compressive strength (MPa)  Flexural strength (MPa)
normal consistency (%)

Initial Final 3 days 28 days 3 days 28 days
27.0 205 395 21.6 45.0 4.7 8.7

Table 2: Main chemical compositions of binders (wt. %)

Material A1203 SlOz F6203 T102 CaO MgO SO3 Kzo LOI
OPC 8.70 35.72 4.71 0.41 32.53 2.08 2.14 1.18 11.76
RGP 0.24 92.64 0.05 0.03 4.53 2.37 0.02 0.03 —
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Figure 1: SEM images of OPC and RGP

The median sizes of OPC and RGP are 24.4 pm and 19.8 pum, respectively, which shows that the average
particle size of RGP is smaller than that of OPC, as presented in Fig. 2. When RGP is used as a cement
substitute, it can also present micro aggregate effect. The polycarboxylate superplasticizer (SP) is used to
adjust the fluidity of cement paste. The water-reducing ratio of SP is 25% and its solid content is about 40%.
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Figure 2: Particle size distribution of binders

2.2 Mixture Design and Preparation

Six types of cement pastes including, one reference group (B-0) and five groups with different W/B
ratios and RGP content are designed and researched in this paper. The RGP is used to substitute OPC at
incremental mass percentages of 10%, 20% and 30%, respectively. Meanwhile, the cement pastes
containing 10% RGP with the different W/B ratios of 0.25-0.35 are also prepared to evaluate the
autogenous shrinkage behavior of cement paste. Similar fluidity (240 + 10 mm) of cement paste mixed
with RGP is achieved by minor adjustment of SP. Table 3 gives mixed proportions of six pastes. For
mixing, the OPC and RGP are poured into a mixer and mixed for 30 s, followed by the water with SP,
which are stirred continuously for 2 min. After mixing, the fresh cement paste is cast into the mould
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(40 mm % 40 mm % 160 mm). Next, the mould is placed in a standard curing room. The samples are
demolded after one day and then continue to be cured until 3 and 7 days.

Table 3: Mix designs of the cement pastes

Binder proportion (%)

MIX ID SP (wt. %) W/B ratio
OPC RGP
A-RGP-10 90 10 0.16 0.25
B-0 100 0 0.1 0.3
B-RGP-10 90 10 0.1 0.3
B-RGP-20 80 20 0.1 0.3
B-RGP-30 70 30 0.1 0.3
C-RGP-10 90 10 0.08 0.35

2.3 Test Methods

2.3.1 Mechanical Properties

The compressive and flexural strength tests are carried out using the specimens (40 mm x 40 mm x 160 mm)
with and without RGP at 1, 3 and 7 days, respectively. The flexural and compressive tests are carried out in
accordance with ASTM C348 and ASTM (349, respectively, and each strength value reported in the text is
obtained from at least three specimens.

2.3.2 Autogenous Shrinkage

The corrugated tube method is used to investigate the autogenous shrinkage of the pastes according to
ASTM C1698-2009. The YC-BWS autogenous shrinkage tester with a length of 430 mm and diameter of
29 mm is used in this study, as presented in Fig. 3. After mixing, the fresh paste is poured into the bellow.
Three specimens are prepared and fixed on one shelf for each mixture. The start time of the test is the initial
setting time of cement paste, and the setting time of the paste is determined according to BS EN 196-3:2005.
Considering that most of the autogenous deformation is completed at an early age due to rapid development,
the finish time of the test is 168 h, namely 7 days, after the initial setting time of cement paste.

Figure 3: Autogenous shrinkage tester
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2.3.3 SEM and MIP

The microstructure of the specimen is observed through SEM (JSM-6360LV). The porosity of the
specimen is measured through MIP. The samples of SEM and MIP tests are broken into small pieces at
7 days, and their sizes range from 3 to 5 mm. The selected pieces are immersed in isopropyl alcohol for
7 days to prevent further hydration, and then dried in a vacuum dryer for more than 7 days. The pore
structure of samples is obtained by the Auto Pore IV 9510. Before SEM analysis, the gold-coating
process is essential due to the poor electrical conductivity of inorganic material.

2.3.4 Nanoindentation Test

A cube piece with a side length of 20 mm is cut from the sample, and the steps of termination of
hydration, epoxy impregnation, polishing and drying are performed in sequence, as shown in Fig. 4.
During the polishing steps of different fineness (9, 3 and 0.25 um), samples are cleaned using the
ultrasonic instrument equipped with isopropyl alcohol. Surface polishing is repeated until the roughness
of the sample is less than 300 pm.

