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Preface

With the development of the urbanization and globalization, the construction industry is

facing unprecedented challenges and opportunities. This Reprint, titled ”Buildings’ Sustainable

Development: Recycle and Reuse of Waste Materials in Construction Industry” is designed to explore

and share the latest research findings and practical experiences in the recycling and reuse of waste

materials within the construction industry.

The theme of this Special Issue focuses on the recycling and reuse of construction and demolition

waste (C&DW), a global issue with a significant impact on environmental and resource sustainability.

The scope of the issue is broad, including 14 papers that cover a range of topics, including recycled

aggregates, recycled powder, macro and micro properties characterization of concrete based on

recycled materials, and low-carbon construction methods. Research on the application of various

waste materials, including glass, bricks, slag, and waste concrete, in the production of new building

materials/elements is also featured.

Our aim is to provide an academic exchange platform to showcase the latest scientific research

and industrial case studies in reducing the environmental impact of the construction industry. By

publishing interdisciplinary articles, we hope to stimulate further research and discussion, promoting

the construction industry in a more sustainable direction.

The reasons for writing these scientific works are manifold: firstly, the global construction

industry has a significant impact on the environment, necessitating innovative solutions to reduce

carbon emissions and resource waste; secondly, the supply of high-quality building materials is

increasingly scarce, and recycling and reusing waste materials can alleviate this pressure; and lastly,

by sharing and exchanging knowledge, we can accelerate the dissemination of information and

promote technological advancement.

This Special Issue is aimed at professionals, researchers, engineers, policymakers, and scholars

interested in sustainable construction practices. We have invited authors who have in-depth research

and practical experience in this field, and their contributions have enriched the content and depth of

this Special Issue.

Last but certainly not least, we would like to express our gratitude to all the authors, reviewers,

and the MDPI editorial team who have participated in this Special Issue. Their efforts and

contributions have made the successful publication of this Special Issue possible. We look forward

to your reading and feedback, and together, we can contribute to the sustainable development of the

construction industry.

Zengfeng Zhao

Guest Editor

ix
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Effect of Crushing Method on the Properties of Produced
Recycled Concrete Aggregates
Julien Hubert 1, Zengfeng Zhao 2,*, Frédéric Michel 1 and Luc Courard 1
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Abstract: Construction and Demolition Waste (C&DW) is generated around the world and its
quantity will increase in the future. Recycling has become the favored method of dealing with
concrete waste but, to avoid its downcycling, it is important to develop a recycling process which is
able to produce high-grade recycled concrete aggregates (RCA). To that end, studying the influence of
the production process on the properties of RCA can prove to be a crucial step toward a more circular
construction industry. In this study, the influence of the crushing method is investigated. Samples
of five laboratory-made concretes have been crushed using the most common mechanical crushing
methods (impact crusher and jaw crusher), and the particle size distribution, morphology, hardened
cement paste content and water absorption of the produced RCA have been measured and analyzed.
The findings indicate that the use of impact crushers results in the production of RCA possessing more
spherical geometric characteristics, albeit with a broader particle size distribution and a relatively
higher content of fine particles as compared to those obtained from jaw crushers. Additionally, it
is observed that the employed crushing technique seemingly exerts no discernible impact on the
hardened cement paste content and the water absorption in the context of the studied concretes.

Keywords: construction and demolition waste; recycling; crushing; recycled concrete aggregates;
morphology; water absorption

1. Introduction

The ongoing expansion and replacement of existing real estate leads to the production
of important amount of Construction and Demolition Wastes (C&DW). The construction
industry is responsible for one of the heaviest and most voluminous waste streams in the
EU [1]. It accounts for at least one third of the waste generated in the EU and represents
an amount of about 850 Mt (Mt: Megaton). The most widely used building material
is concrete with a global production increasing by as much as 25 Gt (Gt: Gigaton) per
year [2,3] which means that most of the C&DW are composed of concrete. Due to environ-
mental and economic pressure, recycling has become an increasingly popular method of
disposing of C&DW that can provide a sustainable source of aggregates for future concrete
production [4–6].

Recycling C&DW starts with the selective demotion of a building to separate the
different waste materials [7,8] after which it is transferred to the recycling plant. C&DW
recycling plants bear a resemblance to natural aggregate production facilities, as they
employ a range of equipment such as crushers, screens, transfer devices and filtering
systems to produce granular materials of a predetermined grain size distribution. The
degree of processing of the C&DW depends on their intended future application [9]. The
recycling plants can be divided into mobile or stationary styles. Considering fixed recycling
plants [10,11], the recycling process starts with the reception and storage of the materials to

Buildings 2023, 13, 2217. https://doi.org/10.3390/buildings13092217 https://www.mdpi.com/journal/buildings1
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be treated. It is followed by a scalping step where the materials are screened to separate fine
particles and soil before crushing. Next, the material is crushed (primary and occasionally
secondary crushing), then it goes on a conveyor band equipped with an electromagnet
to remove any metallic elements (such as rebars), and through a manual or automatic
extraction of impurities. Finally, it is screened for the different desired particle sizes.

The preparation phase is particularly important, specifically for large reinforced
concrete elements, as it may impact crushing and purification systems. It is also used
to reduce waste dimensions before crushing. The produced aggregates are mainly used
in less demanding applications such as bulk fill, fill in drainage, primary foundations,
embankments and levelling work [9,12–14] which leads to concrete “down cycling”.

A very low percentage of recycled concrete aggregates (RCA) are used for the pro-
duction of new concrete products because typical state-of-the-art recycling plants usually
yield “lower-grade” RCA, presenting a lower density, higher water absorption [15–19],
lower resistance to abrasion and higher sulfate content compared to the natural aggre-
gates (NA) [20–27]. These properties of RCA, including its fine content and shape [28–31],
have been shown to have a negative impact on the workability, strength and durability
of recycled concrete prepared using RCA [32–37]. The lower quality of RCA is attributed
to their composition which comprises a mixture of NA and adherent hardened cement
paste [38–44]. Some scholars have experimentally studied the mechanical properties of
recycled concrete slabs and pointed out the feasible use of recycled concrete in practical
engineering applications [20,23–25], whereas the properties of RCA were good enough
(this could be improved by updating the crushing procedure).

Given that the recycling of C&DW has become one of the most important topics
in concrete research, and because of the correlation between mortar content and RCA
properties, many research works have been conducted to identify the factors responsible
for the adherent hardened cement paste content. It is mostly influenced by the properties
of the parent concrete, the crushing procedure and the final particle size of the RCA
produced [45–49].

Weaker parent concrete has usually been linked to RCA with better densities and
thus less adherent hardened paste [50–52], which is due to the mortar in the weaker
parent concrete being more easily removed during the crushing process. De Juan and
Gutteriez [38] did not directly observe a relation between parent concrete strength and
mortar content (they used RCA of unknown origin), but they reported a proportional
relationship between mortar content and Los Angeles abrasion resistance, and between Los
Angeles resistance and parent concrete compressive strength. It could then be expected that
a similar relationship exists between mortar content and parent concrete strength. Grubl
and Ruhl [53] have reported, however, that the compressive strength of the original concrete
had little to no influence on the cement paste content and that it was only controlled by the
crushing procedure. The maximum size of the NA in the parent concrete also affects the
properties of RCA. Padmini et al. [51] reported that the water absorption of RCA (closely
related to the adherent hardened cement paste content) decreases with increasing NA
maximum size.

The effect of the RCA particle size is abundantly present in the literature. Ghorbani
et al. [54] have shown that the compressive strength and tensile strength, as well as the
workability of concrete made with RCA, all decreased as coarser aggregates were used.
In terms of cement paste content, most have reported an increase in adherent hardened
cement paste content with decreasing granular fraction. Exteberria et al. [46] have reported
that the quantity of adherent mortar increases with a decreasing granular fraction. They
observed a variation from 20% to 40% (in mass) in the amount of attached mortar for the
granular fractions 10/25 mm and 4/10 mm, respectively. Hansen [55] reported values of
attached mortar of up to 60% (in mass) for 4/8 mm coarse RCA and up to 65% for the
0/0.3 mm filler fraction. More recently, Zhao et al. [56] showed variation in hardened
cement paste content from 10% to 17% for the granular fractions 14/20 mm and 0/2 mm,
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respectively. But some authors have also reported contradictory results with mortar content
increasing as the grain sizes increased [57].

It was found that most studies on RCA either do not refer to the crushing process at all
or only consider the number of crushing steps. Indeed, several authors have indicated that
increasing the crushing times results in a reduction in the content of adherent hardened
cement paste [38,45,58–62]. However, few results are available related to the influence
of the crushing method itself in the literature. This study endeavors to fill this gap. It
will clarify the impact of the crushing method on the properties of the produced RCA
scientifically, which could play the role of guiding production for the recycling plant. The
goal of this research is thus to evaluate the effect of the crushing method on the properties
of RCA. Samples of five laboratory-made concretes have been crushed using the most
common mechanical crushing methods (impact crusher and jaw crusher). The particle
size distribution, morphology, hardened cement paste content and water absorption of the
produced RCA have been measured and analyzed.

2. Experimental Program
2.1. Materials Used for the Production of Concrete

In this study, five different compositions of laboratory-made concrete have been
crushed using a jaw crusher and an impact crusher at the semi-industrial level. Many
studies have demonstrated the correlation between the compressive strength of the original
concrete and the quantity of the adherent cement paste [38,50,51]. A different aspect of the
parent concrete has thus been chosen for study: its composition. All five compositions are in
the same compressive strength range; this study chooses to modify the cement quantity, the
type of cement, the nature of the aggregates and the water-to-cement (W/C) ratio selected to
investigate the influence of these key parameters on the crushability of concrete and on the
properties of the RCA produced. A total of 120 L of each concrete mix was cast and prepared
for the production of RCA. In accordance with EN 206 [63], cubes (150 × 150 × 150 mm)
were produced and stored in a room with a temperature of 20 ± 2 ◦C and relative humidity
of 90 ± 5% for 90 days before being crushed. The reference concrete was designed using
limestone aggregates (2/7, 7/14, and 14/20 mm) and calcareous sand (0/4 mm). The CEM
III 52.5 cement based on slag was used for the production of concrete “C2-CEM III” (since
slag-blended cement is very often used in the production of cement on the market and
the same grade of 52.5 has to be used in this study; thus, CEM III 52.5 was chosen for
investigation in this study). CEM I 52.5 produced in the CBR company wasused for the
other four types of concrete. The relative proportion between each mix was established
according to the standard EN 480-1 [64]. This approach led to the following design for the
reference concrete: 35%, 20%, 20% and 25% by mass for the sand 0/4 mm, NA 2/7 mm,
7/14 mm and 14/20 mm, respectively. The quantities of each constituent (expressed in
kg/m3) are given in Table 1. The other concretes only differ from the reference concrete by
one parameter. Note that since the sandstone aggregates used present a very close grain
size distribution to the limestone aggregates used, the same relative proportions of each
constituent have been used. Mixtures with a low cement quantity and low W/C ratio
required a superplasticizer to reach the desired slump class (S3/S4). The experimental
grain size distribution curve is fitted as much as possible on a theoretical curve linking
the mean values defined in the standard EN 480-1 [64]. Concerning the mixing procedure
used in the production of concrete, the air-dried coarse aggregates and natural sand were
firstly introduced in the mix, and then half of the total water was added and mixed for
1 min. The water compensation was adjusted according to the water content and water
absorption of natural sand and coarse aggregates during concrete batching. The other half
of the total water was added after the introduction of the cement. In the case of using the
superplasticizer, additional mixing of 1 min was carried out to reach the desired slump.
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Table 1. Compositions of concrete made in the laboratory.

Name of Concrete C1-Reference C2-CEM III C3-Sandstone C4-Low Cement C5-Low W/C

Type of aggregate Limestone Limestone Sandstone Limestone Limestone

NA 2/7 mm (kg/m3) 368.8 368.8 368.8 405.1 367.1

NA 7/14 mm (kg/m3) 345 345 345 379 343.4

NA 14/20 mm (kg/m3) 433.5 433.5 433.5 476.2 431.5

Sand 0/4 mm (kg/m3) 604.9 604.9 604.9 664.4 602.1

Type of cement CEM I 52.5 CEM III 52.5 CEM I 52.5 CEM I 52.5 CEM I 52.5

Cement quantity (kg/m3) 400 400 400 320 452

Cement paste volume
(dm3/m3) 351 358 351 282 351

Efficient water (kg) 224.2 224.2 224.2 180.6 207.1

W/C ratio 0.56 0.56 0.56 0.56 0.46

Superplasticizer
(g/kg cement) 0 0 0 6.8 3.3

2.2. Concrete Characteristics

Concretes have been characterized in fresh and hardened states: fresh concrete slump
(NBN EN 12350–2 [65]), density (NBN EN 12350-6 [66]) and compressive strengths (NBN
EN 12390-3 [67]) were measured. Table 2 shows the properties of the produced concrete.

Table 2. Properties of the produced concrete.

Properties C1-Reference C2-CEM III C3-Sandstone C4-Low Cement C5-Low W/C

Slump (mm) 155 176 182 135 146

Slump class S4 S4 S4 S3 S3

Density (g/cm3) 2.35 2.31 2.31 2.36 2.31

Compressive strength (MPa)
(mean and standard deviation) 56.0 (±2.4) 61.6 (±0.7) 52.7 (±2.5) 56.0 (±6.4) 66.9 (±0.7)

2.3. RCA Production

The crushing mechanism directly impacts the properties of RCA such as grain size
distribution, fine content and shape, as well as the adherent hardened cement paste content.
Mechanical crushing can be performed with different types of crushers according to a sur-
vey conducted in the SeRaMCo project [11]; the most used equipment for C&DW recycling
are the impact, jaw and cone crushers. This choice is mainly influenced by acquisition and
maintenance costs and does not consider the properties of the end product [68].

Crushing was performed using semi-industrial crushers owned by the CTP (Centre
Terre et Pierre asbl) in Tournai (Belgium). Approximately 240 kg of each mix was crushed
using the two primary crushers: the impact crusher and the jaw crusher.

A jaw crusher consists of two plates fixed at an angle. One plate remains stationary
while the other oscillates back and forth, crushing the material in between. The particle size
reduction depends on the maximum and minimum size of the gap between the plates. In
an impact crusher, materials fall onto the rotor and are caught by blow bars, which throw
them against the impact plates (smashing them into smaller particles).

The crusher’s parameters were defined to produce aggregates with a diameter between
0 and 25 mm. For this reason, the jaw spacing was fixed at 22 mm for the jaw crusher. The
produced aggregates were sieved at 4/6.3/8/12.5/20/25 mm.

4
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2.4. Characterization of RCA

The particle size distribution was obtained following the European standard method
EN 933-1 [69].

The flakiness index was measured on the RCA produced according to the European
standard method EN 933-3 [70]. The shape index was also measured on the RCA according
to the standard EN 933-4 [71].

There is no standard method to measure the attached mortar content in RCA. In the
literature, the following methods are presented:

• The first method consists of a thermal treatment [38]. It is based on several cycles
where the aggregates are soaked in water then heated to 300 ◦C progressively to detach
adherent mortar from the surface of NA. This is due to the micro-cracking presented at
the interface between aggregates and mortar because of their different thermal dilation
coefficients. This method is only suitable for coarse RCA, since mortal removal needs
“brushing” of the RCA which is difficult with fine RCA.

• The second method [61,72] involves the dissolution of cement paste in a hydrochlo-
ric acid solution. Regrettably, it cannot be utilized when working with limestone
aggregates and fillers, as they are susceptible to be dissolved when exposed to
hydrochloric acid.

• The third method uses image analysis [61,73] to quantify the amount of residual
mortar on a flat polished section, which is efficient with coarse RCA, but the distinction
between fine aggregates and cement paste is difficult. Moreover, a statistical approach
is needed and it is time-consuming to obtain the reliable results.

• The last method had been developed by Zhao [44] and is based on the dissolution
of cement paste in a solution of salicylic acid. This method has been shown not to
dissolve calcareous aggregates.

This latter method has been chosen to measure the adherent hardened cement paste
content (HCPC) because it is easy to perform and can be applied to RCA obtained by
crushing concrete containing natural limestone aggregates. The sample is dried at 105 ◦C
and then ground until it is smaller than 0.2 mm. A small quantity of this dried sample is
then immersed into a solution of salicylic acid and methanol and stirred for an hour. The
solid fraction is filtered using a glass filter and washed (at least four times) using methanol.
The solid residue is then dried at 70 ◦C for 30 min and weighed. The hardened cement
paste content is obtained through:

HCPC =
(Ma − Mb)

Ma
× 100 (1)

where Ma and Mb are the mass of the dried material before dissolution and the mass of the
dried filtrate, respectively.

The water absorption of each granular class of RCA has been determined according to
the European standard method EN 1097-6 [74], while the details have been also presented
in Zhao et al. [44].

3. Results and Discussion
3.1. Particle Size Distribution

Figure 1 shows the variation in the particle size distribution of the RCA produced
with the jaw crusher and the impact crusher. It can be seen that the impact crusher curves
stop before reaching 100%. The goal of the crushing process was to produce aggregates
with a grain size distribution between 4 mm and 25 mm, and this highlights the fact that
the impact crusher produces around 30% of aggregates outside the desired range. It also
produces more fine particles than the jaw crusher because it crushes mortar and aggregate
particles alike; in contrast, a jaw crusher only breaks a small proportion of the original
aggregate, thus generating almost half the amount of fine particles for the same maximum
size of particle [10,75,76]. These points are in clear favor of the jaw crusher, which is more

5



Buildings 2023, 13, 2217

efficient in terms of material use and produces fewer fine particles which have a high
water absorption. Based on these results, we can conclude that the composition (for the
formulations considered) has little to no impact on the particle size distribution of RCA.
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3.2. Morphology

Figure 2 shows the flakiness index increasing with decreasing granular fraction for
both crusher types. A smaller value of the flakiness index denotes less elongated (“more
cubic”) aggregates. The jaw crusher also produces flakier aggregates than the impact
crusher. This can be explained by the breakage mechanism involved [11,22]. Composition
does not seem to have any significant impact on the flakiness index, since the curves for the
different compositions cross each other. It is worth noting that the jaw crusher curves all
present a minimum value of the flakiness index for the 16/20 mm granular fraction, which
can be explained by the fact that the maximum grain size of the NA used to produce the
parent concrete is 20 mm. This means that recycled aggregates of nearly 20 mm in diameter
are mostly composed of unbroken NA surrounded by a little cement paste. A similar
observation was made by Florea [59], who found a maximum value of RCA densities
around 8 mm which corresponds to the Dmax of the gravel used for the initial concrete.
This led them to the same interpretation that RCA with a granular fraction above the Dmax
of the parent concrete most likely contains a larger amount of cement paste than those
around the Dmax. This trend cannot be observed for the impact crusher because of the
breakage mechanism. Indeed, impact crushers, contrary to jaw crushers, crush mortar and
aggregates alike [76].

The global flakiness index varies from 11% to 14% for the jaw crusher and from 6%
to 8% for the impact crusher (Table 3), which is calculated by the percentage of granular
fraction and each flakiness index. These values are lower than the maximum value defined
in the national standards related to aggregates used for concrete production in a series
of North West European countries (maximum overall flakiness index: Belgium, 20%;
France and Luxembourg, 35%; Germany, 50%, i.e., varying from 20% to 50% depending on
the country).
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Table 3. Global flakiness index for the concrete mix crushed by impact and jaw crushers (as
a percentage).

C1-Reference C2-CEM III C3-Sandstone C4-Low Cement C5-Low W/C

Jaw crusher 14 11 13 11 12

Impact crusher 8 6 6 7 7

The same trend was observed as for the shape index (Figure 3). The shape index
increases with decreasing granular fraction (as for the flakiness index, a smaller value of the
shape index denotes a more “spherical” aggregate). Once again, the jaw crusher produces
more elongated aggregates and the concrete mix does not seem to have any influence for
the range investigated. The measured global shape index varies from 34% to 46% for the
jaw crusher and from 11% to 18% for the impact crusher.

3.3. Hardened Cement Paste Content

Figure 4 presents the hardened cement paste content (HCPC) for the different granular
fractions for the RCA obtained from the reference composition. This shows that a larger
granular fraction of RCA presents a lower hardened cement paste content; the HCPC
values of RCA obtained in this study are similar to the results given in previous research
works [44,56]. This is well correlated with the results obtained on flakiness and shape
indexes’ variation. Similar trends have also been described by many authors [22,46,55,56].

Based on Figure 4, the HCPC values of RCA obtained by the jaw crusher and impact
crusher are similar for each granular fraction (except for the granular fraction 16/20 mm).
It can be concluded that the crushing method (whether the jaw crusher or impact crusher)
has no clear influence on the hardened cement paste content.
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3.4. Water Absorption

Figure 5 shows the variation in water absorption of the RCA produced by the jaw
crusher for all of the considered compositions. These results are concordant with the trend
observed for the cement paste content. The larger the granular fraction, the lower the water
absorption, which is logical given the lower cement paste content. The water absorption of
the fraction 0/4 mm presents the highest values (ranging between 8.6% and 12.5% for all
five studied compositions), which is consistent with the water absorption of RCA presented
in other studies [17,30,38,44]. In addition, the difference in the water absorption values
obtained in the fractions 6.3/8, 12.5/20 and 20/25 mm is less than that of the fraction
0/4 mm, which is also confirmed in the previous work [56]. Another trend visible in
Figure 5 is the slight increase in water absorption for the granular fraction 20/25 mm when
compared to the granular fraction 12.5/20 mm, which validates our previous hypothesis
that RCA of a granular size close to the Dmax of the parent concrete is mostly composed
of NA.
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It is worth noting that, the results obtained for the series of the reference, CEM III
and sandstone are very similar. Conversely, the water absorption obtained with all of the
granular fractions of RCA produced from the concrete “C4-Low cement” are significantly
lower than other RCAs, which can be linked to a low cement content used in the parent
concrete, which results in a lower porosity of the hardened cement paste. The lower values
obtained for the RCA produced from concrete “C5-Low W/C” can be attributed to the
lower W/C ratio of the cement paste in the parent concrete. Both compositions (low cement
composition and low W/C composition) produce a lower porosity of the cement paste
presented in the parent concrete, leading to the lower absorption of the RCA [27,38,44]. The
same trends are observed in Figure 6 for the results obtained by the impact crusher.
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Figure 7 shows the water absorption of the RCA obtained from the reference composi-
tion. As can be seen in this figure, there is no clear influence of the crushing methods on
the water absorption, as was the case with the hardened cement paste content. Based on
these results, we can conclude that the composition (for the formulations considered) has
little to no impact on the water absorption or cement paste content of RCA.
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Based on the above discussion, the findings indicate that the use of impact crushers
results in the production of RCA possessing more spherical geometric characteristics, albeit
with a broader particle size distribution and a relatively higher content of fine particles
as compared to those obtained from jaw crushers. Additionally, it is observed that the
employed crushing technique seemingly exerts no discernible impact on the hardened
cement paste content or the water absorption in the context of the studied concretes.

4. Conclusions

In this study, the impact of the crushing method was investigated. The RCAs obtained
by the mechanical crushing of five laboratory-made concretes were characterized. The
effect of the parent concrete mix on the properties of the RCA was also investigated. The
main conclusions can be drawn as follows:

(a) The impact crusher results in the production of aggregates possessing more spherical
geometric characteristics, a broader spectrum of grain sizes and a relatively higher
content of fine particles as compared to those obtained from the jaw crusher. In
addition, the crushing method exerts no discernible impact on the hardened cement
paste content and the water absorption in the context of the studied concretes. The
W/C ratio in the range from 0.46 to 0.56, as well as the type of NA in the parent
concrete, do not seem to have any influence on the properties of the produced RCA.

(b) The flakiness and shape indexes decrease with the increase in the granular fraction.
The larger granular fractions have a lower residual hardened cement paste content
and water absorption than the smaller fractions, which indicates that larger fractions
of RCA are mostly composed of NA with a bit of adherent mortar.

(c) In the case of using a jaw crusher to produce RCA, the water absorption and mor-
phology indicators of RCA show their minimum values when the granular fraction
is close to the maximum diameter of the NA in the parent concrete. This correlation
indicates that the breakage mechanism of the jaw crusher does not affect the RCA in a
similar manner to the impact crusher.

This study presents the impact of the crushing method on the properties of produced
RCA scientifically, which could play the role of guiding production for the recycling plant.
Further investigations using more sophisticated morphology measurement techniques
(such as laser optical measurements) could potentially discriminate the crushing operating
system more appropriately. A wider range of variation in the concrete mix could also
affect the the produced RCA, which needs to be investigated in the future. In addition,
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the properties of concrete based on the RCA produced by different crushers are worth
future study.
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Abstract: Firebricks are generally used in furnace basins where glass, ceramics, and cement are
produced. Firebricks have an important place in construction and demolition waste (CDW). However,
there is a limited understanding of the effects on fresh and hardened state properties of cementitious
composites. This study investigates the mechanical, physical, and microstructural properties of
cementitious composites incorporating firebrick powder (FBP) from CDW. In this regard, the FBP was
used at 5, 10, 15, 20, and 25% replacement ratio by weight of cement to produce cementitious compos-
ites. The consistency, setting characteristics, and 3, 7, and 28 days compressive and flexural strength
tests of produced cementitious composites were performed. In addition, ultrasonic pulse velocity,
water absorption, porosity, unit weight, and microstructure analysis of cementitious composites
were conducted. As a result, the 28-day compressive strength of the cementitious composite mortars
containing up to 10% firebrick powder remained above 42.5 MPa. The flow diameters increased
significantly with the increase of the FBP. Therefore, it has been determined that the FBP can be used
up to 10% in cementitious composites that require load-bearing properties. However, FBP might
be used up to 25% in some cases. Using waste FBP instead of cement would reduce the amount of
cement used and lower the cost of producing cementitious composites.

Keywords: firebrick powder; construction and demolition waste; cementitious composites; setting
characteristics; compressive strength

1. Introduction

Today, the construction sector is one area that benefits greatly from the developments
in industry and technology. Concrete is the most preferred building material in construc-
tion [1]. Concrete, produced in more than 10 billion tons in the world every year, has many
advantages in terms of workability, strength, and durability compared to other building
materials [2]. One of the most important components determining the properties of con-
crete is cement. Cement is also the material with the highest cost in concrete production [3].
Cement production is a process that has huge environmental impacts in terms of raw
material consumption, energy consumption, and high CO2 emissions. Approximately one
ton of CO2 is released into the atmosphere during each ton of ordinary Portland cement
(OPC) production [2]. Global cement production, responsible for around 8% of worldwide
CO2 emissions, has increased more than 30 times since 1950 [4]. The high CO2 emissions of
cement production have motivated researchers to conduct various research for a sustainable
environment [5–8]. At the beginning of these studies is using construction and demolition
wastes (CDW) together with cement. The most important aim of CDW is to reduce cement
costs and CO2 emissions.

Technological developments in the construction industry have facilitated the demoli-
tion of structures. Large amounts of CDW occur during the demolition and rehabilitation
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phases in the construction industry [9]. CDW accounts for 30–40% of total municipal
solid waste, corresponding to 10 billion tons of CDW each year worldwide [10]. Concrete
and ceramic wastes constitute more than 50% of the total CDW worldwide [11]. These
wastes cause adverse effects such as energy consumption, greenhouse gas emissions, water
pollution, raw material consumption, and land occupation [12]. Brick wastes occupy an
important place in CDWs. There are many studies on the use of different types of brick
waste [13–16]. One of these wastes is firebrick (FB).

FBs, which have completed their service life and are demolished yearly to be replaced
with new ones, have an important place in CDWs. FB is generally used in furnace basins
where glass, ceramics, and cement are produced [17]. Therefore, recycling these wastes is of
great importance for a sustainable environment. One of the best ways to deal with FB wastes
is to use these wastes as aggregate or cement-based complementary material in concrete
production. Nematzadeh et al. [18] investigated the compressive behavior of concrete
containing fine recycled FB aggregate together with calcium aluminate cement (CAC) and
polyvinyl alcohol (PVA) fibers under an acidic environment. In general, the results showed
that the samples containing CAC together with PVA fibers showed suitable mechanical
properties in terms of corrosion control against acid attack, while the samples containing
fine FB aggregate performed quite poorly in this regard. Khattab et al. [19] investigated
the high-temperature addition of FB aggregates, substituting 20% as coarse aggregate into
concrete mixes. It has been determined that FB aggregate substituted concretes improve
compressive strength at high temperatures. Kavas et al. [20] investigated using FB aggregate
as a fine aggregate in mortar mixes. The high-temperature performance of the mortars
prepared with FB aggregate containing magnesium chromite showed better performance
when compared to the HCl absorption percentages control mortars. El-Didamony et al. [21]
studied the pozzolanic activity of FBs containing calcium oxide. It has been determined
that FB powder (FBP) used by substituting up to 20% by mass of ordinary Portland
cement (OPC) has pozzolanic activity. Substitution of 5–10% FBP to OPC provided higher
compressive strength than control mixes up to 90 days of cure time.

Firebricks have an important place in construction and demolition waste (CDW).
However, there is a limited understanding of the effects on fresh and hardened state
properties of cementitious composites. The literature studies on FB showed limited studies
on using the powder form of firebrick obtained by grinding this waste as a supplementary
cementitious material (SCM) [21–23]. In the studies, FB was generally used as an aggregate.
In addition, in the studies conducted, no studies were found on the effect of FBP on
the physical and mechanical properties such as setting time, workability, porosity, water
absorption, unit weight, ultrasonic pulse velocity, flexural and compressive strength, and
microstructure analyzes on cementitious composites.

2. Experimental Program
2.1. Materials

CEM I 42.5 R (OPC), ground waste FBP, standard sand, and tap water were used in
cementitious composite production. The physical and chemical properties of the cement
and FBP are given in Table 1. Table 1 shows that the ratios of SiO2 and Al2O3, which are
important for pozzolanic reactions, are 51.43% and 37.46%, respectively.

Firebrick powder used in cementitious composite mortar mixtures was obtained by
grinding waste firebricks from CDW. For this, the material, which was first turned into
small pieces in the jaw crusher, was further reduced with the help of the mill. Finally, it
was pulverized using a ball mill. Figure 1 shows the production of firebrick powder.
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Table 1. Physical and chemical properties of cement and FBP.

Chemical Composition (%) Cement FBP

SiO2 21.34 51.43
Al2O3 4.58 37.46
Fe2O3 3.85 2.14
CaO 62.26 0.71
MgO 1.73 0.60
Na2O 0.38 0.32
K2O 0.40 0.35
SO3 3.69 0.29
TiO2 - 4.81

Other elements 1.77 1.89

Physical Properties Cement FBP

Specific gravity 3.14 2.38
Specific surface area (cm2/g) 3410 2610

Loss on ignition (%) 1.83 6.87

Figure 1. Production stages of firebrick powder.

2.2. Methods
2.2.1. Sample Preparation

Cementitious composite mortars were produced per EN 196-1 [24] by substituting
FBP at 0% (Control), 5, 10, 15, 20, and 25% by weight of cement. The water : binder ratio
of the cementitious composite mortars remains constant at 0.50 in all mixture groups. A
summary of the mixing proportions for different mixtures is given in Table 2.

Table 2. Mixing plan of cementitious composite mortars incorporating FBP.

Mix Coding FBP (%) FBP (g) Cement (g) Water (g) Sand (g)

Control 0 0.0 450.0 225 1350
FBP5 5 22.5 427.5 225 1350

FBP10 10 45.0 405.0 225 1350
FBP15 15 67.5 382.5 225 1350
FBP20 20 90.0 360.0 225 1350
FBP25 25 112.5 337.5 225 1350
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2.2.2. Setting Time Test

Setting characteristics for cementitious composites incorporating FBP are determined
according to EN 196-3 [25] standard. The initial and final setting times of six different
cement composites were determined.

2.2.3. Consistency

This test aims to determine the workability of cementitious composite mortars in-
corporating FBP. The mortar mixtures, prepared according to the EN 196-1 [24] standard,
were filled into the truncated cone mold on the flow table in two layers and were tamped
twenty-five times in each layer. After the filling, the truncated conical mold was slowly
lifted. Then flow table was stroked 25 times in 15 s per EN 12350-5 [26] by turning the
shaking device. Finally, the flow diameters in both directions of the mortar were measured,
and the average of these two results was accepted as the final flow diameter.

2.2.4. Unit Weight, Water Absorption, and Porosity Tests

Unit weight, water absorption, and porosity of all mixture groups were determined
according to EN 480-5 [27]. The samples were kept in water curing for 28 days and removed
from the curing pool. After the surfaces of the samples were dried with a cloth, the saturated
surface dry weights were measured (W1). Then, to determine the weight of the samples in
the air, they were dried in an oven at 110 ◦C for 24 h. After the samples taken out of the
oven were cooled to room temperature, their weight in the air was measured (W0). W2
represents the weight of the sample in water. Then, unit weight, water absorption, and
porosity results were calculated with the help of the formulas given in Equations (1)–(3).
All measurements were carried out using three samples for each mixture group, and the
obtained results were averaged to get the final result.

Unit weight =
W0

V
, (g/cm3) (1)

Water absorption =
W1 − W0

W0
× 100, (%) (2)

Porosity =
W1 − W0

W1 − W2
× 100, (%) (3)

2.2.5. Determination of Flexural and Compressive Strengths and Ultrasonic Pulse Velocity

The flexural and compressive strengths of the cementitious composite mortars in-
corporating FBP were determined per EN 196-1 [24]. The flexural strength results of
40 × 40 × 160 mm prismatic cementitious composite mortars were measured after water
curing for 3, 7, and 28 days. Compressive strength results were measured using 40 × 40 mm
samples obtained after the flexural strength test. Flexural and compressive strength tests
were carried out at loading rates per EN 196-1 [24]. Ultrasonic pulse velocity of the ce-
mentitious composite mortars incorporating FBP was determined per EN 12504-4 [28].
An ultrasonic pulse velocity test of the cementitious composites was performed using the
Proceq Pundit Lab+.

2.2.6. Microstructure Analysis

The microstructural analyses of 7- and 28-day Control, FBP5, and FBP10 samples
were performed with scanning electron microscopy (SEM). Microstructure analyses of
the cementitious composites were conducted using a Zeiss EVO 40XP SEM device. SEM
analyses were performed on small samples obtained after compressive strength. Small
samples were coated with gold to obtain clear images in SEM analyses.
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3. Results and Discussion
3.1. Setting Characteristics of Cementitious Composites

The test results of the initial and final setting times of cement composites incorporating
FBP performed in complying with EN 196-3 [25] are shown in Figure 2.

Figure 2. Setting characteristics of cement composites.

As shown in Figure 2, it was observed that the initial and final setting times were
prolonged with the increase in the FBP ratio. The main reason for this situation is the
delayed beginning of hydration and the prolongation of setting times of pozzolans. Initial
setting times of 5%, 10%, 15%, 20%, and 25% FBP substituted cement composites increased
by 7.32, 9.76, 17.07, 19.51, and 24.39%, respectively, while the final setting times of 5, 10,
15, 20, and 25% FBP substituted cement composites increased by 3.39, 8.47, 10.17, 13.56,
and 18.64%, respectively, compared to cement composites without FBP. Since the specific
surface area of FBP is lower than that of cement and the particle size is larger, the initial
and final times were prolonged as the FBP replacement ratio increased. This situation
was similar to the studies conducted in [29,30] on the effect of SCM on the setting time of
cement pastes.

3.2. Consistency of Results

The flow diameters of cementitious composite mortars incorporating FBP are shown
in Figure 3. The results of the FBP-substituted cementitious composites show that the
flow diameters increase with the replacement ratio. This situation is thought to be due to
the specific surface area of FBP, as stated in [21]. The fact that the specific surface area of
FBP is lower than cement reduces the water requirement for mortar mixtures. Since the
amount of water was kept constant in all mixture groups, the flow diameters increased
with the FBP replacement ratio. Flow diameters of FBP5, FBP10, FBP15, FBP20, and FBP25
samples increased by 7.69, 15.38, 19.23, 26.92, and 30.77%, respectively, compared to control
mortars. FBP is a pozzolanic material and provides secondary hydration. As the pozzolanic
reactions take place over long periods and are delayed, an excess of water is present during
mixing and placement. This situation increases workability, as stated in [31,32].
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Figure 3. Flow diameters of cementitious composites.

3.3. Unit Weight, Water Absorption, and Porosity Test Results

The porosity test results of the cementitious composite mortars incorporating FBP
are shown in Figure 4. It was observed that the porosity results of the FBP-substituted
cementitious composites increased with the increase in the FBP replacement ratio. The
porosity test results of FBP5, FBP10, FBP15, FBP20, and FBP25 samples increased by 1.76,
4.57, 6.45, 8.63, and 11.15%, respectively, compared to control mortars.

Figure 4. Porosity test results of the cementitious composites.

The water absorption test results of the cementitious composite mortars incorporating
FBP are given in Figure 5. It was observed that an increase was observed in the porosity
results. It was observed that 25% FBP substituted cementitious composite mortars had the
maximum water absorption results. It was also observed that there was an increase of 3.83,
6.47, 7.64, 11.31, and 14.51%, respectively, for 5, 10, 15, 20, and 25% FBP additive ratios,
compared to the control sample.
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Figure 5. The water absorption test results of cementitious composites.

Figure 6 shows the relationship between porosity and water absorption. The result
showed a strong relationship between these two physical properties of the cementitious
composite samples incorporating FBP.

Figure 6. Relationship between porosity and water absorption.

The unit weight test results of the cementitious composite mortars incorporating FBP
are shown in Figure 7. Since the unit weight is inversely proportional to the porosity and
water absorption data, it is seen that the unit weight test results of the FBP substituted
cementitious composite mortars, having high porosity and water absorption, are low. The
highest unit weight result was obtained from the control sample without FBP. The unit
weight test results of FBP5, FBP10, FBP15, FBP20, and FBP25 samples decreased by 0.86,
1.29, 1.86, 2.95, and 4.09%, respectively, compared to control mortars. With the increase
in the FBP replacement ratio, the unit weights of cementitious composites decrease. This
situation can be attributed to the fact that FBP has lower specific gravity than cement.
Reducing the unit weight reduces dead loads in the structures, which is a beneficial effect,
as mentioned in [33].
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Figure 7. The unit weight test results of the cementitious composites.

The results of porosity, water absorption, and unit weight are evaluated. The increase
in porosity and water absorption values and decrease in unit weights with the rise of the
FBP replacement ratio was attributed to the dilution of the OPC by FBP, which is present in
higher amounts in the cementitious composite [21]. With increasing FBP content, C-S-H
and C-A-S-H amounts decrease, hydration development slows down, and the porosity of
cementitious composites increases.

3.4. Ultrasonic Pulse Velocity Results

The ultrasonic pulse velocity test results performed on cementitious composite mortar
samples incorporating FBP that have completed their 28-day curing period are shown in
Figure 8. With the increase of FBP replacement ratios, decreases in ultrasonic pulse velocity
test results were observed.

Figure 8. The ultrasonic pulse velocity test results of cementitious composites.

The relationship between the ultrasonic pulse velocity and the porosity, water absorp-
tion, and unit weight results are shown in Figure 9. Results showed a strong relationship
between the physical properties of the cementitious composites incorporating FBP and the
ultrasonic pulse velocity test results.
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Figure 9. The relationship between the ultrasonic pulse velocity, porosity, water absorption, and unit
weight results.

The ultrasonic pulse velocity (UPV) is transmitted through the solid phases. The
UPV of cementitious materials has an inverse relationship to porosity, proportional to the
volume fraction of the solid phase [34,35]. Therefore, as in Figure 9, UPV increased with
increasing unit weight and decreasing porosity and water absorption. However, UPV has a
nonlinear relationship with the FBP replacement ratio, as shown in Figure 8. In addition,
the UPV of cementitious composites significantly depends on the microstructure and the
densities of the samples as a result of the chemical reaction between cement, FBP, and water,
as explained in [36].

3.5. Flexural Strengths Results

Figure 10 shows the flexural strength test results of cementitious composite mortars
incorporating FBP after 3, 7, and 28 days of water curing, with the error bar indicating the
standard deviation.

Results showed that the flexural strengths decreased as the FBP replacement ratio
increased. While the 3-day flexural strength test results of FBP5, FBP10, FBP15, FBP20,
and FBP25 samples decreased by 4.38, 11.35, 15.46, 19.56, and 25.99%, respectively, the
7-day flexural strength test results were reduced by 3.35, 6.47, 11.50, 15.69, and 19.88%,
respectively, compared to control mortar. The 28-day flexural strength test results decreased
by 2.17, 4.35, 8.70, 13.04, and 15.22% for FBP5, FBP10, FBP15, FBP20, and FBP25, respectively.
When the reduction rates of flexural strength test results of cementitious composite mortars
incorporating FBP compared to control mortar are examined, it is seen that the reduction
rates decrease with increasing curing time. This situation proves that the strength of
pozzolans increases over the 3-day strength. When the results of Figure 10 are evaluated,
the flexural strength test results decreased with the increase of the FBP replacement ratio,
but the strength gain rate showed continuous growth. This situation shows that the flexural
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strength test results of cementitious composites incorporating FBP can catch up to that
of the control mortars at later ages [23]. In addition, the results proved once again that
pozzolans complete their hydration late. The flexural strengths were similar to the study
by Zeghad et al. [22]. Since there are limited studies on replacing FBP in cement, this
section was evaluated by considering other studies on brick powder in the literature.
Naceri and Hameri [37] reported that as the brick powder replacement ratio increased, the
7- and 28-day flexural strengths decreased compared to the reference mortars. They also
determined that mortars containing 5 and 10% brick powder had higher flexural strength
than reference mortars at 90-day flexural strengths. The linear decrease in the 28-day
flexural strengths with the increase in the brick powder replacement rate was also seen in
similar studies by Liu [38] and Xue et al. [39].

Figure 10. The flexural strength test results of cementitious composite mortars.

3.6. Compressive Strength Results

Figure 11 shows the compressive strength test results of cementitious composite
mortars incorporating FBP after 3, 7, and 28 days of water curing, with the error bar
indicating the standard deviation.

Figure 11. The compressive strength test results of cementitious composite mortars.
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When the results were examined, the compressive strength decreased as the FBP
replacement ratios increased. While the 3-day compressive strength test results of FBP5,
FBP10, FBP15, FBP20, and FBP25 samples decreased by 6.88, 14.44, 18.73, 24.21, and 35.39%,
respectively, the 7-day compressive strength test results decreased 5.99, 13.22, 17.55, 22.78,
and 31.88%, compared to the control mortar. The 28-day compressive strength test results
decreased by 4.21, 12.54, 17.50, 22.13, and 30.28%, respectively. This situation proves that
the strength of pozzolans increases over the 3-day strength. Figure 12 shows the increment
rate in compressive strength test results for each mixture group.

Figure 12. Change in compressive strength of FBP-based cementitious composites.

As shown in Figure 12, the 7-day increase rate percentages represent the increase ac-
cording to 3-day compressive strength, while the 28-day increase rate percentages represent
the increase according to 7-day compressive strength. Looking at the increase rates, both
the 7-day and 28-day increase rates are higher than that of the control sample with the
increase in FBP. Especially in the first days (7 days), the increase rate is higher compared to
later ages. When the results of Figures 11 and 12 are evaluated, although the compressive
strengths decreased with the increase of the FBP replacement ratio, the strength gain rate
showed a continuous increase as in the flexural strength. This situation again showed that
the compressive strength test results of cementitious composite mortars incorporating FBP
at prolonged days could catch up with the compressive strength of control mortars, as
in flexural strength [23]. The compressive strength results were similar to the study by
Zeghad et al. [22]. When the studies on the use of brick powder in cement-based composites
are examined, the 28-day compressive strengths generally decrease with the increase in
the brick powder replacement ratio [38,40]. With the rise of the FBP replacement ratio,
the OPC in the cement-based composite is diluted, which reduces the amount of C-S-H,
C-A-S-H, and CH. For this reason, the compressive strength of cementitious composites
with additives decreases [21].

Figure 13 shows the relationship between ultrasonic pulse velocity and 28-day com-
pressive strength results. According to this result, it is possible to say that there is a strong
relationship between compressive strength and ultrasonic pulse velocity.
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Figure 13. The relationship between ultrasonic pulse velocity and compressive strength.

3.7. Microstructure Analysis

Figure 14 shows images of the SEM analyses of control, FBP5, and FBP10 samples
after 7 days of water curing. When the SEM images are examined, it is seen that the
amount of Calcium silicate hydrate (C-S-H) in the control samples is more intense than
in cementitious composite mortars incorporating FBP. The low C-S-H concentration in
cementitious composite mortars containing FBP can be attributed to the slow hydration
development of pozzolans in the first days. Again, the reason for this situation is the late
hydration reactions.

Figure 14. 7-days SEM images of (a) Control, (b) FBP5, and (c) FBP10 samples.

Figure 15 shows images of the SEM analyses of control, FBP5, and FBP10 samples
after 28 days of water curing. When SEM images are examined, it is seen that a result
similar to the 7-day SEM analysis is obtained. It is seen that the C-S-H density in the control
sample is higher than in FBP5 and FBP10 samples. The C-S-H density of FBP5 samples is
higher than that of FBP10. When compared to the 7-day SEM images, it is seen that the
C-S-H density increases, and the hydration development of the pozzolans are better in the
following days. When the results of SEM analyses are evaluated, they are determined to
support the compressive and flexural strength results.