Cutting  and
impregnation

Ultrasonic| Terminate
cleaning | hydration

Nanoindentatio | Drying m

testing

Figure 4: Process of nanoindentation test

For the nanoindentation test, Ti Premier (Bruker, Germany) equipped with a diamond tip is used in this
study. During the test process, firstly, three representative areas in each specimen are chosen by the optical
microscope of the nanoindentation apparatus, a 10 x 10 grid containing 100 points is designed in each area,
and the distance is 10 um. After that, a loading procedure is applied to the surface of the specimen, which
includes initial loading at an increasing loading rate of 200 uN/s, followed by constant holding at the
maximum load (2 mN) for 5 s, and then unloading at a constantly decreasing rate of 200 uN/s. After the
test, the appearances of the tested specimen are shown in Fig. 5. Meanwhile, the elastic modulus of each
indentation point which corresponds to one constituent phase can be calculated by the curves of
indentation depth and load.

2.3.5 Life-Cycle Assessment

The life cycle assessment (LCA) fully considers the environmental effect of the product on the
surrounding environment during creation, use, maintenance, and disposal [25]. The LCA of cement
products containing RGP is calculated based on ISO 14040:2006 Environmental Management-Life Cycle
Assessment-Principles and Framework and previous studies. Meanwhile, this study only considered the
environmental impact of OPC and RGP in the collection, production, transportation and preparation
process, and did not consider the environmental impact of cement products in the long-term service and
maintenance process. The LCA is calculated through the SimaPro software, and some supplementary data
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comes from the ecoinvent v3.1 database, which is finally calculated using the characterization factors
specified in the U.S. Environmental Protection Agency (EPA) chemical and other environmental impact
reduction and assessment tools (TRACI 2.1).

(a) Atomic force microscopy (AFM) image (b) Surface topography

Figure 5: Appearance of tested area for nanoindentation test

3 Results and Discussions
3.1 Strength

3.1.1 Flexural Strength

Flexural strengths of hardened cement paste containing RGP with different W/B ratios at 1, 3 and 7 days
are presented in Fig. 6. The incorporation of RGP significantly reduces the early-age flexural strength of
hardened cement pastes, and the reduction level becomes more and more significant with the increase of
RGP content. Compared with the control sample (B-0), the flexural strengths of cement paste containing
10% RGP at 1, 3 and 7 days are reduced by 13.3%, 17.7% and 10.5%, respectively. Flexural strengths of
hardened cement paste containing 30% RGP are the lowest, only 5.4 MPa at 3 days and 8.5 MPa at
7 days, which should mainly be attributed to the decrease of hydration products caused by the decrease of
cement content at early ages, especially before 7 days (Fig. 6b). In addition, W/B ratio has a significant
influence on the flexural strength variations of hardened cement paste containing 10% RGP. The flexural
strength gradually increases as the W/B ratio decreases, which is mainly due to the coarsening of the pore
structure of the sample. Meanwhile, the flexural strength of hardened paste containing 10% RGP with the
W/B ratio of 0.25 is close to that of control cement paste, which, in particular, surpasses that of the
control sample at 1 day.

3.1.2 Compressive Strength

The compressive strengths of hardened cement paste containing RGP with different W/B ratios at 1,
3 and 7 days are obtained as presented in Fig. 7. The variation tendency of compressive strengths of
samples containing RGP is similar to that of flexural strengths. The RGP reduces the early-age
compressive strength of the sample, and with the increase of RGP content, the reduction is more and
more obvious. With the reduction of the W/B ratio, the compressive strengths are increased. However, the
compressive strengths of the sample containing 10% RGP with the W/B ratio of 0.25 at 1, 3 and 7 days
surpass those of the control sample, respectively. Meanwhile, the strength reduction at early ages due to
the incorporation of RGP can be compensated by reducing the W/B ratio. Similar results have been
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reported. Wang et al. found that the utilization of 25% RGP to replace cement reduced the strengths at 7 and
28 days, especially at an early age [26]. Taha et al. confirmed that when RGP replaced 20% Portland cement,
an average reduction of 16% in compressive strength of concrete was obtained [27].