Figure 15. 28-days SEM images of (a) Control, (b) FBP5, and (c) FBP10 samples.
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4. Conclusions

This study investigated the mechanical, physical, and microstructural properties of
cementitious composites incorporating firebrick powder (FBP). In this regard, the firebrick
powder was used at 5, 10, 15, 20, and 25% replacement ratio by weight of cement to
produce cementitious composites. The consistency, setting characteristics, and 3, 7, and
28 days compressive and flexural strength tests of produced cementitious composites were
performed. In addition, ultrasonic pulse velocity, water absorption, porosity, unit weight,
and microstructure analysis of cementitious composites were conducted. The key outcomes
of the study are as follows:

• As the FBP ratio increased, the initial and final setting times got longer. This situation
shows that the FBP retards the setting characteristics. The main reason for this situa-
tion is the delayed beginning of hydration and the prolongation of setting times of
pozzolans. The flow diameters increased significantly with the increase of the replace-
ment ratio of the FBP. This shows that the water requirement for workability can be
reduced in cementitious composite mortar mixtures thanks to FBP. This situation can
be attributed that the specific surface area of FBP being lower than cement.

• The mechanical strength results decreased as the replacement ratio of FBP increased.
However, as the replacement ratio of FBP increased, a general increase in the strength
gain rate was observed.

• It has been observed that the FBP obtained by grinding the waste firebrick can be
used up to a 10% replacement ratio in cementitious composites that would require
load-bearing properties to comply with the specification. However, FBP might be used
up to 25% in some cases. Since cement production causes ~8% of the world’s CO2
emissions and energy, using waste FBP instead of cement would reduce the amount of
cement used and lower the cost of producing cementitious composites.

In future studies, FBP can be ground more so that the specific surface area is close to
cement and can be substituted for cement in different proportions. This way, the strength
decreases can be at a lower level. In addition, no study has been found on using FBP in
geopolymer or alkali-activated slag (AAS) mortars. The use of FBP in geopolymer or AAS
mortars can also be investigated in future studies.
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Abstract: The dynamic mechanical properties of recycled concrete (RC) and natural concrete (NC)
were studied by impact tests and numerical simulation. The quasi-static tests were conducted by a
servo-hydraulic machine, while the impact test used a 50 mm diameter split-Hopkinson pressure bar
(SHPB). The ANSYS/LS-DYNA software simulation was selected to validate the experimental results.
The recycled coarse aggregates (RCAs) came from the housing demolition and were conducted
with the microwave-assisted beneficiation method. The stress–strain curves, compressive strength,
dynamic increase factor (DIF), initial elastic modulus and failure modes were analyzed and discussed.
The results showed that the quasi-static compressive strengths of the RC were lower than that of the
NC by 5.0%. The maximum dynamic compressive strengths of the NC increased by 105.9% when
the strain rates varied from 46–108, while the RC increased by 102.2% when the strain rates varied
from 42 to 103. The stress–strain curves of the RC and NC demonstrated a similar pattern. The DIF
showed an increasing tendency with the increasing of strain rates, while the initial elastic modulus
showed a decreasing tendency. The failure modes first initiated from the edge of specimens and then
propagated to the center of specimens. An empirical equation was proposed for the estimation of the
DIF of the RC which was obtained from the microwave-assisted beneficiation. The simulation results
for the prediction of stress–strain curves of the RC showed good agreement with the experimental
results. In addition, these results suggested that the RCAs were obtained by the microwave-assisted
beneficiation can be recycled and may be used in some actual engineering.

Keywords: SHPB; RC; compressive strength; DIF; initial elastic modulus; failure modes

1. Introduction

In the entire world, construction generates 2.2 billion tons of waste every year [1], and
this increasing trend will reach approximately 6.2 billion tons by 2025 [2]. The concrete
waste from the demolition of old city buildings constituted 58% of the 18 million tons
of waste generated in China over the past year. However, the recycling coefficient of
utilization is low. The recycling of waste concrete not only purifies the environment, but
also reduces the over consumption of natural resources [3]. To solve the above problem,
many novel, efficient technologies are being continuously developed. Examples include
conventional heating [4], particle-shape-collecting technology [5], thermal–mechanical
technology [6], a chemical immersion method [7,8], hybrid techniques [9] and microwave-
assisted beneficiation [10,11]. Scholars mainly focus on mechanical and chemical properties
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to obtain high-quality coarse aggregate. The quasi-static mechanical properties method of
obtaining recycled concrete (RC) is mature. However, the dynamic behavior of concrete
under different strain rates is more complex than that of the quasi-static mechanical prop-
erties. Therefore, related investigation of impact behaviors is scarce. The dynamic tests
mainly concentrated on split-Hopkinson pressure bar (SHPB) and drop-hammer impact
tests [12]. However, the dynamic mechanics of RC according to different beneficiation
methods were investigated. The investigation of the dynamic mechanism of natural con-
crete (NC) was started by Abrams. It was then expanded by a large number of scholars.
The relationship between strain rate and other mechanical properties was the primary focus
of scholars [13–15]. The dynamic mechanism of RC was investigated mainly according
to the same method as NC. Then, the mechanisms and models of dynamic failure modes,
strength [16], stress–strain curves [6,17] and fragmentation [18] were summarized. The
dynamic behavior of recycled aggregate concrete was simulated by the SHPB with different
diameters and drop weight impact loads [19]. Although the fundamental behaviors had
been investigated, the environmental, economic and durability aspects of the RC also
required investigation because they were important to concrete structures’ serviceabil-
ity [20–23]. To study the influence of nanoparticle chemical composite on the dynamic
mechanical performance of the RC, the impact load was simulated by a 100 mm diameter
SHPB. The results showed that some nanoparticles can improve the RC’s dynamic com-
pressive strength [24]. In the field of concrete, concrete-filled steel tubes are widely applied
in engineering. Therefore, it was necessary to study the dynamic mechanics performance
of recycled-aggregate-concrete-filled steel tubes under different conditions. Combined
with the experiment and simulation, the mechanical behavior of the recycled-aggregate-
concrete-filled steel tube was investigated. The results showed that reinforcement ratio
and strength can improve impact behaviors [25,26]. Construction and demolition wastes
were obtained from different districts. Therefore, the recycled coarse aggregate (RCA) may
contain different materials. However, the rubber [11,27,28] and asphalt may have had a sig-
nificant influence on the performance of the RC. There were some other investigations into
the integrated assessment of RCA [29], the splice strength of steel reinforcement embedded
in the RCA [30] and recycled aggregate concrete under daily temperature variations [31].

Although there have been many achievements in investigating the dynamic behaviors
of RC (coarse aggregate from the tradition methods), The investigations of RCAs obtained
from microwave-assisted beneficiation are scarce. In this paper, according to the most
recent investigations, the dynamic behaviors of RC and NC were thoroughly investigated
using the SHPB impact test. Then, the finite element method was selected to verify the
dynamic behaviors. The stress–strain curves, compressive strength, dynamic increase
factor (DIF), initial elastic modulus and failure modes were the main parameters that were
investigated. Finally, a model was developed for the prediction of the stress–strain curve of
the RC under dynamic loading, which showed good agreement with the impact experiment
results.

2. Materials and Methods
2.1. Materials and Specimens

In quasi-static and dynamic tests, the NC included Portland cement (42.5R), fine
aggregate, coarse aggregate and water. The difference between the NC and RC was the
coarse aggregate, as shown in Figure 1. The design strength grade of concrete specimens
was C40. The fine aggregate was river sand. The coarse aggregate of the NC was crushed
stone (see Figure 1a) the maximum diameter of which was less than 6 mm, while the
coarse aggregate of the RC was gravel (see Figure 1b) which was obtained from demolition
waste and treated by microwave-assisted beneficiation. Then, the RCAs were crushed
(see Figure 1c) and used as recycling materials for cost-effectiveness and environmental
purification. The coarse aggregate replacement rate was 100% in the RC, i.e., the coarse
aggregate of the RC was totally replaced by RCA. Differently from the most prior investi-
gations, the beneficiation method was microwave-assisted beneficiation. Figures 2 and 3
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present the scanning electron microscope (SEM) images and X ray diffraction (XRD) pat-
terns of natural coarse aggregate and RCA. It was found that the microwave-assisted
beneficiation had a slight influence on the coarse aggregate. The related tests indicated
that the natural coarse aggregate and RCA showed similar mechanical properties [10].
Therefore, the RCA may be recovered and reused.

Figure 1. Coarse aggregate, (a) Natural, (b) RCA, (c) Crushed RCA.

Figure 2. SEM images of natural coarse aggregate and RCA. (a) Natural coarse aggregate; (b) RCA.

Figure 3. XRD pattern of natural coarse aggregate and RCA: (a) Natural coarse aggregate; (b) RCA.
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The impact test was selected to investigate the dynamic behavior of the NC and RC
specimens. For the RC specimens, the water absorption was higher than that of the NC.
Therefore, it was necessary to use additional water to assure the same water–binder ratio.
According to the mix design specification of the concrete (JGJ55-2011), The water–binder
ratio was 0.38. The additional water in the RC specimens was 4.6%. Five cubic specimens
with dimensions of 150 mm were fabricated and cured for 28 days at room temperature.
Their compressive strengths were measured according to the standard compression tests.
The SHPB specimens had diameters of 50 mm and heights of 25 mm [29]. The specimens
were divided into two groups and tested after 28 days of standard curing. Each specimen
is named using a X40-Y format, where X denotes NC or RC, and Y represents the number
of specimens, as shown in Figure 4.

Figure 4. Concrete specimens. (a) NC; (b) RC.

2.2. SHPB Test

The SHPB device used in the dynamic impact testing is shown in Figure 5a,b. The
SHPB apparatus consisted of the following parts: gas tank, cylindrical striker (50 mm
in diameter, 400 mm in length), incident bar (50 mm in diameter, 3000 mm in length),
transmitter bar (50 mm in diameter, 3000 mm in length), absorption bar, damper, dynamic
strain indicator, oscilloscope, data processing system and testing specimen. The specimens
are sandwiched between the incident and transmitter bars, as shown in Figure 5c. During
the test, the pressurized gas promoted the striker bar, and a stress pulse was produced in
the incident bar. The stress pulse impinged the specimen. The achieved strain rates in the
SHPB test were not constant throughout the test. The dynamic impact process of the SHPB
is shown in Figure 6. Five rating air pressures (0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa and
0.5 MPa) were investigated. Figure 7 shows the typical pulse signals during SHPB impact
test. According to the impulses, the stress, strain and strain rates can be obtained [22].

Figure 5. 50 mm diameter cross-sectional SHPB for impact test. (a) SHPB device; (b) ultra-dynamic
strain gauge; (c) specimen.
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Figure 6. Split-Hopkinson pressure bar (SHPB).

Figure 7. Typical pulse signals during SHPB impact test.

3. Experimental Results

The experimental results of the quasi-static compressive strength testing are given
in Table 1. The average compressive strengths of the NC and RC were 41.52 MPa and
39.44 MPa, respectively. It can be concluded that the compressive strength of the NC
was higher than that of the RC by 5.0%. This phenomenon indicated that the waste
concrete blocks conducted with microwave-assisted beneficiation had a certain recycling
value [10]. The micro-cracks propagated in the longitudinal direction; there were several
cracks running through the specimens. Simultaneously, concrete spalling occurred on the
edge of specimens.
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Table 1. Results of quasi-static compressive strength.

Specimens Load (kN) Compressive
Strength (MPa) Average (MPa)

N40-1 929 41.3

41.52
N40-2 918 40.8
N40-3 936 41.6
N40-4 947 42.1
N40-5 941 41.8

R40-1 880 39.1

39.44
R40-2 884 39.3
R40-3 891 39.6
R40-4 887 39.4
R40-5 896 39.8

Table 2 gives the results of dynamic compressive strength testing. Compared to
Table 1, the dynamic strengths were higher than the quasi-static strengths. The dynamic
compressive strength of the RC increased by 12.9%, 39.6%, 63.2%, 83.3% and 102.2% under
five strain rates when compared to the quasi-static compressive strength, respectively, while
the NC increased by 17.8%, 44.3%, 67.6%, 87.4% and 105.9%, respectively. The relationship
between dynamic compressive strength and strain rate was linear. This also indicated the
dynamic strengthening characteristics of concrete.

Table 2. Results of dynamic compressive strength testing.

Specimens Impact
Velocity (m/s) Strain Rate (s−1)

Compressive
Strength

(MPa)
Specimens Impact

Velocity (m/s) Strain Rate (s−1)
Compressive

Strength
(MPa)

NC-100-1 4.8 50 48.6 RC-100-1 4.5 37 44.7
NC-100-2 4.7 47 47.4 RC-100-2 4.7 43 46.2
NC-100-3 4.6 41 46.8 RC-100-3 4.6 46 45.3
NC-200-1 7.3 66 58.8 RC-200-1 7.2 63 56.6
NC-200-2 7.1 57 57.6 RC-200-2 7.1 54 55.5
NC-200-3 7.2 63 58.5 RC-200-3 7.3 60 56.2
NC-300-1 9.7 80 67.7 RC-300-1 9.5 74 64.3
NC-300-2 9.8 86 68.1 RC-300-2 9.9 78 66.7
NC-300-3 9.6 77 67.3 RC-300-3 9.7 79 65.8
NC-400-1 10.7 90 75.3 RC-400-1 10.9 87 74.6
NC-400-2 11.1 98 76.2 RC-400-2 10.7 92 72.6
NC-400-3 10.9 94 75.6 RC-400-3 10.8 94 73.9
NC-500-1 12.3 107 83.1 RC-500-1 12.3 105 82.1
NC-500-2 12.2 112 82.8 RC-500-2 12.1 100 80.6
NC-500-3 12.4 105 83.7 RC-500-3 12.2 104 81.2

Note: 100, 200, 300, 400 and 500 represent impact pressures of 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa and 0.5 MPa,
respectively; 1, 2 and 3 represent the number of concrete specimens.

3.1. Stress–Strain Curves

Figure 8 demonstrates the stress–strain curves of concrete specimens under different
impact pressures. It can be concluded that the relationship between stress and strain was
linear at the elastic stage. The deformation of concrete was mainly influenced by the coarse
aggregate and cement mortar. Then, the specimen entered an elastic–plastic state; the
increasing rate of strain was faster than that of the stress. The strain further accelerated,
while the stress increased slightly. The plastic deformation played a major role at this stage.
The micro-cracks originated inside the concrete. However, the concrete was in a stable state
before the stress reached its compressive strength. When the stress reached the peak values,
the curves presented a decreasing tendency. The bearing capacity of concrete specimens
decreased with the increasing of strain. This phenomenon was defined as strain softening.
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Figure 8. Stress–strain curves of concrete specimens under different impact pressures.

Compared to the NC and RC impact tests results, it can be found that the impact
time was longest when the impact pressure was 0.1 MPa. When the stress increased up
to the maximum value, the stress was found to descend gradually and slowly with the
increase in strain. This stage was an elastic strengthening stage, and the pores and cracks
were compacted. Therefore, the concrete presented a strain hardening phenomenon under
the impact loading. The overall impact resistance improved and had an excellent energy
dissipation effect. During this initial stage, the relationship between stress and strain was
linear when the impact pressure varied from 0.2 MPa to 0.5 MPa. The stress increased
up to the peak values in a short time; the specimen was rapidly destroyed. The curves
began to decrease rapidly, and the stress value decreased immediately with the increase in
strain. When the strain rate increased gradually, the curvatures of the stress–strain curves
on the ascending stage became smaller. It was indicated that the concrete damage evolution
occurred completely. i.e., it was the strain rate strengthening effect of concrete.

Compared to the stress–strain curves at descending phase, an oscillating reaction was
found when the impact pressure varied from 0.2 MPa to 0.5 MPa. This oscillation reaction
was illustrated the softening property of the concrete. The slope of the stress–strain curves
increased with the increasing of impact pressure. The linear line segment become longer
and showed the obvious brittle failure advantages. It can also be seen that the higher
impact pressure made the concrete harden easily. The higher the strength, the higher the
corresponding brittleness. When the impact pressure increased, the stress corresponding to
the high impact pressure was greater than that of the low impact pressure. That is, when the
impact pressure increased gradually, the strain rate was higher. The relationship between
the stress and strain of concrete also developed from strain hardening to strain softening.

3.2. Parameters Study
3.2.1. Dynamic Compressive Strength

As shown in Figure 9, it can be concluded that the relationship between impact velocity
and dynamic compressive strength is linear. The dynamic compressive strength increased
linearly when the impact velocity of the NC and RC varied from 4.7 m/s to 12.3 m/s
(0.1 MPa–0.5 MPa). At the same the impact velocity, the dynamic compressive strength
of the NC was greater than that of the RC. The absolute error between the NC and RC
is shown in Figure 9 (in green). With the increase in impact velocity, the growth rate of
dynamic compressive strength became smaller. This indicated that the influence of impact
on concrete—first more obviously and then more slowly—approached smoothness.
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Figure 9. Relationship between impact velocity and dynamic compressive strength.

3.2.2. Dynamic Increase Factor

The influence of strain rates on the dynamic compressive strength is shown in Figure 10.
The relationship between the strain rate and DIF was a logistic function form, and the
coefficients between the NC and RC were different. The R square values of the NC and RC
are 0.994 and 0.996, respectively. According to the experimental results and fitting curves,
the expression of the DIF is shown in Equation (1) and Figure 11. The R square values of the
NC and RC are 0.994 and 0.997, respectively, which was different from the expression [32];
the same function was logarithmic. Equation (1) has reasonable accuracy for evaluating the
DIF of the RC.

DIF = a + b/
[

1 + (
•
εd/c)

d
]

(1)

where a, b and c are constants,
•
εd is the strain rate and d is the index.

Figure 10. Effect of strain rates on dynamic compressive strength. (a) Natural concrete; (b) recycled concrete.
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Figure 11. Dynamic increase factor of concrete.

3.2.3. Initial Elastic Modulus

To further study the initial elastic modulus of concrete, the stress–strain curves of
concrete were fitted when the impact pressure was 0.3 MPa. The fitting curves (as shown
in Figure 12) and initial elastic modulus (as shown in Figure 13) were obtained.

Figure 12. Dynamic compressive strength.

Figure 13. Initial elastic modulus.
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According to the experimental results of the NC and RC, the fitting curve of stress
is proportional to the biquadrate of the strain, as shown in Figure 12. A derivative of the
stress is obtained the initial elastic modulus, as shown in Figure 13. It can be concluded
that there was much difference between the initial elastic modulus of the NC and RC when
the strain was less than 0.010, while they were in good agreement with each other when
the strain was more than 0.010. Therefore, it can be concluded that RC can replace NC in
some specific conditions.

3.2.4. Failure Modes

According to Figures 14 and 15, the failure modes of the NC and RC specimens under
different impact loads can be obtained. Two cracks were observed on cross section of
the NC when the impact pressure was 0.2 MPa. Figures 14a and 15a show that the RC is
completely destroyed when compared to the NC. Concrete spalling occurred on the edge
of specimens, which was accompanied by many micro-cracks, and the cracks presented
as “H”-type. The NC specimen showed good integrity, while the RC specimen showed a
more severe degree of damage. Some micro-cracks originated near the main crack of the
NC specimen. When the impact pressure was 0.3 MPa, the concrete is crushed as shown in
Figures 14b and 15b. However, the size of the NC was larger than that of the RC. There
were about six fragments on the NC. When the impact pressure was 0.4 MPa, the concrete
specimens were completely broken. Figures 14c and 15c show that the RC was seriously
damaged. At the same impact pressure, the failure modes of the RC specimen were more
damaged than those of the NC specimen. For the quasi-static test, the concrete cracking
occurred from the edge of specimens to the center, while in the dynamic test, the concrete
cracking occurred from the center to the edge.

Figure 14. Failure modes of NC specimen. (a) 0.2 MPa; (b) 0.3 MPa; (c) 0.4 MPa.

Figure 15. Failure modes of the RC specimen. (a) 0.2 MPa; (b) 0.3 MPa; (c) 0.4 MPa.
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4. Numerical Model Validation
4.1. Numerical FEM Model

To estimate the accuracy of impact test results, ANSYS/LS-DYNA finite element soft-
ware, developed by Ansys, Inc., Canonsburg, Pennsylvania, USA, was used to establish
a three-dimensional finite element calculation model of SHPB impact tests. During the
ANSYS/LS-DYNA simulation, the constitutive model of concrete is Holmquist-Johnson-Cook
(HJC) model, as given in Table 3. The HJC model of the RC is given in Table 4. Figure 16
shows stress–strain curves of concrete. It included elastic stage (OA segment), plastic stage
(AB segment) and close-grained stage components after crushing. At the elastic stage, the
relationship between the stress and strain was linear. At the point of A, the stress reached
the tensile strength of concrete. The corresponding stress was cracking stress. Then, the
specimen entered the plastic stage after concrete cracking. Many cracks initiated with the
increase in strain rate. Finally, the specimen entered the close-grained stage after crushing.

Table 3. HJC model of concrete.

Density
(kg·m−3)

Shear
Modulus

(GPa)
Strength Hardening

Coefficient
Strain Rate
Coefficient

Hardening
Exponent

Compressive
Strength

(MPa)

Tensile
Strength

(MPa)
Strain Rate

Minimum
Plastic
Strain

2400 14.86 0.79 1.6 0.007 0.61 48 4 1 × 10−6 0.01

Normalize
strength
(MPa)

Compressive
strain

Volume
strain

Stress
(GPa)

Strain rate
(compacted)

Damage
constant 1

Damage
constant 2

Material
constant 1

(MPa)

Material
constant 2

(MPa)

Material
constant 3

(MPa)

7 16 1 × 10−3 0.80 0.1 0.04 1.0 85 −171 208

Table 4. HJC model of the RC.

Density
(kg·m−3)

Shear
Modulus

(GPa)
Strength Hardening

Coefficient
Strain rate
Coefficient

Hardening
Exponent

Compressive
Strength

(MPa)

Tensile
Strength

(MPa)
Strain Rate

Minimum
Plastic
Strain

2450 18.47 0.79 1.8 0.007 0.99 45 4 1 × 10−6 0.01

Normalize
strength
(MPa)

Compressive
strain

Volume
strain

Stress
(GPa)

Strain rate
(compacted)

Damage
constant 1

Damage
constant 2

Material
constant 1

(MPa)

Material
constant 2

(MPa)

Material
constant 3

(MPa)
7 15 8.0 × 10−4 1.3 0.07 0.04 1.0 85 −171 208

Figure 16. Stress–strain curve of concrete.
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The contact automatic types were selected to simulate the interface between the
specimen and the SHPB (surface to surface). The reliability and validity of model were
verified when compared to the experimental values. The dynamic mechanics of the RC
were further improved and proved whether RC can be used in actual engineering. For the
SHPB, the parameters of the striker and pressure bar are given in Table 5. A quarter-scale
model was established to simulate the whole SHPB impact process.

Table 5. Parameters of Striker and pressure bars.

Density (g/mm3)
Elastic Modulus

(MPa) Poisson’s Ratio Yield Strength
(MPa)

Tangent Modulus
(MPa) Failure Strain

7.8 × 10−3 2.1 × 105 0.3 500 6 × 102 0.28

Impact velocities of 4.7 m/s (0.1 MPa), 9.6 m/s (0.3 MPa) and 12.2 m/s (0.5 MPa)
were selected to simulate the impact process of the SHPB. The wave forms can be ob-
tained through using the post-processing software LS-PREPOST, developed by Ansys, Inc.,
Canonsburg, Pennsylvania, USA. The direction of impact loads is shown in Figure 17a
along the left to right. Figure 17b shows the model after meshing. The relationship between
stress–strain and time was recorded by two different cements along the velocity direction of
incident and transmitter bar. The final stress–strain curves were obtained after recalculation.
This paper mainly investigated the dynamic mechanical properties of recycled concrete
aggregate at the impact velocity of 9.6 m/s (0.3 MPa).

Figure 17. Finite Element Model. (a) SHPB model; (b) mesh.

4.2. Impact Stress–Strain Curves

A monitoring unit was set on the surface of incident and transmitter bar. The wave
form tendencies of the different concretes were basically similar to each other. The stress
wave propagated in the bar, and the reflection phenomenon occurred on the contact
interface between the input bar and the specimen. Because the strength of concrete was
relatively low, the transmission wave was negligible. It was found that the NC’s stress
maximum of incident and transmission waves was higher than that of the RC. Nevertheless,
the difference between the NC and RC specimens was small. These simulation results were
coincident with the impact test results, while the peak value of the simulation results was
higher than that of the test value.

According to Figure 18, it is obvious that the NC’s dynamic compressive strength was
larger than that of the RC. At the same impact pressure, the increasing tendency of stress
was similar to the impact test results. However, the oscillating reaction did not occur at the
descending stage. The reason was that the stress wave was assumed to be a constant and
unchanged by the increase in simulation duration, while the stress wave varied with the
increase in impact test duration.
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Figure 18. Stress–strain curves of concrete. (a) Natural concrete; (b) recycled concrete.

The compressive stress–strain curves of concrete specimens under the same impact
velocities are presented in Figure 19. In the figure, N/RCi (i = S and T) represents the
simulation and test values of the NC and RC. The stress–strain curves presented similar
tendencies under three different impact velocities. The test and simulation values of
concrete specimens are in good agreement with each other, expect that the strain varied
from 0.005 to 0.010. At the ascending stage, the stress–strain curves were consistent with
each other when the strain was less than 0.001. With the increasing of impact velocities,
the relative error of peak stress became smaller. At the descending stage, the stresses were
approximately close to each other. This phenomenon became more obvious with increasing
impact velocity. The simulation results showed good accuracy with the experimental
results. It can be verified that the NC and RC had the same mechanical behavior under the
impact loads, and the accuracy of the finite element model was validated. Therefore, RC
can replace NC in some actual engineering.

Figure 19. Compressive stress–strain curves of concrete. (a) 4.7 m/s; (b) 9.6 m/s; (c) 12.2 m/s.

4.3. Failure Modes

The failure modes of the RC (as shown in Figure 20) and NC (as shown in Figure 21)
specimens showed similar behavior at three impact velocities. In this paper, only the failure
modes at an impact velocity of 9.6 m/s were given. Figures 20 and 21 display the failure
modes of concrete at different times. It was found that the failure tendencies of the NC
and RC were very similar. At the initial impact velocities, the center elements were not
destroyed and maintained good integrity, as shown in Figures 20a and 21a. With the in-
crease in impact time, the concrete on the edge begins to fall and show damage, as shown in

41



Buildings 2022, 12, 1055

Figures 20b and 21b. This means that a failure mode was developed. Then, the cracks grad-
ually propagated to the center of the specimen, as shown in Figures 20c and 21c. Due to
the size of the concrete specimens, the terminal of the specimens will easily produce
the stress concentration phenomenon during loading. The failure modes of the speci-
mens gradually extend from the edge to the center, as shown in Figures 20d and 21d.
Figures 20e and 21e show that many through-cracks originate at the center of the specimens.
The main parts of the specimens were completely separated and destroyed, as shown in
Figures 20f and 21f. The overall failure process can be described as the stress wave having
had a significant influence on the dynamic behavior. Compared to Figures 20 and 21, it
can be concluded that multiple cracks initiate on the RC specimens at the same time. The
damage degree of the RC was relatively heavier than that of the NC. The RC specimens
were completely crushed. This also indicates that the impact resistance of the RC was
slightly worse than that of the NC. This conclusion is basically consistent with the impact
test results. Therefore, it was feasible to use the simulation software to make qualitative
analysis of the SHPB impact test of the RC.

Figure 20. Failure modes of recycled concrete. (a) t = 0.0 ms; (b) t = 0.5 ms; (c) t = 0.7 ms; (d) t = 1.0 ms;
(e) t = 1.5 ms; (f) t = 2.0 ms.

Figure 21. Failure modes of natural concrete. (a) t = 0.0 ms; (b) t = 0.5 ms; (c) t = 0.7 ms; (d) t = 1.0 ms;
(e) t = 1.5 ms; (f) t = 2.0 ms.

5. Conclusions

In this paper, quasi-static and dynamic tests of the NC and RC specimens were
investigated. The relationship between stress and strain, compressive strength, dynamic
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increase factor, initial elastic modulus and failure modes were studied in detail. Combined
with the ANSYS/LS-DYNA finite element software, the whole impact process of the
concrete was simulated. Finally, the main results were obtained as follows:

(1) Quasi-static test results showed that the compressive strength of the NC was about
1.05 times higher than that of the RC. The dynamic results obtained suggest that the
compressive strength of the NC was higher than that of the RC. With the increase in
impact velocity, the compressive strength and the dynamic increase factor increased
gradually. According to the impact tests, the logistic function expression of dynamic
increase factor was obtained.

(2) From the relationship between stress and the varying strain rates, it can be concluded
that the stress–strain curves showed a linear behavior at the initial stage of loading.
When the stress reached the maximum value, the curves presented a decreasing
tendency. The concrete specimens presented the strain softening phenomenon.

(3) With the increase in impact velocity, the growth rate of dynamic compressive strength
became smaller. The expression of DIF gives an adequate estimate of the dynamic
compression strength of the RC and NC within the strain rate range of 40–100 s−1.
The proposed empirical model gives an adequate estimate of stress–strain curves of
the RC and NC at the impact velocity of 9.6 m/s.

(4) The initial elastic modulus showed a decreasing tendency with the increase in strain.
The strain had a significant influence on the initial elastic modulus when the strain
was less than 0.010, while they were in good agreement with each other when the
strain was more than 0.010.

(5) Failure modes can conclude that the damage degree of concrete developed from the
edge of specimens. Then, the failure gradually extends to the center of the specimens.
With the increase in impact time, many through-cracks originated at the center of
specimens. Then, the main part of the specimens were completely separated and
destroyed. The simulation results showed good agreement with the SHPB impact test.
Therefore, this model was feasible for performing qualitative analysis of the SHPB
impact test of the RC.
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Abstract: Large quantities of construction and demolition waste are generated annually, and in many
parts of the world, it is disposed of in landfills. Utilizing this waste to produce coarse aggregates for
concrete production offers a potentially sustainable approach that mitigates environmental impacts.
Despite the widespread encouragement of using recycled aggregates as a substitute for natural coarse
aggregates, practical applications remain limited, and the concrete production industry continues
to primarily rely on exploiting natural resources. The recycling of concrete waste derived from the
demolition of obsolete or damaged buildings as structural concrete has been seldom realized thus
far, primarily due to regulatory constraints and concerns regarding technological difficulties. This
paper presents a case study to demonstrate that, with meticulous preparation, concrete waste from
a demolished building can be rendered suitable for use as structural concrete. The experimental
investigation examined how the proportion of recycled aggregates obtained from a demolished
building and the moisture content influenced the properties of fresh and hardened concrete. The
results revealed an increase in the compressive strength of the hardened recycled concrete as a
higher proportion of recycled coarse aggregate was incorporated into the mixture. Moreover, pre-
soaked recycled coarse aggregates were found to improve the workability of the recycled concrete
mixture significantly. The results highlight the significant potential of utilizing concrete waste as a
valuable resource in the production of ready-mix concrete for structural applications, provided that
appropriate measures are taken to optimize its properties.

Keywords: recycled aggregates moisture condition; recycled concrete workability; recycled concrete
compressive strength; construction waste recycling; sustainable concrete

1. Introduction

Concrete, as the most widely used construction material, plays a vital role in meeting
the growing demand for new buildings, infrastructure, and roads, especially as global
population increases [1,2]. However, the conventional production of concrete, which relies
on cement, fine aggregates, coarse aggregates, and water, is associated with significant
environmental challenges [3,4]. Cement production, a key component of concrete, con-
sumes vast amounts of energy and is a major contributor to global carbon dioxide (CO2)
emissions, accounting for approximately 5–7% of anthropogenic CO2 emissions world-
wide [5,6]. The urgent need to address climate change and achieve sustainability in the
construction industry has prompted global efforts to reduce CO2 emissions and enhance
environmental protection and resource management.

Over the past few decades, governments worldwide have been actively promoting
sustainable policies aimed at reducing environmental impacts and achieving economic
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gains [7]. These policies employ economic instruments such as taxation to discourage waste
disposal in landfills while incentivizing the recovery and reintegration of construction and
demolition waste (C&DW) into the production cycle. Although concrete offers numerous
advantageous physical and mechanical properties, its structural lifespan is typically limited
to 50–100 years, after which structures are often dismantled. In Europe, a significant
number of structures constructed after World War II are approaching the end of their
design life, resulting in a projected increase in C&DW volumes in the near future [8]. In
fact, C&DW accounted for approximately 36% of Europe’s total waste in 2016 [9].

The concept of finding beneficial applications for demolition waste is not new and
applications following World War II have been documented by Gluzhge [10]. Presently,
C&DW is either disposed of in landfills, as predominantly observed in developing countries,
or processed in recycling plants in more developed nations. Recycled aggregates derived
from C&DW are primarily employed in low-grade applications, such as raw material for
the cement industry, soil stabilization, pavement bricks, road construction subbase material,
and embankment fill [11]. Notably, during the reconstruction project of Puskas Stadium in
Hungary, approximately 60% of the demolished waste was successfully re-used on-site or
for other construction projects, while the remaining 40% was sent to landfills [12].

The properties of recycled aggregates can vary significantly, influenced by factors such
as the acquisition method, particle size, attached mortar, and original concrete quality [13].
Demolished rubble from construction sites often contains various materials, including
concrete, tiles, soil, bricks, and wood [14]. These additional contaminants diminish the
quality of recycled aggregate, particularly when the rubble results from disasters such as
wars, earthquakes, or floods. Several studies have explored various methods and treatments
aimed at improving the quality of recycled aggregates. Ouyang et al. [15] concluded that
the production of high-quality recycled aggregate could be achieved by either removing
or strengthening the attached mortar. A comparative study by Katz [16], used silica fume
impregnation to enhance the surface porosity of recycled aggregate and ultrasonic cleaning
in removing loose particles from the surface of recycled aggregates. The results indicated
that silica fume impregnation resulted in a greater enhancement in the compressive strength
of the recycled concrete when compared to ultrasonic cleaning. In a study conducted by
Junak et al. [17], geopolymer slurry was applied to coat the recycled concrete aggregates
(RCA) with the aim of improving its surface characteristics. The findings revealed that this
treatment led to an increase in the density of the RCA and a decrease in its water absorption
capacity. According to Pandurangan et al. [18], various treatments such as mechanical,
thermal, or chemical methods for removing attached mortar from recycled aggregates
have shown positive effects on bond strength and increased compressive strength when
compared to untreated recycled aggregate. In their study, it was observed that polymer
impregnation had the most significant impact on enhancing the physical and mechanical
properties of the recycled concrete aggregates (RCA), followed by the attached mortar (AM)
removal method and the accelerated carbonation curing process. Although it is possible to
produce high-quality recycled aggregate with properties comparable to natural aggregates,
achieving such quality necessitates costly, time-consuming, and energy-intensive treatments
involving the removal of contaminants, classification, washing, screening, and multiple
crushing stages [19]. Recycled aggregates (R.A) generally exhibit lower density and higher
water absorption than natural aggregates due to the presence of attached mortar [20].
The fine fraction of recycled aggregate tends to have a higher mortar content, making
it unsuitable for use in structural concrete production [21]. Ensuring the quality of the
original concrete also presents challenges in standardization. RILEM (International Union
of Laboratories and Experts in Construction Materials, Systems, and Structures) guidelines
recommend avoiding the use of recycled coarse aggregates with water absorption exceeding
7% in concrete production [22]. However, European standards allow for the substitution
of up to 50% of natural coarse aggregates with recycled coarse aggregates under certain
conditions [23]. Studies by Corinaldesi [24] and Limbachiya et al. [25] have found no
significant influence on the compressive strength of recycled concrete when replacing up
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to 30% of natural aggregates with recycled aggregates. Moisture conditions of recycled
aggregates significantly affect the workability of recycled concrete due to the higher water
absorption of recycled aggregates. Several studies have investigated the effects of different
moisture conditions on the properties of RA and the resulting concrete mixtures. The
findings from these studies have been inconsistent and influenced by multiple variables.
In 2004, Poon et al. [26] observed that high percentages of recycled aggregate, particularly
in the saturated surface dried (SSD) state, resulted in less cohesive concrete mixtures
and potential bleeding during casting, leading to reduced compressive strength. Also, it
was noted that the optimal moisture condition was found to be the air-dried condition.
Brand et al. [27] reported the highest compressive strengths were achieved using 80%
SSD state, and the strength properties for recycled concrete aggregates (RCA) concrete
were greatest when the RCA was at least in the partially-saturated moisture state. Other
studies [28–31], reported that the presaturation of recycled aggregate negatively impacts
concrete strength and durability. The duration of presoaking has been identified as a
determining factor in the flowability of fresh recycled concrete. Zhang et al. [32] concluded
that partially saturated RA is beneficial for the performance of recycled concrete. Given the
existing technological uncertainties, further investigations are necessary to promote the
use of sustainable concrete incorporating recycled aggregate.

This paper presents the outcomes of a case study conducted in Pécs, Hungary, where
recycled aggregates were obtained from a demolished reinforced concrete building con-
structed in the 1970s. The mechanical and physical properties of the recycled aggregates
were examined, and subsequent concrete production incorporated these aggregates in two
moisture conditions: dried and partially saturated. The results highlight the significant
potential of utilizing concrete waste as a valuable resource in the production of ready-
mix concrete for structural applications, provided that appropriate measures are taken to
optimize its properties.

2. Materials and Methods
2.1. Materials
2.1.1. Cement

All concrete mixes were produced using CEM II/B-S 42.5N Portland Slag Cement as
the binder material. The cement was supplied by a local supplier and complied with EN
197-1:2011 [33] without any cementitious replacement.

2.1.2. Natural Aggregates

Two types of coarse natural aggregates were used, each with different characteristics.
The first type was natural round aggregate (N) extracted from riverbeds or lakes, that had a
round shape and smooth surface. The second type was natural crushed stone (NC), which
had an angular shape and rough surface as shown in Figure 1a.
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2.1.3. Recycled Aggregate

For this study, recycled aggregate (R)—see Figure 1b—was obtained from the demo-
lition of a 25-story building in Pécs, Hungary in 2016. It is estimated that approximately
22,549 t of debris were generated from the demolition (see Figure 2a). During the demolition,
the reinforced concrete elements were dismantled using a tower crane (see Figure 2b) and
then broken into transportable pieces by a demolition machine equipped with a crushing
head, while separating the recyclable reinforcing steel. The collected debris was transported
to a landfill site where it was crushed into smaller. After primary and secondary crushing,
the debris size ranged between 0/40 mm. The rubble was stored in a landfill near Pécs for
several years. Although the demolished concrete rubble was considered a good-quality raw
material being relatively homogeneous, its recycling as a raw material for concrete has not
yet been fully realized. A significant portion of the debris remains in the landfill awaiting
further use (see Figure 2c). Samples were collected from two storage locations and then
graded to the required sizes for concrete mixing. Only the coarse recycled aggregate RCA
with a diameter of 4/16 mm was used in the preparation of concrete mixes. On the other
hand, the fine recycled portion, measuring 0/4 mm, which constitutes approximately 35%
of the total weight of the collected rubble, was not included in the concrete mixture due to
its composition primarily consisting of crushed mortar. (see Figure 1b). The preparation
method and mixing approach were specifically designed to facilitate the implementation of
recycled aggregate in ready-mix concrete production. By simplifying the processing steps
and ensuring compatibility with existing concrete plant production lines, encouraging the
industrial sector to adopt sustainable practices without significant modifications to their
existing processes.
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2.1.4. Chemical Admixtures

Different dosages of a water-reducing admixture were used to achieve the desired
workability. The superplasticizer used was Sika ViscoCrete-7710, with a recommended
dosage ranging from 0.2% to 2% of the cement content (mc%).

2.2. Experimental Work

Eight concrete mixes were prepared, each varying in the content of recycled coarse
aggregate and moisture conditions. Mix N served as the control mix and utilized natural
round aggregates (N). Mix NC was a conventional concrete mix in which 50% of the
coarse round aggregates were replaced with crushed stone (NC). The remaining six mixes
incorporated different proportions of recycled coarse aggregate (15%, 30%, and 50%) and
were prepared in both dried and partially saturated conditions. The recycled aggregates
were submerged in water for 1 h, drained, and then left at room temperature for an
additional 1 h before mixing (see Figure 2d). Table 1 provides an overview of the coarse
aggregate content and moisture condition for each mix.

Table 1. Coarse aggregates content in each mix.

Mix Code N NC R RW *

Mix N 100% - - -
Mix NC 50% 50% - -
Mix R15 85% - 15% -
Mix R30 70% - 30% -
Mix R50 50% - 50% -

Mix RW15 85% - - 15%
Mix RW30 70% - - 30%
Mix RW50 50% - - 50%

* Recycled aggregates partially saturated.

2.2.1. Mix Design

The targeted concrete class for all mixes was C30/37, with a desired workability class
of F3 according to MSZ EN 12350-5 standards [34]. The water/cement ratio was fixed at
0.52, and the maximum aggregate diameter (Dmax) was set to 16 mm. The type and content
of cement remained constant across all mixes. The concrete composition was determined
using the absolute volume method. The specific mixture proportions for each mix are
presented in Table 2.

Table 2. Concrete mix proportions.

Concrete
Mix

Cement
(kg)

Water
(kg) W/C

Sand
(kg)

Coarse Aggregate (kg)
Plasticizer
(mc% *)

Density
kg/m3Natural Recycled

N NC R RW

N 350 182 0.52 732 1098 - - - 0.18 2363
NC 350 182 0.52 732 549 549 - - 0.13 2372

R15 350 182 0.52 732 933 - 165 - 0.31 2356
R30 350 182 0.52 732 769 - 329 - 0.51 2361
R50 350 182 0.52 732 549 - 549 - 0.50 2315

RW15 350 182 0.52 732 933 - - 165 0.23 2326
RW30 350 182 0.52 732 769 - - 329 0.31 2322
RW50 350 182 0.52 732 549 - - 549 0.10 2312

* The percentage of superplasticizer to the weight of cement.

The same mixing method and sequence were followed for all mixes. The natural
coarse aggregates (N&NC) and fine aggregates were in an oven-dried condition by drying
them at 105 ◦C for 24 h and then were cooled at room temperature before mixing. While the
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recycled aggregate (R) was used in two states: oven-dried (as in mixes R15, R30, and R50)
and partially saturated (RW) (as in mixes RW15, RW30, and RW50). Tests were conducted
on the aggregates to determine their characteristics. The grading curves for recycled and
natural aggregates exhibited similar trends, as depicted in Figure 3. These curves were
generated in accordance with the EN 933-1 standard [35].
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The physical properties of the aggregates, such as particle density and water ab-
sorption, were tested in compliance with the requirements of EN standards [36]. The
quality of the recycled aggregate was further assessed by evaluating its mechanical proper-
ties, including resistance to fragmentation, as determined by the Los Angeles and Micro-
Deval aggregate impact tests. These tests were carried out in accordance with standard
EN-1097-2 [37,38] procedures. In addition, shape index and bulk density tests were carried
out to gain an overall understanding of the aggregate properties [39,40]. Contaminants,
including wood, paper, tiles, bricks, and metal debris, were present in the recycled aggre-
gates (R) and were removed during the separation process to obtain the required fractions.
The total mass of these contaminants was less than 10% (Rc 90 and Rcu 95), classifying the
recycled aggregate as type A according to EN 206 standards [23]. The coarse aggregate
with sizes ranging from 4–16 mm was divided into two standard fractions: 4/8 mm and
8/16 mm using vibrating mechanical sieves, constituting 44% and 56% respectively of the
coarse aggregate volume. The volume of the different aggregate fractions was the same
in each mixture: 0/4 fraction accounted for 40%, 4/8 fraction accounted for 26%, and
8/16 fraction accounted for 34%.

2.2.2. Concrete Batching Procedure

The concrete batching procedure involved using a pan-type mixer with a 50-L capacity
for preparing all the concrete mixtures. To simplify the process and make it more practical,
the conventional mixing sequence was followed. The coarse aggregate was added first,
followed by cement, and then the sand was added to cover the cement and prevent it from
dusting. Dry mixing was performed for approximately 60 s. Water was then gradually
added during mixing to ensure a uniform mixture. The wet mixture was then mixed for
an additional 1–3 min, during which the superplasticizer was gradually added to achieve
the desired workability. If needed, this final step was repeated. Following the mixing
process, the fresh properties of the concrete were tested to assess the quality of the mixture.
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After that, the concrete mixtures were cast in standard size moulds with dimensions of
(150 × 150 × 150) mm and compacted using a mechanical vibrating table. After casting the
specimens were stored at room temperature of (20 ± 2) ◦C and 95% relative humidity (RH)
for 24 h, and then cured in water until the designated testing time after 28 days (according
to the Hungarian standard, MSZ 4798:2016) [41].

2.2.3. Concrete Testing Methods

Tests were conducted to evaluate various properties of the concrete mixes. Regarding
the fresh concrete properties, the consistency class was determined by performing the
flow table test in accordance with the EN 12350-5:2009 standard [34]. The fresh density of
the concrete was measured and calculated following the guidelines provided in the EN
12350-6:2009 standard [42]. Additionally, the air content was determined using the pressure
gauge method specified in the EN 12350-7:2009 standard [43].

Moving on to the hardened concrete properties, the compressive strength of the
concrete mixes was assessed at 28 days using three standard-sized (150 mm) cubical
specimens per mix following the EN 12390-3:2009 standard [44]. The hardened density of
each concrete mix was calculated in accordance with the EN 12390-7:2009 standard [45].

Furthermore, the splitting tensile strength of the concrete mixes was evaluated at 28
days using three standard-sized (150 mm) cubical specimens per mix following the EN
12390-6:2009 standard [46].

3. Results and Discussion
3.1. Recycled Aggregates

Table 3 presents the mechanical and physical properties of the recycled aggregate.

Table 3. Recycled aggregates properties.