14 14
B-0 B-0 (W/B=0.30)
2t | |B-RGP-10 [T 2k | | A-RGP-10 (W/B=0.25) 71
N B-RGP-20 J— RO B-RGP-10 (W/B=0.30)

Zio EEMB-RGP-30 N Zio M CRGP-10 (W/B=035) N
= =
= gl — = gl
en en
5 g N
2 2
— 6 — 6
« «<
S ]
5 5
T 4r T 4r

1 ‘HN 1 @

0 T I T T 0 T . T T

1 3 7 1 3 7
Testing age (days) Testing age (d)
(a) RGP content (b) Different W/B ratio

Figure 6: Influence of RGP on flexural strengths of samples with different W/B ratio
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Figure 7: Influence of RGP on compressive strengths of cement paste with different W/B ratio

3.2 Autogenous Shrinkage

During the autogenous shrinkage test, the data are automatically collected by the computer every 3 h in
the first 3 days, and collected every 24 h after 3 days. The autogenous shrinkage of cement paste containing
RGP with different W/B ratios is presented in Fig. &.
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Figure 8: Influence of RGP on autogenous shrinkage of cement paste with different W/B ratio

Fig. 8 presents the autogenous shrinkage behaviors of cement paste containing RGP, and it can be
divided into three stages. The first stage is the rapid development stage of autogenous shrinkage from the
start time to the 9th hour. In this stage, the stiffness and strength of cement paste are too low to restrain
the volume change. Meanwhile, the hydration reaction of the binder is very fast, which leads to an
increase in self-desiccation and chemical shrinkage. However, it is also considered that the shrinkage in
this stage is the plastic shrinkage due to the fluidity and plasticity of cement paste before its rigid
skeleton [28]. The second stage is the expansion stage of deformation from the 9th hour to the 24th hour.
At this stage, the autogenous shrinkage of the paste is compensated to some extent. This may be due to
the following effects; reabsorption of detrimental bleeding water accumulated at a very early age between
paste and the corrugated tube; ettringite needles growth; crystals of calcium hydroxide growth; the
topochemical reaction of Cs;S [29]. When the expansion deformation is greater than autogenous
shrinkage, the final deformation at this stage shows the expansion. In addition, while the autogenous
shrinkage is tested for long ages more than 28 days, the expansion deformation at this stage is sometimes
not obtained due to the low value and short duration time. The third stage is called the slow development
stage of autogenous shrinkage after 24 h. With the increase of age, the hydration reaction becomes slow
and the rigid skeleton is gradually formed, which can effectively restrain the volume deformation and
lead to the slow development of autogenous shrinkage.

When RGP is used as a partial replacement of OPC, the autogenous shrinkage of cement paste is
significantly reduced, as presented in Fig. 8a. Meanwhile, the decreasing trend becomes more and more
obvious as the substitution ratio of RGP increases. Compared with the control cement paste without RGP
(B-0) at 168 h (7 days), autogenous shrinkage of cement paste containing 10%, 20% and 30% RGP
reduces by 20.8%, 35.8% and 53.9%, respectively. The reduction of autogenous shrinkage of paste is
caused by many aspects. When OPC is replaced by RGP, the content of C;A in the cement paste
decreases. Second, the ratio of water to cement increases, which means that more water is used for
cement hydration [29]. Therefore, the use of RGP to replace part of the cement reduces the autogenous
shrinkage of the paste, and as the substitution ratio of RGP increases, the autogenous shrinkage of the
paste decreases. In addition, according to Fig. 8b, the W/B ratio has a great effect on the autogenous
shrinkage of cement paste, and with the reduction of the W/B ratio, the autogenous shrinkage of the
sample containing 10% RGP is gradually increased. The three stages of autogenous shrinkage
development of the control sample with a W/B ratio of 0.25 are different from that of the sample with
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10% RGP. Compared with the control cement paste without RGP at 168 h (7 days), autogenous shrinkage of
cement paste containing 10% RGP with the W/B ratio of 0.25, 0.3 and 0.35 reduced by 9.5%, 20.8% and
51.0%, respectively. This is mainly because of different microstructures caused by the W/B ratio.

3.3 Microstructure Analysis

3.3.1 Morphology and Mineralogy Analyses

The properties of cementitious materials containing strengths, shrinkage, creep and durability are largely
dependent on the microstructure. The morphology and distribution of hydration products and different types
of pores are important components of microstructure. Therefore, the SEM images of the sample with
different RGP content at 7 days are presented in Fig. 9.