Type of Test
Recycled Aggregate Size (mm)

Standard
4/8 8/16

Water absorption (24 h) 7.9% 6.1% EN 1097-6 [36]
Density 2.32 g/cm3 2.37 g/cm3 EN 1097-6 [36]

Los Angeles (L.A%) 34.8% EN 1097-2 [37]
Micro-Deval MDE 25% EN 1097-1 [38]

Bulk density 1.11 g/cm3 1.13 g/cm3 EN 1097-3 [39]
Shape index SI 18.3 22.1 EN 933-4 [40]

3.2. Aggregate Moisture Content and Fresh Concrete Properties
3.2.1. Workability

To assess the influence of the moisture condition and recycled aggregate content on the
workability of the concrete mixes, the flow table test was conducted directly after mixing
according to MSZ EN 12350-5:2009 Testing fresh concrete—Part 5 [34]. The results are
shown in Figure 4.

As the substitution ratio of dried recycled aggregate increased, it was anticipated that
the workability would decrease due to its higher water absorption. To ensure the desired
flowability comparable to the control mix, a higher dosage of superplasticizer was required.

When recycled aggregates or crushed stone were used in the mixes (Mix R15, R30,
R50, and Mix NC), the angular shape and rough surface texture of the aggregate affected
the flowability of the fresh concrete. Angular shapes have a larger surface area compared
to rounded shapes, and the rough surface texture requires more cement paste, leading to
higher water absorption and lower concrete consistency which is in line with the findings
from other studies [29,47,48].
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conditions of recycled aggregates.

In contrast to fully saturated wet aggregate or saturated surface dried (SSD) conditions,
where excessive free water leads to aggregate segregation and decreased compressive
strength as concluded in previous studies [26,48], partially saturating the recycled aggregate
improved the workability of recycled concrete and reduced the need for superplasticizer,
without any significant effects on the hardened concrete properties.

Through a process of pre-soaking the recycled aggregate for 1 h and subsequently
exposing it to air at room temperature for 1 h, the moisture condition of the aggregate was
partially saturated, as shown in Figure 5.
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This approach provided improved control over the water content in the mixture and
enhanced the overall workability of the concrete mixture. Additionally, reducing the dosage
of superplasticizer is more cost effective.

3.2.2. Density and Air Content

The density of recycled aggregate is approximately 5–8% lower than that of natural
aggregates due to the presence of attached mortar, which is more porous compared to
natural round aggregates. However, the density of recycled concrete did not exhibit
significant differences compared to conventional concrete. This can be attributed to the
cubical shape of the recycled aggregate, which facilitates better packing. There was an
observed increase in the air content of the recycled concrete, likely caused by factors such as
the higher porosity of the recycled aggregate, resulting in an elevated entrained air content
see Figure 6.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 
Figure 6. Air content results of fresh concrete. 

3.3. Hardened Concrete Properties 
3.3.1. Compressive Strength and Hardened Density 

The incorporation of dried recycled aggregate demonstrated a slight increase in the 
compressive strength with a higher percentage of replacement, as depicted in Figure 6. 
This indicates that the dried recycled aggregate can contribute to the overall strength of 
the concrete, even at higher replacement percentages. 

In contrast, when presoaked recycled aggregate was utilized, the compressive 
strength remained comparable to that of the control mix. This suggests that the partial 
saturation of the recycled aggregate aided in preserving its strength properties and pre-
venting any substantial decrease in compressive strength, see Figure 7. 

 
Figure 7. The compressive strength and the hardened density results (average values and ranges). 

3.3.2. Splitting Tensile Strength 
With 15% and 30% substitution with recycled coarse aggregate, the splitting tensile 

increased by 10% and 20% respectively while partially saturating the recycled aggregates 

Figure 6. Air content results of fresh concrete.

3.3. Hardened Concrete Properties
3.3.1. Compressive Strength and Hardened Density

The incorporation of dried recycled aggregate demonstrated a slight increase in the
compressive strength with a higher percentage of replacement, as depicted in Figure 6.
This indicates that the dried recycled aggregate can contribute to the overall strength of the
concrete, even at higher replacement percentages.

In contrast, when presoaked recycled aggregate was utilized, the compressive strength
remained comparable to that of the control mix. This suggests that the partial saturation
of the recycled aggregate aided in preserving its strength properties and preventing any
substantial decrease in compressive strength, see Figure 7.
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3.3.2. Splitting Tensile Strength

With 15% and 30% substitution with recycled coarse aggregate, the splitting tensile
increased by 10% and 20% respectively while partially saturating the recycled aggregates
had a slight impact. However, using 50% recycled aggregates dried or partially saturated
aggregates led to lower splitting tensile strength as shown in Figure 8.
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4. Conclusions

The results of the research demonstrate that recycled coarse aggregate (RCA) can serve
as a viable alternative to natural coarse aggregates in various concrete applications. It has
been demonstrated through a case study that the appropriate use of RCA in the concrete
production process not only reduces the reliance on natural resources in the construction
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industry, but also provides the opportunity to achieve concrete properties required for
structural applications.

The use of recycled aggregate, whether in dried or partially saturated condition, can
yield recycled concrete with comparable properties to conventional concrete mixes, even for
structural applications. However, the optimal saturation level of the recycled aggregate to
mitigate workability loss without compromising compressive strength can vary depending
on factors such as the source, quality, composition of the recycled material, and other
environmental conditions.

Conducting comprehensive testing and evaluation of the specific recycled aggregate
being employed is essential to determine the ideal saturation level for achieving the desired
workability while maintaining the compressive strength of the concrete. Partial saturation,
where the recycled aggregate is soaked in water for a limited duration without reaching full
saturation, has shown promise in enhancing the properties of recycled concrete compared
to using fully saturated recycled aggregate or adding excess water directly to the mix. This
approach improves workability without introducing excessive water content, which can
lead to aggregate segregation and reduced compressive strength. By finding the right
balance between moisture content and aggregate proportions, it is feasible to optimize the
fresh and hardened properties of recycled concrete while minimizing potential adverse
effects. Although the attained compressive strength of recycled concrete proves its suitabil-
ity for structural applications, additional research is needed to evaluate its durability and
performance under various exposure conditions.

This highlights the importance of understanding the specific characteristics of the
recycled aggregate and tailoring the concrete mixture accordingly to achieve the desired
concrete performance while considering environmental conditions and sustainability goals.

5. Recommendations and Future Research Directions

In addition to the findings of this study, there are several areas that warrant further
research and could provide valuable opportunities for future work. Firstly, investigating
the long-term durability of concrete utilizing recycled aggregates in various exposure con-
ditions, such as freeze-thaw cycles or when exposed to chemicals, would provide insights
into the performance and resilience of recycled concrete over time. Additionally, exploring
the potential of incorporating additives or admixtures to enhance the properties and perfor-
mance of recycled concrete could allow the optimization of its characteristics for different
applications. Conducting life cycle assessment studies to assess the environmental impact
and sustainability aspects of using recycled aggregates would provide a comprehensive
understanding of its benefits and contribute to informed decision-making in construction
projects. Moreover, assessing the feasibility of utilizing recycled aggregates in specialized
concrete applications, including high-strength concrete or self-compacting concrete, would
further expand the potential applications of recycled materials.

In terms of recommendations for practice, it is crucial to promote the adoption of
guidelines and standards for the production, quality control, and use of recycled aggregates
in concrete. Establishing clear criteria and regulations ensures consistent and reliable
performance and fosters confidence in utilizing recycled materials. Increasing awareness
and educating industry professionals about the potential benefits of recycled aggregates is
also vital to encourage their widespread use. Collaboration with regulatory bodies and
stakeholders to develop policies and incentives that support the use of recycled aggre-
gates will further drive the adoption of sustainable practices in the construction industry.
Lastly, establishing partnerships between researchers, manufacturers, and contractors can
facilitate the transfer of knowledge and best practices, promoting the effective implementa-
tion of recycled aggregates in construction projects. By addressing these future research
directions and implementing the recommended practices, the utilization of recycled aggre-
gates can be maximized, contributing to a more sustainable and environmentally friendly
construction industry.
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Abstract: Glass waste products represent a significant environmental concern, with an estimated
1.4 billion tons being landfilled globally and 200 million tons annually. This results in a significant use
of land resources. Therefore, it would be highly advantageous to develop a new method for disposing
of waste glass. Waste glass can be recycled and ground into waste glass powder (WGP) for use in
solidified soil applications as a sustainable resource. This study is based on solidified soil research,
wherein NaOH, Ca(OH)2, and Na2SO4 were incorporated as activators to enhance the reactivity of
WGP. The optimal solidified soil group was determined based on unconfined compressive strength
tests, which involved varying the activator concentrations and WGP content in combination with
cement. X-ray diffraction (XRD) was used to study the composition of solidified soil samples.
Microscopic pore characteristics were investigated using scanning electron microscopy (SEM), and
the Image J software was employed to quantify the number and size of pores. Fourier-transform
infrared spectroscopy (FTIR) was employed to examine the activation effect of waste glass powder.
This study investigated the solidification mechanism and porosity changes. The results demonstrate
that the addition of activated WGP to solidified soil enhances its strength, with a notable 12% increase
in strength achieved using a 6% Ca(OH)2 solution. The use of 2% concentration of Na2SO4 and NaOH
also shows an increase in strength of 7.6% and 8.6%, respectively, compared to the sample without
WGP. The XRD and SEM analyses indicate that activated WGP enhances the content of hydrates,
reduces porosity, and fosters the formation of a more densely packed solidified soil structure.

Keywords: activation; solidified soil; strength; pore pattern; material content; Fourier-transform
infrared spectroscopy

1. Introduction

Waste glass can be effectively reused by converting it into waste glass powder (WGP)
and incorporating it into solidified soil. Previous studies have explored the feasibility of
reusing WGP [1,2]. However, the utilization of WGP poses several challenges despite its
potential benefits. Firstly, glass and other utensils are typically found in a stable SiO4 state,
which complicates the transformation process from broken glassware to activated WGP.
Furthermore, while WGP obtained through various processes contains essential hydroxide
elements such as silicon and aluminum, it lacks calcium, which impedes its ability to
achieve cohesive properties independently. Experiments have shown that substituting
cement with inactivated WGP can reduce sample strength [3–5]. The successful resolution
of the aforementioned challenges makes the potential of manufactured WGP immensely
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significant. Many scholars have focused on glass powder as an auxiliary cement compo-
nent. Gao X. [6] illustrated through in-depth thermal analysis that while the reactivity of
WGP in a silicate cement system may be lower compared to fly ash, it shows remarkable
similarity in an alkali-activated system, thereby substantiating the feasibility of using WGP
as a substitute for fly ash. Additionally, it has been observed that WGP ground from glass
of varying colors shows distinctive levels of reactivity [7–9]. In the area of particle dimen-
sions, finely ground WGP possesses unique pozzolanic activity, Research has found [10–15]
that glass contains a large amount of amorphous SiO2, and there is also a high content of
oxides such as Fe2O3 and Al2O3 in glass. As the particle size of glass powder decreases, it
promotes the release of more amorphous SiO2 and oxides, thus unveiling its promising
potential as an adjunct cementitious component [16,17]. The particle size of WGP can be
significantly diminished through the use of physical grinding techniques [18,19]. Studies
have highlighted that WGP particles measuring below 100 µm are more adept at manifest-
ing pozzolanic activity [20], particularly demonstrating the heightened reactivity of WGP
particles beneath 38 µm [20–23]. Moreover, several academics posit [24] that the refinement
of WGP plays a pivotal role in fortifying the strength of composite glass powder structures.
This enhancement could be attributed to the meticulous dispersion of tiny WGP particles
within the cement paste, ultimately contributing to a superior particle-size distribution of
the cementitious material. Furthermore, the work of Yue Long [25] underscores the efficacy
of alkaline activation in leaching WGP to generate active SiO2. However, it is important
to note that excessive alkali may incite alkali-aggregate reactions, which could reduce the
strength and durability of the sample. Kong Qingqiu [26] conducted experiments which
showed that WGP activated by a reagent has a significant early excitation effect and a later
weakening effect. Conversely, Shi [27] believes that excitation of WGP by reagents can not
only improve the early strength of the sample but also improve its later strength. In the
area of microstructural examination, Li Zhuocai’s electron microscopic investigations [28]
unveiled a profusion of hydration byproducts that emerged during the latter phases of
WGP specimens, crafting a compact, plate-like configuration. Meanwhile, the scholarly
discourse exemplified by Zhang Chi et al. [29] postulates that the incorporation of WGP
can diminish the macropores within a specimen. Conversely, Yu Xuanliang [30] suggests
that WGP exhibits minimal impact on the quantity of macropores and capillary pores in a
sample, but offers a moderate reduction in transition pore prevalence.

There are numerous applications of solidified soil, including roadbed backfilling, slope
protection, and land reclamation. The incorporation of glass powder into this material could
significantly enhance the global utilization rate of waste glass. Additionally, the selection
of agents for solidifying soil is relatively extensive. This allows for the identification of the
most suitable agent for a given engineering project based on factors such as strength and
hazard classification. Therefore, in acid–base activation systems, reagent-activated WGP
has great research potential in replacing silica fume, fly ash, and other materials. At present,
there are many studies on the application of WGP in cement mortar or concrete, but there
are few articles on the application of chemically activated WGP in cement-based solidified
soil. This study focuses on the effect of activated WGP on the strength improvement of
solidified soil, the changes in the microstructure of activated glass powder, the changes in
sample composition, and the corrosive effect of reagents on waste glass powder.

This study activates glass powder through different concentrations of reagents and
prepares solidified soil by mixing the activated WGP with cement according to different
dosages. The mechanical properties of the soil are analyzed for its unconfined compressive
strength. Additionally, the microstructure is characterized to evaluate changes in pore-
size distribution through scanning electron microscopic (SEM) tests and the utilization of
the Image J software for machine learning image processing. The composition of WGP-
solidified soil and the alterations under different WGP activators are examined via X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR).
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2. Experimental Section
2.1. Production of Glass Powder

This study explores the use of WGP as a coagulant additive, with cement as the main
curing agent, by preparing solvent solutions with varying concentrations of 2%, 4%, and
6% using NaOH, Ca(OH)2, and Na2SO4 as ingredients. The nuances of alkaline activation
of OH− ions versus sulfate ion activation, the solubility of Na ions, and the essential Ca2+

ion supplementation to counteract the natural calcium deficiency in WGP were explored,
and a thorough evaluation of the activation effects and mechanisms was undertaken. In
this experimental procedure, WGP was pre-activated, taking into consideration the weak
acidic nature of the soil. Directly blending alkaline activators with WGP and introducing
them to the soil may risk neutralizing the alkalinity. To prevent such disruptions and to
enhance the interaction between the alkaline activator and WGP, as well as to promote
the ease of pre-activating the WGP, the activation process unfolded as follows: (1) Opt for
transparent and colorless glass vessels to ensure comparability during experimentation.
(2) Employ ball milling for durations of 0 h, 6 h, and 12 h to produce distinct particle sizes
of WGP. The particle-size distribution resulting from varying the ball milling durations is
detailed in Table 1. (3) Immerse the utilized WGP from the 12 h ball milling process in 2%,
4%, and 6% concentrations of the reagent. (4) After a 3-day aging period in the solution,
desiccate the WGP in a curing chamber at 40 ◦C until its moisture content is below 2%.
(5) Following activation, reinstall the WGP in the ball mill for a final milling session, and
sieve it through a 0.075 mm filter to yield the ultimate product for detecting the composition
of glass, as shown in Table 2.

Table 1. Composition of WGP particle size at different milling times.

0 h Particle-size composition

Particle size (mm) 0.5–1 0.25–0.5 0.075–0.25 0–0.075
Content (%) 0.9 5.8 57.97 35.33

6 h Particle-size composition

Particle size (mm) 0.075–0.25 0–0.075
Content (%) 20.6 79.4

12 h Particle-size composition

Particle size (µm) 0–5.23 5.23–14.78 14.78–41.8
Content (%) 29.16 28.37 42.47

Table 2. Chemical composition of transparent bottle and jar glass.

SiO2 (%) Al2O3 (%) CaO (%) MgO (%) Na2O (%) Fe2O3 (%)

72 2.5 8.25 2 14.6 0.1

2.2. Selection of Activators

The activator selection was evaluated based on two factors: the impact of the reagent
itself on the hydration performance of cement and and the influence of the reagent on
the WGP activity. The erosion effect of alkaline agents on WGP is closely related to the
type of cation present, particularly Ca2+. The solubility of the calcium salt formed on the
glass surface is relatively low. However, in the presence of Na+ as the cation, the resulting
sodium salt can rapidly dissolve on the glass surface, hastening the erosion of the glass at
greater depths [31]. Concurrently, the corrosive potential of OH− ions is also notably strong.
This highlights the noteworthy advantage of NaOH as an activator, with its corresponding
reaction formula depicted as follows when SiO2 is dissolving in an alkaline solution [32]:

≡Si-O-Si≡+OH−→ ≡Si-O− + HO-Si≡ (1)
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The reactions that can occur on the surface of WGP due to the presence of an alkaline
solution are as follows:

Si(OH)4 + NaOH→ [Si(OH)3O]−Na+ + H2O (2)

The properties of Na2SO4 render it an effective sulfate with activating qualities on
WGP. When the partially reacted Na2SO4 is combined with the energized WGP in a
cemented solidified soil system, Ca(OH)2 produced post cement hydration interacts with
Na2SO4, resulting in the formation of NaOH. This has further stimulating effect on cement
and glass:

Na2SO4 + Ca(OH)2 + 2H2O→ CaSO4 · 2H2O + 2NaOH (3)

Simultaneously, the partially used Na2SO4 engages in a reaction with Ca(OH)2 pro-
duced during cement hydration, releasing Ca2+ ions and initiating the formation of
AFt. This process can be explained by the following chemical equation: Na2SO4 swiftly
consumes the Ca(OH)2 released during cement hydration, expediting the early stages
of hydration:

AlO2− + Ca2+ + OH− + SO4
2− → 3CaO · Al2O3 · CaSO4 · 32H2O (4)

Glass powder, akin to fly ash, lacks inherent strength when used alone or combined
with NaOH stimulation [33]. Furthermore, Ca(OH)2, acting as an activator, exerts a corro-
sive influence on the WGP itself. To give cementitious properties to mixtures containing
WGP and fly ash, substances with lime-like properties must be added to the composite
system to supplement the element of “calcium” in order to activate the reactivity of WGP
and generate cementitious products similar to the hydration reaction of Portland cement.
The presence of quicklime (CaO) or hydrated lime (Ca(OH)2) is required.

2.3. Preparation

Different concentrations [8,26,34] (2%, 4%, and 6%) of solutions of different reagents
(NaOH, Ca(OH)2, and Na2SO4) were prepared to explore the optimal dosage of WGP after
activation. Different concentrations and pH values result in different activation effects,
and increasing the concentration of OH- is beneficial for Si-O and Al-O. The unconfined
compressive strength of WGP was analyzed to evaluate the effectiveness of different
reagents in activating its reactivity. Microscopic analysis was conducted using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform infrared
spectroscopy (FTIR). Machine learning with the Image J software was used to process the
electron microscopic images to study the mechanical properties and microscopic features of
WGP within the cemented solidified soil system, and to investigate its curing mechanism
and changes in porosity.

The concentration of the solidifying agent (cement) for the solidified soil was 20%
(by mass percentage), with a certain moisture content. WGP was added to the solidified
soil post activation in the form of an external additive. The designed dosage of WGP as
an external additive was 1%, 3%, 5%, and 7% (calculated per individual specimen). Each
group of WGP was activated with 2%, 4%, and 6% solvent concentrations, with 36 groups
in total. To demonstrate the effect of activated WGP, non-activated WGP at 1%, 3%, 5%, and
7% was used as the control group. Three horizontal samples were taken from each group
after curing for 14 days, and the average of the results was calculated (same as below); the
unconfined compressive strength test results are shown in Figure 1.

According to Figure 1, with an increase in the dosage of non-activated WGP, the
unconfined compressive strength shows a decreasing trend. A moderate amount of non-
activated WGP has little impact on the strength of the specimens. Strength is controlled
by cement, but when the dosage is excessive, a decreasing trend in strength is observed.
Excessive WGP actually inhibits the hydration of cement, as also noted by Niyomukiza
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JB [35] in their study, where a decrease in strength was observed for specimens after a WGP
dosage of 7%.

Figure 1. WGP content vs. unconfined compressive strength.

3. Results and Discussion
3.1. Unconfined Compressive Strength

Utilizing NaOH, Ca(OH)2, and Na2SO4 as the reagents, the activators were prepared at
concentrations of 2%, 4%, and 6% for glass activation. Post activation, WGP was blended at
levels of 1%, 3%, 5%, and 7% into the samples, and the resultant powders were designated
as NaOH waste glass powder (NWGP), Ca(OH)2 waste glass powder (CWGP), and Na2SO4
waste glass powder (SWGP). Subsequent strength evaluation entailed the use of unconfined
compressive strength testing. The strain rate of the experiment was 1 mm/min, and the
maximum pressure of the sensor was 2000 kg. The unconfined pressure gauge and sensor
are shown in Figure 2. Unconfined compressive strength is the most basic indicator for
testing material properties in geotechnical tests. As it is not constrained by lateral forces,
the results obtained can reflect the strength of the material. The WGP samples after testing
are shown in Figure 3, and the results are shown in Figure 4.

Figure 2. Unconfined pressure instrument.

Figure 3. Damaged samples.

63



Buildings 2024, 14, 1443

Figure 4. Curve of WGP content vs. strength. Ca(OH)2 solvent (a), Na2SO4 solvent (b), NaOH
solvent (c).

Based on the insights from Figure 4, it is evident that the WGP activated by a 6%
concentration of Ca(OH)2 solvent shows superior strength in comparison to powders
activated by 2% and 4% concentrations. Furthermore, the WGP samples activated by 4%
and 6% concentrations of Ca(OH)2 exhibit an increase in strength with increasing dosage,
with the 5% CWGP demonstrating the highest strength, suggesting that a 5% dosage is
the most suitable. This finding aligns closely with the research by Wenwen Zhang [36].
Conversely, the strength of the WGP activated by 2% concentration Ca(OH)2 tends to
decrease as the dosage increases.

As shown in Figure 4b, the glass powder activated by 2% concentration of Na2SO4
solvent exhibits the most effective results. The SWGP samples produced by the three groups
of solvents with different concentrations reflect a similar trend, showing an increase in
strength as the SWGP dosage increases, with the highest unconfined compressive strength
observed at a 3% SWGP. In Figure 4c, the activation effect of NWGP gradually diminishes
with an increasing concentration of NaOH, resulting in a decrease in sample strength as
the NWGP dosage increases.

These figures demonstrate that an inappropriate reagent dosage can weaken the WGP
solidified soil after activation. Figure 4 shows that the unconfined compressive strength of
each test group generally exceeds the corresponding control group’s strength in Figure 1,
indicating that utilizing the WGP activated by a 6% Ca(OH)2 solvent has a noticeable
effect on sample strength. Activation with Ca(OH)2 serves to enhance the alkalinity of the
samples and provides an ample supply of Ca2+ ions. This alkalinity is conducive to the
pozzolanic activity of WGP, promoting the release of Al2O3, SiO2, and other oxides. These
oxides can interact with Ca2+ ions to generate hydration products like C-S-H and C-A-H,
which are crucial for cement hardening. Therefore, the inclusion of WGP necessitates
increased generation of Ca(OH)2. Li Fang [24] conducted an experiment which showed
a decrease in calcium and an increase in silicon and sodium content in the samples. This
suggests that in the later stages of the experiment, the calcium element was consumed to
produce hydration products like C-S-H, while Ca(OH)2 separated the sodium and silicon
elements from the WGP, further depleting the calcium content. Therefore, regardless of
whether it is required to replenish the Ca2+ ion content or activate WGP, Ca(OH)2 is a more
suitable option. In terms of dosage, CWGP has an upper limit as excessive dosages increase
the OH- concentration in the solution, impacting the cement hydration process.

By analyzing the visual data depicted in Figure 4b, it is evident that at a 3% SWGP,
each solvent concentration shows a peak unconfined compressive strength within its
corresponding group. However, as the solvent concentration increases, the strength of
the SWGP samples decreases. The addition of Na2SO4 accelerates the breakdown of the
glass structure within the powder, thereby releasing more active SiO2 and Al2O3, It also
reacts chemically with Ca(OH)2 decomposed from cement to generate C-S-H and C-A-H
compounds (see Equations (5) and (6)). The generation of C-S-H and C-A-H compounds
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results in a higher strength and increases the volume of hydration products, thus filling
the pores of the sample and improving its strength. Yet, a high dosage of Na2SO4 (6%)
triggers the formation of expansive ettringite, compromising the internal stability of the
samples. Furthermore, the surplus ettringite stemming from an elevated Na2SO4 content
depletes the levels of other hydration products. This conclusion is consistent with that of
Xu Y.D. [37].

As shown in Figure 4c, it can be inferred that the critical threshold is reached at a 4%
concentration of NaOH solvent. When the solvent concentration reaches 6%, the increased
presence of OH− ions in the solution interferes with the cement hydration process, resulting
in a lower strength compared to the control group. During hydration, the concentration
of Ca2+ is significantly affected by OH−, whereby a higher liquid-phase OH− content
corresponds to a lower Ca2+ content. The decrease in Ca2+ concentration slows down the
reaction rate and inhibits the formation of C-S-H and C-A-H compounds [38]. As noted in
M. Ben Haha’s study [39], it is observed that the potent activation of sodium hydroxide
promptly engenders a C-S-H gel to envelope the WGP, impeding a substantial fraction of
the powder from dispersing with free water to fill the larger pores, thereby contributing to
the lowered strength. Similar reports have been conveyed by Ahmad S. Omran [40].

Ca(OH)2 + A12O3 + nH2O→ CaO · A12O3 (n + 1) H2O (5)

Ca(OH)2 + SiO2 + nH2O→ CaO · SiO2 · (n + 1) H2O (6)

3.2. Scanning Electron Microscopic (SEM) Analysis

Following a 14-day period of curing in a standard curing box, several representative
groups of samples were selected from a large number of samples for this experiment. Each
complete sample was dried in the shade and then cut into circular pieces with a diameter
of 1 cm and a thickness of 0.5 mm, as shown in Figure 5. Attention was paid to break
the observation surface of the sample to obtain a fresh cross-sectional opening. Finally,
the sample was placed in a glass beaker, weighed, and dried in a vacuum drying oven.
The vacuum pump was turned and the sample was dried in a vacuum environment at
approximately 40 ◦C and 0.08 MPa for at least 24 h for later use. Before electron microscopic
observation, it was necessary to fix the slices and apply a spray-gold treatment. The
slices were adhered to the sample stage with conductive adhesive and a conductive film
was sprayed on the surface of the slices, as shown in Figure 6. Once the spray coating
process was finished, the sample was observed under an electron microscope. An electron
microscopic image with a magnification of 10,000 X was selected to facilitate observation of
the microstructure between the pores of the specimen.

Figure 5. Ring-cut specimen.
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Figure 6. Samples on the loading platform.

Figure 7 shows a pure cement-based solidified soil sample, while Figures 8–10 show
WGP solidified soil samples activated by NaOH, Ca(OH)2, and Na2SO4, respectively. After
pressure forming, the micrograph of the pristine cement-based solidified soil, depicted
in Figure 7, in the cement control group displays an unconventional arrangement of
particles. The surfaces of the soil particles are predominantly characterized by flake-like
structures that spread out in a scattered manner, contributing to a loosely structured
composition. The primary contact mode between particles was observed to be face-to-
face. The sample, overall, shows a continuous, flattened clay mineral matrix, with visible
localized accumulations of flat soil particles. After the original sample was magnified by
10,000 times, the flocculent hydration products of the thin film were observed to be stacked
together in a face-to-face contact form. Locally, the oriented arrangement of the aggregates
is visible, and a significant amount of C-S-H and AFt hydrates is distributed on the concave
surface and pores. In contrast, following the introduction of WGP, the porosity of the
sample surface notably decreases. The flake-like hydrated products exhibit an increase in
surface area and thickness, become more uniform, and have greater integrity.

Figure 7. Cement-based solidified soil.
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Figure 8. Solidified soil with CWGP.

Figure 9. Solidified soil with SWGP.

Figure 10. Solidified soil with NWGP.
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From Figure 8, it can be observed that the sample surface is more compact, char-
acterized by the distribution of thin flake-like hydrated products on top of plate-like
solidified soil particles or within the interparticle voids. A comprehensive observation of
the various hydrated flake-like products in the solidified soil reveals that the plate-like
hydrated products in the group activated by Ca(OH)2 and WGP exhibit larger areas and
tighter integration. By observing Figures 9 and 10, it can be seen that despite having large
plate-like hydration products, there are still pores between them. The key distinction
between Figures 8–10 lies in the use of different activators for the WGP. The incorporation
of Ca(OH)2 leads to an increase in the area of hydrated products, enhancing uniformity
and compactness. Based on the mechanical performance results in the previous section, the
unconfined compressive strength of the WGP group activated by Ca(OH)2 is the highest,
corresponding to the denser hydration described in this section.

Figure 9 shows the NWGP group, which exhibits a small amount of flake-like hydrates.
A large amount of the flat solidified soil mineral matrix is exposed to the outside. The
flake-like hydrates do not attach as much to the surface of the solidified soil, as shown in
Figures 7, 8 and 10. Some of them grow and are embedded between solidified soil particles,
with a small amount attached to the surface. The hydration products attached to the
solidified soil are relatively dense, with small pores, which also provides a certain strength
for the sample. The distribution of flake-like hydration products in Figures 7 and 10 is
similar, with the difference being that the flake-like hydration products in Figure 10 have
a larger area. Compared with Figure 7, the larger flake-like hydration products cover or
effectively fill the pores, providing a better overlap effect between soil particles. The surface
of the sample is denser, which improves its mechanical properties.

3.3. ImageJ Microstructure Analysis

The image processing in this study employed a consistent electron microscopic mag-
nification of 10,000 times. The software’s advanced Intelligent processing capabilities
were used for automated learning, a series of images underwent processing, pores were
segmented, and different pore sizes were distinguished, culminating in the creation of
Figures 11 and 12.

Figure 11. Diagram of the relationship between stress and pore quantity.
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Figure 12. Pore sizes of glass powders with different activators.

The changes in pore quantities have a marginal impact on the samples’ unconfined
compressive strength, as demonstrated by the results shown in Figure 11, where a marked
reduction in pores is evident in the CWGP samples, resulting in a significant increase in
unconfined compressive strength compared to the other three groups. From Figure 12, it
can be seen that the introduction of SGWP and CWGP led to a reduction in the range of
pore sizes (pores less than 0.04 µm, pores between 0.04 µm and 0.4µm, and pores exceeding
0.4 µm) to varying degrees, The introduction of NWGP noticeably decreased the size
of pores with a diameter of 0.04 µm to 0.4 µm to smaller dimensions (below 0.4 µm).
In summary, the activated WGP can significantly improve the porosity of the samples
compared to the pure cement experimental group, and the WGP activated by Ca(OH)2 has
the best porosity improvement effect.

Firstly, when analyzing for the main causes, compared with the experimental group
without WGP, the medium porosity is significantly reduced and the waste glass powder
particles are mostly angular in shape, which have the effect of filling the pores with micro-
aggregates and are beneficial for improving the pore structure of the system and increasing
density [41]. Secondly, the samples mixed with glass powder are prone to Ca(OH)2 reaction,
and a circle of hydrates forms around the glass powder, making the pores filled by the glass
powder more dense [33]. In addition, excess Ca(OH)2 is prone to CaCO3 reaction when in
contact with CO2, as shown in reaction Formula (7). CaCO3 is a sheet-like crystal attached
to the surface of the sample, which is similar to the morphology shown in Figure 4, playing
a role in reducing pores and increasing density. Moreover, it can be seen from reference [42]
that the product of the reaction between SO2 dissolved in WGP and Ca(OH)2 is denser
than the product of cement hydration.

Ca(OH)2 + CO2 → CaCO3 + H2O (7)

3.4. X-ray Diffractometer (XRD) Analysis

To further explore the influence of different activators on the composition of cement-
based solidified soil samples, we used a multi-group trial and selected three representative
groups from a large number of samples. In the early stage of the experiment, it was
necessary to dry the samples using traditional shade drying and other drying methods.
After shade drying, the samples were placed in a vacuum drying oven to ensure complete
evaporation of moisture. After the samples were dried, they were ground into powder
with a hammer and screened through a 0.074 mm sieve. About 10 g of each sample was
prepared for testing.

Figure 13a–c show the X-ray diffraction patterns of the samples resulting from the
introduction of WGP within the cemented solidified soil system. The patterns indicate
that the chemical reactions began within 14 days. A detailed analysis uncovers that the
mineral micro-components predominantly consist of kaolinite (Al2Si2O5(OH)4), silica
(SiO2), illite (KAl2[(SiAl)4O10]·(OH)2·nH2O), albite (Na(AlSi3O8)), and the cementitious
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material, hydrated calcium silicate (C-S-H). Each detected component displays distinct
characteristic peaks on the diffraction profile. These components’ relative proportions are
visually represented in Figure 13a–c, which portray the primary constituents formed within
the samples. From the detected components, it can be observed that the main components
of WGP activated by different solvents did not change after being added to the solidified
soil, but the proportion of its components changed slightly.

Figure 13. Different solvent concentrations of Ca(OH)2 (a), Na2SO4 (b), and NaOH (c).

With the addition of glass powder, it can be seen that the SiO2 content in Figure 14b
and Figure 14c increases by 2% and 2.2%, respectively, compared to 30.9% in Figure 14a.
The proportion of SiO2 in Figure 14b is lower than that in Figure 14c, and the corresponding
proportion of C-S-H gel in Figure 14b is higher. It can be seen that a certain amount of
active SiO2 has reacted to form C-S-H gel. This phenomenon is consistent with the above
conclusion that the strength of WGP with 6% solvent is higher than that with 2% solvent.
At the same time, the mineral composition of the original clay, such as kaolinite and illite
sodium feldspar, shows slight changes in content due to the heterogeneity of the soil.

Figure 14. Mineral content ratio of Ca(OH)2 WGP solidified soil. Solidified soil with (a) no glass
powder; (b) 6% concentration solvent; and (c) 2% concentration solvent.

It is evident that the SiO2 and C-S-H gel contents in Figure 15c surpass those in
Figure 15b. The heightened presence of Na2SO4 causes a fracturing of the SiO4 tetrahedra
structure, rendering the reactive SiO2 more vulnerable to hydration reactions. Consequently,
there is a decline in SiO2 content, as depicted in the compositional charts. In Figure 15b,
the C-S-H gel content is lower than in Figure 15c, potentially attributed to the excessive
consumption of Ca(OH)2 by the increased Na2SO4 content during cement hydration. This
leads to an overabundance of AFt, which depletes Ca2+ ions and impedes the formation of
additional C-S-H gel, thereby contributing to the decrease in sample strength.
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Figure 15. Mineral content ratio of Na2SO4 WGP solidified soil. Solidified soil with (a) no glass
powder; (b) 6% concentration solvent; and (c) 2% concentration solvent.

Although sodium salts dissolve readily in water, an excess of NaOH increases the
internal alkalinity of the sample, accelerating the reaction. Activated Al2O3 and SiO2 in
cement accelerate dissolution. The accelerated reactions promote the rapid formation of
C-S-H gel surrounding the WGP, limiting the activation of most of the WGP; this explains
the noticeable decrease in SiO2 content in Figure 16c compared to Figure 16b. The increased
active SiO2 then participates in reactions that result in a greater abundance of C-S-H gel.

Figure 16. Mineral content ratio of NaOH WGP solidified soil. Solidified soil with (a) no glass
powder; (b) 6% concentration solvent; and (c) 2% concentration solvent.

3.5. Fourier-Transform Infrared Spectroscopic (FTIR) Analysis

Based on the composition analysis of XRD described in the previous section, this
study investigated the effect of activators on SiO2 in WGP and further investigated the
activation effect of NaOH, Ca(OH)2, and Na2SO4 on WGP. Fourier-transform infrared
(FTIR) spectroscopy was employed in the investigation. Inactive WGP and activators at 2%
and 6% concentrations were chosen to enhance comparability. The experimental results are
illustrated in Figures 17–19.

Figure 17. WGP activated by Ca(OH)2 solvent.
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Figure 18. WGP activated by Na2SO4 solvent.

Figure 19. WGP activated by NaOH solvent.

In these figures, it is clear that the vibration peak position of the activated WGP closely
matches that of the inactive WGP. However, there is a noticeable shift in the (Si-O-Si)
bending vibration peak around 470.69 cm−1, indicating the interaction of the activator
with SiO2 in the WGP. When comparing these three sets of graphs, it is evident that as
the activator concentrations increase, the vibrational peak intensity decreases to varying
degrees. This indicates the corrosive effect of activator concentration on SiO2, causing
chemical bonds to break.

The Si-O bond exhibits a symmetric stretching vibration peak at 775.83 cm−1, while
the Si-O-Si bond displays an antisymmetric stretching vibration peak at 1042.43 cm−1. Both
peaks vary proportionally with changes in the reagent concentration.

The distinctive peak residing near 1412.19 cm−1 arises from the presence of C-O bonds.
This is likely due to carbonization effects during the meticulous sample preparation process,
which might have led to the formation of carbonates within the sample [43–47]. Notably,
the interaction of Ca(OH)2 with CO2 results in the production of CaCO3, accentuating the
peak broadening near 1412.19 cm−1 shown in Figure 17.

The intensification of the OH vibration peak at 3432.61cm−1, displayed in both
Figures 13 and 15, could be due to the nuanced alterations in vibration peaks induced by the
introduction of NaOH and Ca(OH)2. Conversely, in Figure 17, the peak’s attenuation may
be attributed to further consumption throughout the reaction process due to the absence of
OH doping.

Moreover, an analysis of Figures 17 and 19 reveals that the vibration peaks of the
Ca(OH)2 solvents at 2% and 6% concentrations are significantly weaker compared to the
6% NaOH solvent, indicating the former has a greater ability to promote OH− reactions,
which may be due to a better activation effect. The vibration peak of NaOH solvent with
a concentration of 2% is shallower than that of the original WGP, indicating the solvent
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consumes both the original OH− and itself. This further demonstrates that an appropriate
concentration has a better activation effect, which is consistent with the previous results.

4. Conclusions

This study excited glass activity through different types of reagents and solvents
at different concentrations. It used WGP of different dosages after activation to mix
with cement-based solidified soil. The optimal dosage, optimal activator, and optimal
concentration of the activator were obtained through unconfined compressive strength
analysis. Scanning electron microscopic (SEM) experiments were performed and the Image
J software for machine learning was used to process the electron microscopic images,
characterizing their microstructure and analyzing the changes in pore size. Through X-ray
diffraction (XRD) experiments, the composition of the glass powder solidified soil and the
changes in composition content under different glass powder activators were analyzed, and
the activation effect of waste glass powder was demonstrated through Fourier-transform
infrared (FTIR) spectroscopy. The conclusions are as follows:

(1) The activation effect of different reagents on glass powder is influenced by their
concentration. Unconfined compressive strength tests were conducted on samples of solidi-
fied soil mixed with glass powder to characterize their strength. The optimal concentration
for the Ca(OH)2 solvent is 6%, while the optimal concentration for the Na2SO4 and NaOH
solvents is 2%.

(2) The comparative experiments revealed that the strength of the WGP solidified soil
samples exhibited a gradual decline with the addition of glass powder. However, when
glass powder was activated by the 6% Ca(OH)2 solvent and was added at a dosage of
5%, the optimal dosage was obtained. The highest strength of the solidified soil produced
was 11.11 MPa, which represented a 13% increase in strength compared to the inactive
5% dosage.

(3) Through SEM testing, it was found that the experimental group with added
activated glass powder had a more uniform and denser microstructure compared to the
pure cement experimental group. At the same time, compared with NWGP and SWGP
groups, the pore size of the CWGP solidified soil group significantly reduced, and the large
pore size tended to transform into a small pore size. The main reason is that CWGP can fill
the pores and induce crystallization of Ca(OH)2.

(4) The X-ray diffraction (XRD) analysis revealed that the predominant components
of the solidified soil mixture with glass powder are kaolinite, silica, illite, albite, and
cementitious material C-S-H. The addition of WGP is reflected in the pie chart by an
increase in the content of SiO2. With an appropriate solvent concentration, the C-S-H gel
exhibits varying degrees of increase in the pie chart, thereby enhancing the strength of
the solidified soil to a certain extent. This phenomenon reflects the activating effect of the
activator and the feasibility of adding activated WGP to solidified soil.

(5) According to the Fourier-transform infrared (FTIR) spectroscopic analysis, as the
reagent concentration increases, SiO2 in the WGP continues to corrode the bond cleavage
and the content of OH− decreases accordingly.
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Abstract: Recycled rubber (RR) and recycled spiral steel fiber (RSSF) were added to plain concrete
(PC) to prepare recycled spiral steel fiber rubber concrete (SSFRC) with matrix strengths of C30, C40,
and C50. Strength tests on the PC, rubber concrete (RC), and SSFRC were carried out, including
the cube compressive strength, splitting tensile strength, and flexural strength. The effects of RSSF
and RR on the mechanical properties of concrete were analyzed. Simultaneously, the stress–strain
curve of the SSFRC was obtained through axial compressive testing, and the toughness of SSFRC was
evaluated by three indexes: the tensile compression ratio, bending compression ratio, and toughness
index. The results show that adding RR to PC results in a decrease in the mechanical properties of
concrete with different matrix strengths, and the addition of RSSF can make up for the strength loss
of the rubber. The mechanical strength of SSFRC with different matrix strengths increased first and
then decreased with the increase in RSSF content. The cubic compressive strength reached its peak
value when the content of RSSF was 1%, and the splitting tensile strength and flexural strength reach
their peak values when the content of RSSF was 1.5%. RSSF works best with rubber particles at the
right dosage to further increase the toughness of the concrete. When the rubber content is 10%, and
the RSSF content is 1.5%, the mechanical strength enhancement effect of SSFRC is at its best, and the
toughness is also at its best.

Keywords: recycled spiral steel fiber rubber concrete; strength test; reinforcement; toughness

1. Introduction

With the rapid development of the global transportation industry, hundreds of millions
of discarded tires are produced by the elimination of vehicles every year [1,2]. According to
statistics, about 50 million tires are directly discarded every year, with only a small portion
able to be recycled, and 500 million tires will be discarded by 2030 [3,4]. A landfill of waste
tires can cause serious fire hazards and environmental pollution, and the accumulated tires
can also harbor bacteria that can cause diseases in humans [5–7]. The existing pyrolysis
treatment measures for waste tires not only have a long investment return cycle but also
produce a large amount of carbon dioxide, which promotes the greenhouse effect of the
atmosphere to a certain extent [8]. In order to maximize the recycling of waste tires and
reduce their harm to the environment and society, waste tires can be made into rubber
particles instead of natural sand so as to partially replace the fine aggregate in concrete and
achieve the purpose of saving resources [9].

B.S. Thomas et al. [10] added waste tire rubber particles to concrete and studied the
fatigue performance of rubber concrete under constant amplitude cyclic loading, finding
that the fatigue performance of rubber concrete is better than that of ordinary concrete. Han
Q. et al. [11] found that when the rubber particle size and content reached the optimum,
the performance of concrete under cyclic load could be effectively improved, making it
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suitable for the construction of rigid pavement. P.N. Pham et al. [12] added waste rubber
particles to high-strength concrete, and the results showed that the impact resistance of
concrete increased by 83%. Hassanli R. et al. [13] added modified waste rubber particles
to recycled aggregate concrete, and its impact resistance increased significantly compared
with recycled aggregate concrete. O. Youssf et al. [14] found that rubber particles at a
specific particle size and dosage could enhance the freeze-thaw resistance of concrete. T.M.
Pham et al. [15] found that modified recycled rubber particles can improve the vibration
reduction and sound insulation ability of light aggregate concrete.

Due to its low strength and low elastic modulus, rubber will reduce the mechanical
properties of concrete [16–18]. In order to improve this strength loss, the current main meth-
ods are to modify the rubber surface, add other fiber materials, etc. [19]. G.A. Issa et al. [20]
optimized the mix ratio of rubber concrete, and the loss of its force-flow and mechanical
properties was limited. K. Shahzad et al. [21] et al. studied the surface changes of NAOH-
and urea-modified rubber. Both materials reduced the hydrophobicity of the rubber surface
to varying degrees. NAOH treatment can remove part of the hydrophobic substances on
the surface of rubber particles, increase the surface roughness and surface area of rubber
particles, and slightly reduce the water contact angle of rubber, where the reduced rubber
water contact angle is 36.9◦. The treatment method is simple to operate and low in cost.
Z. Keshavarz et al. [22] treated rubber particles with NAOH, silane coupling agent (SCA),
and a sulfuric acid solution, and the mechanical properties of the rubber concrete were sig-
nificantly enhanced. In addition to fiber materials, at present, the best effect is mainly from
adding steel fiber to rubber concrete. M.K. Ismail et al. [23] added steel fiber to waste rubber
concrete and found that the synergistic effect of the steel fiber and rubber could improve
the compressive strength of the concrete. I. Guerra et al. [24] found that steel fiber could
significantly enhance the dynamic and static tensile strength of concrete, and its ductility
was also significantly improved. H. Gharibi, D.G. Aggelis, and J. Xu et al. [25–27] showed
that the combination of steel fiber and rubber particles yielded a significant improvement
in the tensile properties. The addition of steel fiber can also reduce the loss of flexural
strength, and the crack width of steel fiber rubber concrete is much smaller than that of steel
fiber concrete. Q. Han and J. Xu et al. [28–30] found that the combination of waste rubber
and steel fiber can further improve the toughness of concrete, and the synergistic effect of
the two can greatly increase the fracture mode of concrete. A.A. Abouhussien et al. [31]
believed that steel fiber orientation could improve the flexural strength and crack resistance
of concrete. Z. Keshavarz, D. and M.S.S. Ahamad et al. [32,33] added steel fiber to rubber
concrete, and the peak deflection, toughness, and ductility of the rubber concrete under
bending and shearing all increased with the increase in steel fiber content. J. Xu and L.A.
Jimoda et al. [34,35] found that the bending strength and tensile strength were related to
the steel fiber content, and the strain, hardening. and softening behaviors of steel fiber
rubber concrete were mainly affected by the steel fiber content.