(c) Specimen (B-RGP-20) (d) Specimen (B-RGP-30)

Figure 9: SEM images of cement paste

The microstructure of hardened cement paste at 7 days mainly consists of various hydration products,
micro-cracks, pores, and some unhydrated particles (Cement clinker and RGP), as presented in Fig. 9. The
incorporation of RGP has a significant effect on the microstructure compactness of cement paste. The
sufficient hydration products, such as C-S-H and Ca(OH),, are easily found in the control cement paste,
which overlaps each other to form the denser microstructure without obvious macropores and
microcracks. It indicates that the hydration reaction of cement is relatively fast and mature, which well
complies with the highest strength and autogenous shrinkage. When RGP is used as a partial replacement
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of cement, some disconnected capillary pores are discovered in the microstructure of the sample containing
10% RGP due to the fewer hydration products. In addition, some angular unhydrated particles are also
observed, but it is difficult to distinguish between cement and RGP because of their similar shapes. It, to
some extent, corresponds with the delayed hydration reaction, and reduced strengths and autogenous
shrinkage. With the increase of RGP content, the loose microstructure is further aggravated in cement
paste containing 20% RGP. Some unhydrated particles and scattered hydration products are still found,
the sizes of air voids and capillary pores gradually increase, and the lengths of microcracks become
longer and their widths broaden. The incorporation of 30% RGP results in the large air voids and
capillary pores, especially microcracks interconnecting to form some channels because of the lack of
adequate hydration products, by which the microstructure is basically divided into several scattered
pieces. It agrees with the lowest strengths and autogenous shrinkage due to the lowest hydration reaction
of cementitious materials.

Fig. 10 presents SEM images of specimens with 10% RGP at different curing ages. The microstructure
of the sample with 10% RGP is looser and has fewer hydration products. Meanwhile, RGP particles with a
smooth surface can be found, and there are fewer hydration products in the sample at 1 day (Fig. 10a). As the
curing age increases, the microstructure of the specimen becomes denser, and AFt is found in the sample at
3 days. In 7 days, products such as C-S-H gel and Ca(OH), overlap with unhydrated particles to form a
relatively dense microstructure, as shown in Fig. 10c.

*z$B85 « tBum 1 GUNAE

(b) 3 days (c) 7 days
Figure 10: SEM images of B-RGP-10 sample at 1, 3 and 7 days
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3.3.2 Pore Structure

The pore structure mainly containing the porosity and pore size distribution is also one of the determined
influential factors in the shrinkage deformation of cementitious materials [21]. Ghafari et al. [30] reported
that the content of fine pores in UHPC highly affected autogenous deformation, which was significantly
reduced by reducing the fine pores in UHPC containing FA or GBFS, and there were also strong
relationships between the autogenous deformation and porosity. Therefore, the influence of RGP content
on the pore structure of the sample at 7 days is investigated by the MIP technique, and the results are
presented in Fig. 11. Meanwhile, based on the above results, the effect of RGP contents on the pore size
distribution can also be calculated, as shown in Table 4.
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Figure 11: The influence of RGP content on porosity of cement paste

Table 4: Influence of RGP on pore size distributions of cement paste

Number <50nm  (50-100)nm  >100nm  Total porosity
B-0 0.0252 0.0024 0.0408 0.0685
B-RGP-10  0.0202 0.0022 0.0633 0.0856
B-RGP-20  0.0189 0.0025 0.0889 0.1103
B-RGP-30  0.0169 0.0028 0.1100 0.1297

When RGP is used as a partial replacement of cement, the total porosity of the cement pastes is
significantly increased as shown in Fig. 11 and Table 4. Meanwhile, the increase in porosity becomes
more and more obvious as the RGP content increases, which complies with the SEM image results in
Fig. 9. According to the different sizes, the total porosity of cement paste containing RGP can be divided
into three types as follows: the porosity with the diameter smaller than 50 nm; the porosity with the
diameter from 50 to 100 nm; the porosity with the diameter greater than 100 nm. The proportion of the
porosity with a diameter greater than 100 nm in the total porosity is the greatest. However, there are only
fine pores that can effectively affect autogenous shrinkage. The smaller the diameters are, the more
obvious the effect is [30]. With the increase of RGP content, the porosity with a diameter greater than
100 nm as harmful pores increases gradually, which corresponds with the reduced strengths in Figs. 6 and
7. The incorporation of RGP in cement paste has no obvious effect on the porosity with the diameter
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from 50 to 100 nm, which is clearly related to the filling effect and the potential pozzolanic reactivity of RGP.
However, with the increase of RGP content, the porosity with a diameter smaller than 50 nm reduces
gradually, which is consistent with the reduced autogenous shrinkage of cement paste in Fig. 8.