In current research methods, primary steel fibers or steel fibers extracted from waste
tires are mainly used to reinforce rubber concrete, but these steel fibers have a planar shape.
Spiral-shaped recycled steel fibers have a three-dimensional spatial shape, which can form
a three-dimensional bonding structure with rubber and concrete and have obvious spatial
mechanical characteristics. They can form bonds with concrete in multiple dimensions,
thereby preventing concrete from bonding in multiple directions. In order to explore
the influence of spiral recycled steel fiber on rubber concrete, this experiment adopts
the basic mechanical properties of recycled spiral steel fiber-reinforced rubber concrete
with different volume contents. We study the cube compressive strength, splitting tensile
strength, flexural strength, and prismatic axial compressive strength of various SSFRCs
at 28 d. At the same time, the tensile compression ratio, folding compression ratio, and
toughness index were used to evaluate the toughness of RSSFRC, and the measured values
of the axial compressive strength and cubic compressive strength of SSFRC were fitted,
while a more suitable formula for calculating the axial compressive strength of RSSFRC was
established. Through the experimental research of RSSFRC, the three-dimensional model
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mechanism of the improvement of the mechanical properties of rubber concrete by recycled
spiral steel fibers was revealed, and the ductility working mechanism of recycled spiral
steel fiber rubber concrete was explored. This provides a new approach for the utilization
of renewable resources and the green application of civil engineering materials.

2. Materials and Test Methods
2.1. Materials

Common Portland cement P.O 42.5 was used as the test cement. The packing density
was 3.05 × 103 kg/m3, and its related performance indexes are shown in Table 1. The
coarse aggregate was gravel with a particle size d < 40 mm, and the packing density was
2.5 × 103 kg/m3. The fine aggregate was medium coarse sand with an apparent density
of 2.65 kg/cm3, and ordinary tap water was used for mixing, with the particle size range
of the sand being between 0.5 and 2.0 mm. The RSSF came from the residual material
of machining, and its density was 7.8 × 103 kg/m3. It had a three-dimensional helical
structure with an average length of 20~40 mm, a width from 2 to 4 mm, a thickness of less
than 0.5 mm, an average tensile strength of no less than 350 MPa, and an elastic modulus
of 2.1 × 105 N/mm2. The rubber came from the broken particles of waste tires, where the
packing density was 0.9 × 103 kg/m3, the particle size was from 1 to 3 mm, and it was
washed with 5% NaOH solution to pH = 7. The raw materials are shown in Figure 1.

Table 1. Cement performance index.

Standard
Consistency (%)

Setting Time
(min)

Compressive Strength of
Cube
(MPa)

Flexural Strength
(MPa)

24.2
Initial condensation Termination condensation 3 d 28 d 3 d 28 d

180 260 25.5 52.5 5.2 8.8
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Figure 1. Raw materials for testing: (a) coarse aggregate; (b) RSSF inspection; (c) treated RSSF; and
(d) alkali washed rubber.

2.2. Specimen Making and Maintenance

According to the existing research results and the actual situation of this test, the
rubber content was determined to be 10%, replacing fine aggregate sand with rubber at a
volume content of 10% sand. The volume content of the RSSF was 0%, 0.5%, 1.0%, 1.5%,
and 2%. The matrix strength of the SSFRC specimens was C30, C40, and C50. The concrete
mix ratios of the specimens with different strength grades are shown in Table 2. Since
the design strength of all concrete specimens was between C30 and C60, non-standard
specimen sizes were used in all kinds of tests. For details on the size of the test blocks,
see Table 3.
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Table 2. Mix ratio of each specimen.

Strength Grade of
Concrete Matrix

RSSF Volume Content
(%)

Amount of Each Material per Unit Volume
(kg/m3)

Cement Gravel Sand Water Rubber RSSF

C30

0 380 1251 644 180 0 0
0 380 1251 580 180 32 0

0.5 380 1251 580 180 32 39
1 380 1251 580 180 32 79

1.5 380 1251 580 180 32 118
2 380 1251 580 180 32 157

C40

0 420 1241 577 180 0 0
0 420 1241 519 180 28 0

0.5 420 1241 519 180 28 39
1 420 1241 519 180 28 79

1.5 420 1241 519 180 28 118
2 420 1241 519 180 28 157

C50

0 470 1200 617 165 0 0
0 470 1200 555 165 30 0

0.5 470 1200 555 165 30 39
1 470 1200 555 165 30 79

1.5 470 1200 555 165 30 118
2 470 1200 555 165 30 157

Table 3. Test specimen.

Intensity Type Specimen Size
(mm)

Number of
Specimens

Number per
Group Total Total

Compressive strength of cube 100 × 100 × 100 18 3 54

216
Splitting tensile strength 100 × 100 × 100 18 3 54

Flexural strength 100 × 100 × 400 18 3 54
Axial compressive strength 100 × 100 × 300 18 3 54

When the specimen was made, it was carried out in strict accordance with the specifi-
cation of “steel fiber reinforced concrete (JG/T472-2015)”, and the raw materials required
for weighing were reserved. First, we poured the coarse aggregate gravel, fine aggregate
river sand, and cement into the raw materials on an impervious steel plate that was soaked
in advance and dry mixed for 2 min. After the dry mixing, we evenly sprinkled the rubber
particles and continued to stir it. After fully mixing, we added water and then the RSSF.
The whole process of adding RSSF had to include stirring, and the RSSF had to be input
three times. When each RSSF was input, we waited for the previous batch of RSSF to be
fully and evenly mixed with the mixture. With the increase in RSSF content, the input
times of the RSSF could be appropriately increased, and the wet mixing time was not less
than 3 min. The resulting SSFRC mixture was subjected to slump testing to evaluate its
workability. Then, the SSFRC mixture was poured into a clean mold coated with waste oil,
and the shaking table was used to vibrate and compact the mixture until the surface of the
mix was slurry, and a small amount of waste oil was spilled. When the vibration was over,
we smoothed and removed air bubbles with a scraper. The mold was removed 24 h after
casting and placed in water at 20 ± 2 ◦C for maintenance for 28 d.

2.3. Test Method
2.3.1. Slump

The slump test could be carried out after the SSFRC mixture was evenly mixed,
Relevant test operations were carried out in accordance with the “steel fiber reinforced
concrete (JG/T472-2015)”of China.

79



Buildings 2024, 14, 897

2.3.2. Mechanical Strength

The compressive strength of the cube was tested with a WHY-1000 microcomputer
controlled pressure testing machine with a maximum measuring range of 1000 kN. The
splitting tensile strength was tested with a CSS-555000 microcomputer controlled electro-
hydraulic servo testing machine, which was combined with a steel splitting tensile fixture.
The flexural strength was measured with a YA-500 microcomputer hydraulic pressure
testing machine. The axial compression strength was tested with a CSS-MAM600DL
electro-hydraulic servo universal testing machine. The relevant test operation and strength
calculations were carried out in accordance with the “Fiber Concrete Test Method Standard”,
and the test equipment and installation are shown in Figure 2.
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Figure 2. Installation diagram of test equipment and specimens: (a) WHY-1000 testing machine;
(b) installation diagram of compressive strength testing machine; (c) CSS-555000 testing machine;
(d) installation diagram of tensile strength testing machine; (e) YA-500 testing machine; (f) instal-
lation drawing of flexural strength testing machine; (g) CSS-MAM600DL testing machine; and
(h) installation drawing of axial compression testing machine.

3. Test Results and Discussion
3.1. Slump

Figure 3 shows the variation trend of the slump values of concrete with different
strengths. Table 4 shows the slump values of the PC, RC, and SSFRC mixes with different
volumes. As can be seen in Figure 3, the addition of rubber particles and steel fibers
reduced the slump of the concrete to a certain extent, making its working performance
worse. The higher the RSSF content was, the more the slump would be reduced. The higher
the strength of the concrete matrix, the lower the slump.

The reason for the above phenomenon is that the surface of the rubber particles
after alkali washing was uneven, and the shape was irregular, which enhanced the water
absorption capacity of the rubber surface and increased the friction force of the internal
flow of the mix, thereby reducing the fluidity of the mix. The RSSF used in the test had a
three-dimensional helical structure and good spatial characteristics, and the particles were
connected to each other in the concrete, which enhanced the internal connection of the
concrete, increased the friction force of the internal flow of the concrete mix, and restricted
the movement of each. The slump of the mixture was decreased by the synergistic effect of
the RSSF and rubber. This is because the addition of a large amount of RSSF makes the RSSF
occasionally cross, and it cannot significantly bridge the effect, forming a network structure.
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Table 4. Slump values of concrete with different strengths.

Specimen Number Slump (mm)

C30—PC 81
C30—RC 72

C30—SSFRC—0.5% 55
C30—SSFRC—1.0% 44
C30—SSFRC—1.5% 35
C30—SSFRC—2.0% 29

C40—PC 72
C40—RC 61

C40—SSFRC—0.5% 49
C40—SSFRC—1.0% 41
C40—SSFRC—1.5% 30
C40—SSFRC—2.0% 21

C50—PC 64
C50—RC 51

C50—SSFRC—0.5% 36
C50—SSFRC—1.0% 29
C50—SSFRC—1.5% 24
C50—SSFRC—2.0% 22

3.2. Mechanical Strength

Figure 4 shows the variation trend of the mechanical strength of the PC, RC, and
SSFRC with different strengths at 28 d, including the cube compressive strength, splitting
tensile strength, flexural strength, and axial compressive strength.

As can be seen in Figure 4, after adding 10% rubber particles to the PC, the mechanical
strength of the RC decreased to varying degrees. The cubic compressive strength, splitting
tensile strength, and flexural strength of the C30 concrete decreased by about 10%. Those
of the C40 concrete decreased by about 14%, while those of the C50 concrete decreased by
about 21%. This shows that the addition of rubber has the same influence on the mechanical
strength of concrete with the same matrix strength, and the influence on the mechanical
properties of high-strength concrete is greater when the matrix strength is different.
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Figure 4. Strength variation trends of different types of concrete: (a) cube compressive strength;
(b) splitting tensile strength; (c) flexural strength; and (d) axial compressive strength.

The reason for this result is that the structural weakness of the rubber itself, as well as
the hydrophobicity of the rubber particles after alkali washing, made the interface transition
zone between the rubber particles and the cement stone clear. Studies have shown that
the strength of the interface area between rubber and mortar is only 35% of the strength of
mortar [36–38], and the surface of rubber particles cannot become completely hydrophilic
with this alkaline washing treatment [39,40]. The hydrophobicity of rubber particles will
prevent water molecules from contacting the rubber surface, thus inhibiting the hydration
of cement on the rubber surface, resulting in a reduction in calcium silicate hydrate (C-
S-H) gel, the hydration product of the main strength source in RC, and a reduction in
compressive strength [41–43].

It can also be seen in Figure 4 that after adding RSSF, the mechanical strength of
concrete with different matrix strengths presented a trend of first increasing and then
decreasing with the increase in RSSF content. The compressive strength of SSFRC with
different matrix strengths reached its peak value when the content of RSSF was 1%. The
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peak compressive strength of the C30 and C40 concrete increased by 23% and 26% compared
with the RC, respectively, with both exceeding that of plain PC. The peak compressive
strength of the C50 concrete increased by 22% compared with the RC but only reached 93%
of the RC’s strength. The splitting tensile strength and flexural strength both reached their
peak values when the content of RSSF was 1.5%. Compared with the RC, the peak tensile
strengths of the C30, C40, and C50 concrete increased by 45%, 50%, and 56%, respectively,
all exceeding that of the PC. The corresponding peak bending strength increased by 28%,
31%, and 37% compared with the RC, respectively, which also exceeded that of the PC.

Figure 5 shows three mechanical strength ratios of different types of concrete, including
the cube compressive strength ratio, splitting tensile strength ratio, and flexural strength
ratio. Table 5 shows the 28 d mechanical strengths of the PC, RC, and SSFRC.
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ratio; (b) splitting tensile strength ratio; and (c) flexural strength ratio.

83



Buildings 2024, 14, 897

Table 5. Different types of concrete mechanical strength values at 28 d.

Specimen
Number

Compressive Strength of Cube
(MPa)

Splitting Tensile Strength
(MPa)

Flexural Strength
(MPa)

Axial Compressive Strength
(MPa)

C30-PC 37.58 3.09 5.18 28.18
C30-RC 33.8 2.81 4.71 23.95

C30-SSFEC-0.5% 36.07 3.34 5.02 27.77
C30-SSFEC-1% 41.71 3.6 5.64 29.87

C30-SSFEC-1.5% 37.8 4.08 6.06 29.03
C30-SSFEC-2% 37.69 3.99 5.85 27.62

C40-PC 47.47 3.82 5.99 38.45
C40-RC 40.35 3.27 5.22 31.14

C40-SSFEC-0.5% 43.67 4.05 5.64 32.29
C40-SSFEC-1% 50.79 4.82 6.48 39.6

C40-SSFEC-1.5% 48.42 4.92 6.84 36.91
C40-SSFEC-2% 45.57 4.55 6.66 34.60

C50-PC 56.87 4.13 6.69 47.2
C50-RC 43.23 3.26 5.29 33.98

C50-SSFEC-0.5% 46.63 3.84 6.16 37.28
C50-SSFEC-1% 52.82 4.50 6.56 41.53

C50-SSFEC-1.5% 48.92 5.12 7.30 40.12
C50-SSFEC-2% 47.76 4.62 6.70 32.95

It can be seen in Figure 5 that the mechanical strength of the C30, C40, and C50 SSFRC
increased compared with the PC. In addition to the C50 cube compressive strength being
lower than that of the PC, the rest exceeded that of the PC. According to the data in Figure 5,
it can be seen that the addition of RSSF could greatly improve the tensile and flexural
strength of RC, but the improvement in compressive strength was not obvious. Moreover,
1% RSSF had the best effect on the cube compressive strength, and the 1.5% RSSF had the
best effect on the splitting tensile strength and flexural strength.

The ratio of the axial compressive strengths and cube compressive strengths of differ-
ent kinds of concrete was different, and the ratio of the two was between 0.69 and about
0.83 in this test. Based on the measured values of the axial compressive strength and cube
compressive strength, a new calculation relationship suitable for SSFRC was fitted [44–46],
as shown in Equation (1), and the relationship between the two is shown in Figure 6:

fc = 0.92fcu − 6.72 (1)
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In Equation (1), fc is the axial compressive strength test value of the SSFRC, and fcu is
the cube compressive strength test value of the SSFRC.

3.3. Toughness Evaluation

Figure 7 shows the stress–strain curves of the PC, RC, and SSFRC with different
strengths under axial pressure, while Figures 8 and 9 show the variation trends of the tensile
and compressive ratios of the SSFRC, respectively. Table 6 shows the tensile compression
ratio, folding compression ratio, and toughness index of various concrete types.
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Figure 7. Stress—strain curves of different types of concrete: (a) C30; (b) C40; and (c) C50. 
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Figure 7. Stress—strain curves of different types of concrete: (a) C30; (b) C40; and (c) C50.

As can be seen in Figure 7, the curve was divided into an ascending section (a linear
ascending stage before the initial crack point and a nonlinear ascending stage from the
initial crack point to the peak stress) and a descending section (a failure stage of the
specimen after the peak stress). The full stress–strain curve could be obtained for the RC
and SSFRC except for the latter half of the stress–strain curve, which could not be obtained
for the PC due to brittle failure. It can be seen from Figure 7a–c that the addition of rubber
reduced the peak stress of the PC. This is because rubber reduces the strength of PC, which
is the same reason why the compressive strength of the cubes in Section 3.2 decreased.

After adding the RSSF, the peak stress of the specimen first increased and then de-
creased. This is because after the content of RSSF reaches a certain value, the continuous
increase in content will make the RSSF overlap with each other and increase the weak point
in the matrix, thus weakening the strengthening effect. The addition of rubber increased
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the peak strain of the PC, indicating that rubber can improve the deformation capacity of
PC and increase its ductility. After the addition of RSSF, the peak strain of the SSFRC with
different matrix strengths increased compared with that of the RC, and the stress–strain
area increased with different amplitudes compared with that of the RC. The results show
that RSSF has positive effect on RC’s crack resistance at different strengths, and the C30
matrix strength was the most significant. With the increase in RSSF content, the decline
trend of the post-peak curve was slower than that of the RC, and the compressive toughness
of the SSFRC was further improved.

Table 6. Tensile compression ratios, folding pressures, and toughness indexes of different types
of concrete.

Specimen Number Tension and Compression Ratio Flexural Strength and Compressive
Strength Ratio

Toughness
Index

C30-PC 0.0823 0.13783 -
C30-RC 0.0831 0.13934 1.51

C30-SSFRC-0.5% 0.0926 0.13917 1.48
C30-SSFRC-1.0% 0.0863 0.13521 1.88
C30-SSFRC-1.5% 0.1079 0.16031 1.77
C30-SSFRC-2.0% 0.1058 0.15521 2.05

C40-PC 0.0804 0.12618 -
C40-RC 0.0810 0.12936 1.32

C40-SSFRC-0.5% 0.0927 0.1291 1.75
C40-SSFRC-1.0% 0.0949 0.12758 1.60
C40-SSFRC-1.5% 0.1016 0.14126 1.67
C40-SSFRC-2.0% 0.0997 0.14614 1.97

C50-PC 0.0726 0.11763 -
C50-RC 0.0754 0.12236 1.64

C50-SSFRC-0.5% 0.0824 0.13210 1.72
C50-SSFRC-1.0% 0.0852 0.12419 1.49
C50-SSFRC-1.5% 0.1047 0.14922 1.73
C50-SSFRC-2.0% 0.0967 0.14028 1.98
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In Table 5, the compressive strength of the cube is the compressive strength value
obtained by testing a cube with a size of 100 × 100 × 100 mm. This value is mainly used to
determine the strength grade of the concrete. The axial compressive strength is the value
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obtained by conducting tests on 100 × 100 × 300 mm test blocks, which is mainly used to
determine the design value of the concrete’s compressive strength.
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4. Conclusions

By adding different volumes of RSSF into RC, the mechanical properties and toughness
characteristics of RSSF rubber concrete were studied by means of test methods. The main
conclusions are as follows:

(1) Rubber particles and different volumes of RSSF will reduce the slump of concrete
to a certain extent. The higher the RSSF content, the more the slump decreases. The higher
the concrete strength, the lower the slump. But the slump of concrete with a high RSSF
content does not decrease continuously.

(2) The addition of rubber particles has similar effects on different mechanical prop-
erties of concrete with the same matrix strength. When the matrix strength is different,
the mechanical properties of high-strength concrete are affected more. When the RSSF
content is 1%, the compressive strength of concrete with different matrix strengths is the
best. When the RSSF content is 1.5%, the tensile strength and flexural strength are the best,
but the strength improvement effect on high-strength concrete is limited.

(3) Rubber can improve the toughness of PC. The toughness of RC with different
matrix strengths is further improved by different dosages of RSSF. When the content of
RSSF is 1.5%, the folding ratio and tension ratio of each SSFRC reach the peak value, and
the toughness index increases with the increase in the content of RSSF. The synergistic
effect of RSSF with rubber particles at a certain amount further increases the toughness of
RC. When the content of rubber is 10%, and the content of RSSF is 1.5%, the mechanical
properties and compressive toughness of concrete can be improved the most, and the
defects of PC brittleness can be effectively improved.
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Abstract: Low-energy asphalt techniques, such as warm mix asphalt (WMA), combined with the
rational consumption of geomaterials and waste recycling would promote more sustainable and
energy-efficient asphalt pavements. In volcanic environments, a significant proportion of aggregate
production is discarded due to its extreme porosity, and used tires generate a main environmental
issue as well. While recycled rubber powder from tire waste can enhance the mechanical behavior
of asphalt, it also raises its viscosity. Therefore, joining rubberized asphalt containing local waste
geomaterials with WMA technologies is crucial to reduce the manufacturing temperatures and emis-
sions and to produce more eco-efficient pavements. For this purpose, the most relevant technological
characteristics of rubberized warm mix asphalt with residual aggregates from highly vesiculated
volcanic rocks are tested in the laboratory and contrasted with conventional mixtures. The outcomes
demonstrate not only the feasibility of the production of such mixtures in line with the current
specifications, but also show a significant improvement in the resistance to moisture and to plastic
deformations, and an improvement in the stiffness modulus. The eco-efficiency indicators conclude
that the energy consumption and emissions are reduced by 9%, enabling the reuse of waste materials
by more than 95%.

Keywords: sustainable asphalt pavement; low-energy asphalt; construction waste; used tire;
reclaimed rubber; residual geomaterial; porous volcanic aggregate; eco-efficiency analysis

1. Introduction

Today’s society is challenged by the depletion of natural resources, increase in en-
vironmental pollution, and the reduction in biodiversity, and is increasingly aware of
the need to protect the environment to achieve social development and economic growth.
Sustainability in industrial processes must be based on the fact that innovations in new tech-
nologies incorporate sustainability principles, with an adequate analysis of their different
dimensions and the creation of methodologies to maximize sustainable development [1].

The production of hot mix asphalt (HMA) for paving is among the most energy- and
emission-intensive construction activities [2], with an annual global production of nearly
1.2 billion metric tons. The mixing temperatures are typically between 160 and 170 ◦C.
This implies a yearly fuel consumption of over 9 billion liters (2.4 billion gallons) and
CO2 emissions of approximately 26 million metric tons per year worldwide (based on an
average of 7.5 L of fuel consumption and 21.5 kg of CO2 per metric ton of HMA [3]).

Low-energy asphalt technologies would enable the sustainable long-term use of these
fundamental materials for transport infrastructures. In this regard, warm mix asphalt
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(WMA) is a technique for manufacturing and compacting asphalt mixes at lower tem-
peratures than conventional hot mixes (HMA), while maintaining their workability and
mechanical characteristics. The reduction in temperature during the production of the
mixture translates into lower energy requirements (i.e., fuel and electricity consumption)
and lower emissions into the atmosphere. It also brings other notable benefits: (a) an
improvement in workers’ health and safety conditions, by reducing the risk of burns,
smoke, and aerosol emissions [4,5]; (b) a reduction in binder aging due to oxidation [6];
and (c) longer transport distances regardless of climatic conditions [7].

WMA techniques can be grouped into diverse types, although all of them try to
reduce the binder viscosity to produce the mixture at lower temperature, favoring its
workability and compactability. These techniques are the following [7]: (a) binder foaming
processes, by injection of sprayed water on the previously heated bitumen, which causes
the violent expansion of steam, foaming the bitumen and reducing its viscosity; (b) organic
additives of low melting point (i.e., paraffinic resins, waxes with long aliphatic chains) that
reduce the viscosity of the mixture; (c) microfoaming inorganic additives (zeolites); and
(d) surfactant additives, which promote the coating and adhesion of the binder with the
mineral aggregates, decreasing the surface tension of the hot bitumen and the friction
between both components, thus enhancing the workability of the mixture during its
production and compaction. A comparative life cycle assessment of WMA technologies
can be found in some previous research [8]; and the effect of certain chemical additives on
the mechanical properties of recycled mixtures has also been assessed [9].