3.4 Nano-Mechanical Properties

Generally speaking, the content and evolution of C-S-H have a direct and important effect on the volume
deformation of cementitious materials [31]. According to the different nanomechanical properties, C-S-H can
be divided into three types as follows: ultra-high density C-S-H (UHD C-S-H), HD C-S-H and low density C-
S-H (LD C-S-H) [20]. Therefore, the nanoindentation technique is employed to quantitatively obtain the
variation of constituent phases. Each constituent phase has a relatively stable range of nanomechanical
properties, and as for cementitious materials, the elastic moduli of CH, HD C-S-H, and LD C-S-H are in
the range of 35-50, 24-35 and 14-24 GPa, respectively [17]. However, because CH and UHD C-S-H
have similar nanomechanical properties, it is difficult to distinguish them by elastic modulus. Meanwhile,
the constituent phase with an elastic modulus less than 14 GPa is regarded as the pore. In addition, the
constituent phase with an elastic modulus of more than 50 GPa is considered as the unhydrated particles,
such as the glass with an elastic modulus of 86.17 GPa [31]. The curves of indentation depth and a load
of the typical constituent phase are shown in Fig. 12.
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Figure 12: Typical curves of indentation depth and the load of constituent phases

After a few irregular curves of indentation depth and load are discarded, the contour maps of elastic
modulus of the sample with RGP at 7 days are obtained by the rest of the curves, as shown in Fig. 13.

The contour maps of elastic modulus of cement paste are totally different, which indicates the great effect
of RGP.

Meanwhile, the effective elastic modulus values are collected to obtain the frequency histograms of the
elastic modulus of the sample with RGP, as shown in Fig. 14.

According to the intrinsic nanomechanical properties of each constituent phase and the results of Fig. 14,
the volume fraction variations of the main constituent phases of cement paste containing RGP are shown in
Table 5. The incorporation of RGP has a great effect on the volume fraction variations of constituent phases,
and the maximal volume fraction of the constituent phase of the control sample is HD C-S-H, but the
maximal volume fraction of the sample containing RGP is LD C-S-H, as presented in Fig. 14 and
Table 5. Compared to the control sample at 7 days, the incorporation of RGP increases the content of
porosity and LD C-S-H, and however, reduces the volume fractions of HD C-S-H, CH or UHD C-S-H
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and unhydrated particles, and with the increase of RGP content, the effect is more obvious [32]. The
increased content of porosity due to the utilization of RGP complies with the reduced strengths of cement
paste shown in Figs. 6 and 7. In addition, CH can not be distinguished from UHD C-S-H only by the
nanoindentation tested results because of the similar nanomechanical property ranges. The incorporation
of RGP changes the proportions of different types of C-S-H, and reduces the content of hydration
products of cement paste at 7 days due to the cement dilution of RGP, which are the sum of LD C-S-H,
HD C-S-H and CH or UHD C-S-H. This illustrates the delay in the hydration reaction, which is
consistent with the autogenous shrinkage variations in Fig. 8. Finally, the volume fraction variations of
unhydrated particles of cement paste seem unusual. The control cement paste should have the lowest
volume fraction of unhydrated particles due to the fast hydration reaction of cement, and however, in
fact, its value is the highest. This should be mainly attributed to the specific gravity of cement is greater
than that of RGP, and when RGP is used to replace cement by weight, the volume of cement paste
containing RGP increases. This may also be related to the dilution effect of RGP, which increases the
hydration degree of the cement particles, thereby reducing the content of the unhydrated phase. However,
during the nanoindentation test, the same areas and test points are adopted for all specimens which may
lead to the above unusual results.
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Figure 13: Effect of RGP on contour maps of elastic modulus of cement paste
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Figure 14: Effect of RGP on frequency histograms of elastic modulus of sample

Table 5: Effect of RGP on volume fractions of constituent phases of sample (%)

Specimen Unhydrated particle CH or UHD C-S-H HD C-S-H LD C-S-H Porosity

B-0 10.5 4 37.5 31 17
B-RGP-10 8 3.5 21 345 33
B-RGP-20 6.5 3.5 11 42 37
B-RGP-30 3.5 2.5 6 44.5 43.5

3.5 Life-Cycle Assessment

The LCA results of the cement paste containing RGP are presented in Table 6. The incorporation of RGP
can effectively reduce the environmental burden of cement-based materials on the surrounding environment.
When part of OPC is replaced by RGP, the environmental impact of the mixture is lower than that of plain
OPC paste. As expected, as the replacement ratio of RGP increases, the environmental load of the specimen
becomes lower. When the substitution ratio of RGP is 30%, the formation potential of tropospheric ozone
of the mixture is reduced by 27.35%, and global warming potential is reduced by 28.38%. Furthermore, the
ozone depletion potential is reduced by 29.60%, the eutrophication potential is reduced by 28.70%, and the
acidification potential is reduced by 22.93%. Although the incorporation of RGP reduces the early-age
strength of cement paste, a proper amount of RGP can improve its long-term strength [17,33,34].
Meanwhile, the incorporation of RGP significantly reduces the early autogenous shrinkage of the cement
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paste. When the cement product meets the requirements of the specification, using an appropriate amount of
RGP instead of OPC can improve its environmental benefits. Of course, since RGP is a solid waste, its cost
is also significantly lower than OPC. Therefore, the cement paste mixed with RGP also has good economic
and social benefits, which is beneficial to the goals of sustainable development and carbon neutrality.

Table 6: The environmental impact of cement paste containing RGP

Per metric tonne of material OPC (B-0) RGP RGP10 RGP20 RGP30
Formation potential of 48.5 3.55 44.279 39.758 35.237
tropospheric ozone

(kg Os-eq.)

Global warming potential 1041 58.5 941.87 843.74 745.61

(100 years, kg CO,-eq.)
Ozone depletion potential 0.000026  0.000000115 0.0000235016 0.0000209032 0.0000183048
(kg CFC 11-eq.)

Eutrophication potential 1.21 0.027 1.1009 0.9818 0.8627
(kg N-eq.)

Acidification potential 2.42 0.5 2.255 2.06 1.865
(kg SOy-eq.)

Non-renewable primary 5250 1080 4833 4416 3999

energy: Fossil (MJ)

4 Conclusions

In this work, the effect of RGP replacing cement by weight on the flexural and compressive strengths as
well as autogenous shrinkage of cement paste with different W/B ratios was investigated. Meanwhile, MIP,
SEM and nanoindentation techniques were carried out to support the findings and mechanism. The
conclusions can be obtained as follows:

(1) The utilization of RGP reduces the strengths of cement paste at an early age, and the reduced
strengths can be compensated by reducing the W/B ratio. When the W/B ratio is reduced from
0.30 to 0.25, the early-age compressive strength of the sample is significantly higher than that of
the control sample.

(2) The autogenous shrinkage of cement paste experiences three stages within 7 days. The autogenous
shrinkage of the pastes is decreased by the incorporation of RGP. Dilution and the formation of
different hydration products are responsible for the low deformation ratio of the sample containing RGP.

(3) Based on SEM and pore structure results, the utilization of RGP degrades the microstructure of
cement paste at early ages but reduces the porosity with a diameter smaller than 50 nm, which
has the determined effect on the variation of autogenous shrinkage.

(4) Compared to the control sample at 7 days, the utilization of RGP changes the proportions of different
types of C-S-H, and increases the volume fraction of porosity, but reduces that of hydration products
of cement paste, which indicates the delayed hydration reaction.

(5) The results clearly show the potential of RGP as an alternative SCM for the production of cement-
based materials. The incorporation of RGP reduces the early-age deformation of cement paste. This
is beneficial to reduce the risk of early-ages cracking of the concrete, thereby improving the long-
term service performance of concrete.

(6) The life cycle assessment also confirmed that using an appropriate amount of RGP to replace OPC to
prepare cement products has better environmental benefits. When 10%-30% OPC is replaced by
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RGP, the carbon emissions of cement paste are reduced by 9.5%—28.4% compared to plain UHPC
(0% RGP).
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