In asphalt mixtures, aggregates account for up to 95% of the total mass, which in
general represents an economic and ecological problem for the mining industry [10,11],
particularly in volcanic islands, where the impact of quarrying can be rather significant
due to the limited territory and the impact of the extractive activities.

Most of the recent previous studies concerning bituminous mixtures containing recy-
cled geomaterials are focused on Reclaimed Asphalt Pavement (RAP) [12,13] or Recycled
Concrete Aggregates (RCA) [14,15], but those using residual volcanic aggregates are very
limited [16,17]. However, on average, more than 75% of volcanic rocks are scoriaceous and
vesicular types which are likely to produce aggregates whose mechanical properties do not
satisfy the standard technical requirements due to their extreme heterogeneity, porosity,
alveolar structure, and absorption, as well as the non-cubic particle shape [18]. The latter
shape property also depends on the crushing method [19].

Consequently, most of the extraction of volcanic geomaterials is discarded because
they are considered marginal aggregates and they are not recommended for structural
applications. Furthermore, in these volcanic regions, the high degree of environmental
protection of the territory prevents the opening of new quarries and landfills. For example,
in the Canary Islands (28◦ N; 15.5◦ W), the protected natural areas cover the 60% of
the territory; there are biosphere reserves (UNESCO) on every island, and five of the
seven main islands are biosphere reserve on their own (i.e., the whole territory) [20,21].
Such territories have environmental attributes that need to be protected because of their
special natural value, fragility, or vital ecosystem functions and are therefore considered
sensitive environments. There are other characteristics commonly associated with these
regions: (a) geographical limitations of the territory; (b) isolation and remoteness from
the main economic areas; (c) the need to obtain the construction materials from their own
local resources; (d) the difficulty of opening new extractive areas due to environmental
protection constraints; (e) the fact that waste and residues must be processed and recovered
in the same territory, contributing to the development of the local industry and economy.

As a result, the use of residual and marginal aggregates is a key issue to provide
eco-friendly solutions to the building industry in these sensitive environments. Some other
engineering applications of pyroclastic geomaterials such as volcanic ashes have been
previously suggested [22,23] in other volcanic territories.

Another type of waste that generates a major environmental issue in sensitive envi-
ronments is used tires, since they cannot be incinerated as fuels for clinker production, as
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is often carried out elsewhere. However, reclaimed granulated rubber from End-of-Life
Tires (ELT) can boost the mechanical behavior of bituminous mixtures if it is incorporated
by replacing part of the mineral aggregate (also called rubberized mixtures by the “dry”
process [24]) or previously blended with the bitumen to produce a Crumb Rubber-Modified
Binder (CRMB), also called rubberized bitumen by the “wet” process [25–27]. In the last
decade, a “semi-dry” method using a Reacted and Activated Rubber (RAR) that can be
added directly to the asphalt plant has been used in the construction of pavements in
certain countries [28], and more recently, some authors have proposed a “semi-dry/semi-
wet” process technology [29]. In all cases, the blend of the recycled rubber particles with
the bitumen at high temperature promotes the rubber swelling and chemical reactions
that modify the elastomeric chains, the devulcanization (breaking of sulfur bonds), the
absorption of aromatic fractions of the asphalt bitumen, and thus the modification of the
rheological properties [30].

All these techniques aim to ensure that bituminous mixtures incorporating crumb
rubber produce paving materials than can offer enhanced performance and durability [31].
They could also contribute to reduce the traffic noise [32–34] as well as the grain size
degradation of the extremely porous aggregates during compaction works. However,
the elastomeric properties of the rubber particles raise the asphalt viscosity, which also
forces an increase in the manufacturing temperature of the asphalt admixture and, con-
sequently, the energy consumption and emissions [35]. Therefore, combining rubberized
asphalt with WMA technologies is crucial for the long-term sustainability of this asphalt
rubber technique.

The amalgamation of these three technologies (WMA + CRMB + residual geomaterials)
could lead to not only eco-friendly bituminous mixtures for paving applications, which
would make it possible to achieve the emission reduction targets set by government policies,
but also to increase their mechanical properties and durability, by reducing the pavement
maintenance. For this purpose, a liquid chemical surfactant additive—composed of renew-
able components—is used in this study for the mixture manufacture and compaction at
lower temperatures. This additive is more economical than granular microcrystalline waxes
because it is used in smaller proportions, avoids cracking problems due to crystallization
at low temperatures [36], and facilitates the additive dosage. In this study, the main techno-
logical characteristics of these rubberized warm asphalt mixtures with residual aggregate
from highly vesiculated volcanic rocks are analyzed in the laboratory and confronted with
conventional HMA with the same aggregate. Furthermore, their eco-efficiency is assessed.

2. Materials and Methods
2.1. Residual Volcanic Aggregate

All the mixtures were made with an olivine-pyroxene grey basalt of scoriaceous
and vesicular structure, obtained from the same quarry (Figure 1). This type of high
porosity aggregate is the most common in volcanic regions (approx. 75% of the exploitable
resources), but it is considered a marginal or residual aggregate for the production of
structural materials, and it is therefore relegated to being used only for embankments
and fillings.

Table 1 shows the most relevant properties of the different aggregate fractions. These
were determined by laboratory tests that were also carried out within the framework of
this research. Ten samples of each of the aggregate fraction were obtained by quartering
procedures using riffle sample splitters and the laboratory analysis according to the test
methods of the European Standards (EN).
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Figure 1. Vesicular volcanic aggregates: (a) rock structure of a lava flow; (b) typical heterogeneity, 
variability, and discontinuous special distribution of volcanic rocks in a quarry; (c) detail of the 
fraction 10–20 mm. 
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Visc. [at 150 °C] (cP) - - - - 250 900 850 

(ρa) Particle density [apparent]; (ρSSD) Particle density [saturated surface dry]; (ρrd) Particle density 
[dry], according to EN 1097-6; (WA24) Water absorption of particles after 24 h, according to EN 1097-
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pozzolans in certain volcanic rocks. 
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The waste crumb rubber modifier (CRM) was produced by mechanical grinding at 
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was supplied by a local company in charge of the treatment of this waste. This company 

Figure 1. Vesicular volcanic aggregates: (a) rock structure of a lava flow; (b) typical heterogeneity,
variability, and discontinuous special distribution of volcanic rocks in a quarry; (c) detail of the
fraction 10–20 mm.

Table 1. Main characteristics of the asphalt mixture components.

Aggregate
(Scoriaceous and Vesicular Grey Basalt)

Mineral Filler (CEM
II/B-P 32.5 R) Penetration Grade Binders

# 10–20 mm # 4–10 mm # 0–4 mm (# <0.063 mm) 35/50 CRMB 35/50 CRMB 35/50 + 0.5%
(3) of Cecabase RT®

Proportion (%) 20.93 (1) 36.27 (1) 38.88 (1) 3.92 (1) 6 (2) 6 (2) 6 (2)

ρa (g/cm3) 2.45 2.88 2.89 - - - -
ρSSD (g/cm3) 2.36 2.56 2.63 - - - -
ρrd (g/cm3) 2.23 2.37 2.35 - - - -
WA24 (%) 15.5 8.3 5.8 - - - -

FI - 6 6 - - - -
Cc 56 60 - - - - -
SE4 - - 73 - - - -
LA 29 28 - - - - -
PSV 60 60 - - - - -

Dens. (g/cm3) - - - - 1.042 1.028 1.027
Pen. (×10−1 mm) - - - - 44 38 30

SP [R&B] (◦C) - - - - 51.6 64.2 67.4
Visc. [at 60 ◦C] (cP) - - - - 51,000 215,000 211,000
Visc. [at 150 ◦C] (cP) - - - - 250 900 850

(ρa) Particle density [apparent]; (ρSSD) Particle density [saturated surface dry]; (ρrd) Particle density [dry],
according to EN 1097-6; (WA24) Water absorption of particles after 24 h, according to EN 1097-6; (FI) Flakiness
index, according to EN 933-3; (Cc) Particles with more than 50% of their surface crushed or broken, according to
EN 933-5; (SE4) Sand equivalent of fraction 0–4 mm, according to EN 933-8; (LA) Los Angeles coefficient (resistance
to fragmentation), according to EN 1097-2; (PSV) Polished stone value (resistance to polishing), according to EN
1097-8; (Dens.) Binder density, according to EN 15326; (Pen.) Penetration at 25 ◦C, 100 g, 5 s, according to EN
1426; (SP) Softening point [Ring and Ball test], according to EN 1427; (Visc.) Dynamic viscosity by Brookfield
rotational viscometer, according to EN 13302. (1) Percentage by weight of total aggregate; (2) Percentage by weight
of mixture; (3) Percentage by weight of bitumen.

As aggregate fraction # <0.063 mm (mineral filler), a Portland cement with pozzolanic
addition was employed (designated CEN II/B-P 32.5 R, according to the EN 197-1). This
type of cement is the most common in volcanic territories due to the presence of pozzolans
in certain volcanic rocks.

2.2. Waste Crumb Rubber from Used Tires

The waste crumb rubber modifier (CRM) was produced by mechanical grinding at
ambient temperature and its composition is from car tires (50%) and from trucks (50%). It
was supplied by a local company in charge of the treatment of this waste. This company
carries out the recovery and separation of the raw material components of discarded tires
in the region. Fifty percent of the rubber comes from passenger car tires and the rest from
truck tires.
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The thermogravimetric analysis revealed the following: 57.41% polymeric rubber,
32.22% carbon black, 6.02% ash, and 4.67% plasticizer and additives. Up to 94% (by weight
of CRM) was below 0.5 mm in size. As for its size distribution, the particle size was
smaller than 1.0 mm (i.e., 94.1% passed through sieve 0.5 mm, 23.7% through 0.25 mm,
3.7% through 0.125 mm, and 0.4% through 0.063 mm).

2.3. Binders

The bitumen used for the control mixture without rubber—conventional mixture of
the type hot mix asphalt (HMA)—was a commercial penetration grade bitumen 35/50.
The bitumen for the rubberized hot mixture (RHMA) was a crumb rubber-modified binder
of the same penetration grade (CRMB 35/50). This rubberized binder was previously
manufactured at the laboratory by blending the CRM with a penetration grade bitumen
50/70. Because the elastomer raises both viscosity and consistency, the resulting binder
(CRMB) had a penetration grade 35/50. To achieve this, each sample (600 g) of bitumen
50/70 was heated to 180 ± 1 ◦C in an oil bath and then 10% (by weight) of CRM was
added in the blending unit. It was mixed for 60 min at 4000 rpm with a propeller agitator
maintaining the same temperature.

The rubberized warm mixture (RWMA) was produced with a CRMB 35/50 binder
previously blended with 0.5% (by wt. of rubberized bitumen) of a surfactant liquid additive
(Cecabase RT®) at 180 ± 1 ◦C for 10 min at 4000 rpm in the same mixer, ensuring that the
additive is properly homogenized into the bitumen.

Ten samples of each binder type were obtained to characterize them following the
European Standards (EN). The main properties of the binders are also summarized in
Table 1.

2.4. Bituminous Mixtures

The type of mixture selected for this study was a Semi-dense Asphalt Concrete (AC16
surf S), following the European Standard EN 13108-1, which is an asphalt mixture typically
employed for wearing courses of different roads, traffic types, and climatic conditions
because of its adequate macrotexture and its lower susceptibility to plastic deformations,
and because its production involves lower costs compared to a dense asphalt concrete. The
aggregate gradation is shown in Figure 2a.
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Figure 2. Rubberized warm mix asphalt (RWMA) mixed at 155 ◦C and compacted at 145 ◦C: (a) par-
ticle size distribution curve; (b) slab specimen after Wheel Tracking Test; (c) infrared photography
during the mixing process.

A total of 201 cylindrical specimens, 46 slab specimens (Figure 2b), and 27 non-
compacted samples (for theoretical maximum density tests) were prepared in the laboratory
following the Spanish technical specifications for roads (PG-3), which are in accordance
with the European Standards.

The effect of the CRM binders and the warm mix asphalt (WMA) additive on the
physical and mechanical properties of this Semi-dense Asphalt Concrete (AC-S) with
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scoriaceous and vesicular basalt was compared by preparing three types of mixtures with a
binder content of 6% in reference to the total weight of the mixture. Previous tests showed
this was the optimum binder content for this porous mineral aggregate. This percentage is
higher compared to conventional aggregates and similar to recycled aggregates (RCA), as
highlighted by previous research [14], due to the increased binder absorption. The three
types of asphalt mixes used in this research were as follows: (a) the control hot mixture with
conventional bitumen (HMA), mixed at 170 ± 1 ◦C; (b) the rubberized hot mixture with
CRM bitumen (RHMA), mixed at 180 ± 1 ◦C; and (c) the low-energy warm mix asphalt
with CRM bitumen (RWMA), mixed at 155 ± 1 ◦C (Figure 2c). In all cases, the compaction
temperatures were 10 ◦C below the mixing temperatures.

The mixing and compaction temperatures of the RWMA had to be at least 10 ◦C higher
than the control HMA in order to meet the values required by the specifications for road
pavements. At lower compaction temperatures, certain properties of the RHMA with this
poor-quality aggregate were particularly critical, especially the air void content, the rutting
resistance, and the dynamic stiffness modulus, as described in Section 3.

The production temperature of the RWMA was selected based on the results of
different mixture properties obtained from previous tests on specimens manufactured
between 140 and 180 ◦C. At mixing temperatures below 140 ◦C the air void content of
the RWMA was above 12% (due to the difficulty of compaction as a result of the higher
viscosity of the CRM bitumen and the aggregate roughness), the proportional rut depth at
10,000 cycles by wheel tracking test in air was over 6%, and the indirect tensile strength
ratio drop below 70%, therefore failing to comply with most of the specifications for paving
mixtures. In contrast, above 150–155 ◦C (depending on the property being evaluated), the
RWMA met these specifications.

2.5. Laboratory Tests

The cylindrical specimens (D = 101.6 mm; h = 63.5 mm) were compacted by the
Marshall method (EN 12697-30) with either 50 or 75 blows per side, based on the lab
test. The slab specimens of 300 × 300 × 60 mm were compacted by the rolling method
(EN 12697-33). Three series of characterization tests for each type of mixture were carried
out on the compacted specimens and non-compacted samples, with a total number of
552 tests for the entire investigation:

(a) Volumetric properties: theoretical maximum density (EN 12697-5, Procedure A: volu-
metric) of non-compacted samples, bulk density (EN 12697-6, Procedure B: saturated
surface dry, SSD), and void characteristics (EN 12697-8) of cylindrical specimens
compacted by impact with 75 blows per side;

(b) Moisture resistance (EN 12697-12, by Indirect Tensile Test, ITT [EN 12697-23]) of
cylindrical specimens compacted by impact with 50 blows per side;

(c) Resistance to permanent deformation: Wheel Tracking Test, WTT (EN 12697-22,
Procedure B: in air, small device, at 60 ◦C and 10,000 cycles), on slab specimens
compacted by metallic roller, and Marshall Test (EN 12697-34) of cylindrical specimens
compacted by impact with 75 blows/side;

(d) Dynamic stiffness modulus (EN 12697-26) by Indirect Tensile Test on cylindrical
specimens [IT-CY] compacted by impact with 75 blows per side, k = 0.6, T = 20 ◦C,
f = 2.2 Hz;

(e) Resistance to fatigue (EN 12697-24) by Four-Point Bending Test on prismatic speci-
mens [4PB-PR] with 1 million load cycles, at 20 ◦C, 10 Hz).

3. Results and Discussion
3.1. Physical Properties

Figure 3 shows the average values of the main volumetric properties of the rubberized
mixtures, allowing comparison of results with respect to the control hot mixture with
conventional bitumen (HMA), all of them manufactured following the same procedure and
the same type of residual volcanic aggregate. The bulk density of the rubberized mixtures
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(RHMA and RWMA) was superior to the HMA; for the RWMA, it was 3.4% higher and the
results were more homogenous (lower statistical deviation). Both the air void content and
voids in mineral aggregate of the RWMA comply with the standard specifications for this
type of asphalt concrete for wearing courses, and proved to be inferior to the RHMA, whose
air void contents are superior to the HMA because of the higher theoretical maximum
density of the rubberized mixtures.
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surface dry, SSD; (b) air voids in the mixture; (c) voids in mineral aggregate.

3.2. Strength Properties

Figure 4a clearly shows the improvement of the resistance to moisture action of the
rubberized mixtures with respect to the hot mixture with conventional bitumen (HMA)
in terms of the indirect tensile strength ratio (ITSR). The ITSR of the RWMA increased
by 36.6%, thus complying with pavement technical specifications. Although the indirect
tensile resistance of dry specimens (ITSd) decreased with respect to the HMA (Figure 4c),
with the saturated specimens (ITSw) it was similar (Figure 4b), showing the favorable effect
on the adhesion under wet conditions of the combined action of the surfactant additive
and the rubber on these mixtures with highly porous aggregates.
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Figure 5a–c highlight the enhanced rut resistance of the rubberized mixtures (lower
wheel tracking slope by 47.12%, rut depth by 51.3%, and proportional rut depth by 54.1%)
with respect to the control mixture. Similar results are shown by the Marshall tests, in which
the stability (Figure 6a), deformation (Figure 6b), and Marshall Quotient (Figure 6c) of the
RWMA were significantly higher than the average values of the HMA (by 99.3%, 12.8%
and 45.7%, respectively). This improvement suggests a noteworthy finding for the practical
reuse of waste vesicular aggregates from volcanic islands in pavement construction.
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These results are consistent with those reported by other previous studies using recy-
cled aggregates (RCA), which showed better performance in terms of moisture sensitivity
and rutting resistance [14].

3.3. Mechanical Properties under Dynamic Loading

The dynamic stiffness modulus by Indirect Tensile Test on cylindrical specimens of the
RWMA was 34.5% higher than the hot mixture with conventional binder (HMA) and up to
51.9% superior to the RHMA (Figure 7a). These results prove that the stiffness increment is
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not due to the rubberized binder as expected, but the favorable effect on the adhesion and
coating between aggregates and bitumen promoted by the surfactant additive.
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Fatigue resistance of RWMA mixtures is reduced compared to the HMA, even though
the fatigue law of the RHMA slightly improved with respect to the mixture with conven-
tional bitumen (HMA). The initial micro-strain for an expected service life of 1 million
load cycles until fatigue failure decreased by 26%, which supposes a reduction in the
expected number of fatigue cycles by 82% (Figure 7b). This result is in accordance with
previous research, which stated the reduced cracking resistance of WMA by bending tests
on semi-circular specimens, albeit produced with a foam-based additive [37]. However,
this apparent reduction in the durability of these asphalt mixes can be counterbalanced
at the design stage by using thicker asphalt layers for the pavement structure or by the
disposition of the constituent materials in the pavement layers, and it is justified by the
sustainability improvement with the use of natural materials and waste products that this
technology offers for highly sensitive environments such as volcanic islands.

3.4. Statistical Analysis of the Experimental Results

The data collected from the laboratory tests were analyzed following the next steps:

(1) An Exploratory Data Analysis (EDA) was performed to evaluate the quality of the
data by using descriptive statistics tools (i.e., relevant statistics about the deviation
and error of the laboratory results, basic plots, normality tests). The main statistics
related with deviation are summarized in Table 2.

(2) Based on the results of the normality test and the dependency of the samples, a non-
parametric statistical approach was used to assess the effect of the mixture type on
the different properties evaluated. In this case, the Kruskal–Wallis test was chosen
(non-parametric analogue of the one-way ANOVA).

(3) A Dunn’s post hoc test was also performed along with Kruskal–Wallis to answer two
main questions, namely, whether at least one type of mixture is different from the
other two, and between which types exactly this difference is. The p-values are shown
in Table 3.
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Table 2. Statistics of dispersion of the laboratory results for each property and type of mixture, and
Shapiro–Wilk normality test.

N Mean SD CoV
(%)

Std.
Error MAD Shapiro–

Wilk
Shapiro–Wilk

p-Value

Db,SSD (g/cm3)
HMA 18 2.34 0.09 3.73 0.021 0.061 0.891 0.0414

RHMA 18 2.38 0.04 1.64 0.009 0.028 0.924 0.155
RWMA 18 2.42 0.02 0.90 0.005 0.018 0.842 0.006

Dm,V (g/cm3)
HMA 16 2.49 0.18 7.21 0.045 0.045 0.696 <0.001

RHMA 16 2.54 0.02 0.64 0.004 0.001 0.566 <0.001
RWMA 15 2.54 0.01 0.52 0.003 0.008 0.750 <0.001

ITSW (MPa)
HMA 16 1.08 0.41 37.56 0.102 0.366 0.846 0.012

RHMA 16 1.32 0.25 19.31 0.064 0.213 0.827 0.006
RWMA 16 1.15 0.10 9.03 0.026 0.101 0.644 <0.001

ITSd (MPa)
HMA 14 1.63 0.41 25.28 0.110 0.371 0.855 0.026

RHMA 12 1.55 0.10 6.31 0.028 0.030 0.715 0.001
RWMA 12 1.29 0.16 12.15 0.045 0.054 0.701 <0.001

ITSR (%)
HMA 14 64.33 9.78 15.20 2.524 1.383 0.644 <0.001

RHMA 12 88.46 8.29 9.37 2.392 7.934 0.650 <0.001
RWMA 12 87.85 5.85 6.65 1.688 5.597 0.650 <0.001

WTS[air]
(mm/1000 cycles)

HMA 12 0.34 0.14 40.22 0.040 0.007 0.579 <0.001
RHMA 12 0.05 0.03 51.20 0.008 0.024 0.819 0.016
RWMA 12 0.18 0.05 27.40 0.014 0.048 0.650 <0.001

RD[air]
(mm at

104 cycles)

HMA 12 6.04 0.86 14.27 0.249 0.578 0.856 0.043
RHMA 12 1.59 0.63 39.34 0.181 0.415 0.840 0.027
RWMA 12 2.94 0.33 11.38 0.097 0.321 0.650 <0.001

PRD[air]
(%at 104 cycles)

HMA 12 11.08 1.07 9.64 0.308 0.357 0.699 <0.001
RHMA 12 2.92 1.49 51.04 0.430 1.373 0.799 0.009
RWMA 12 5.09 0.58 11.29 0.166 0.551 0.650 <0.001

S (kN)
HMA 16 6.91 1.41 20.41 0.352 0.529 0.739 <0.001

RHMA 16 17.42 0.57 3.29 0.143 0.555 0.644 <0.001
RWMA 15 13.77 0.62 4.49 0.159 0.410 0.759 0.001

F (mm)
HMA 16 2.97 0.29 9.69 0.072 0.255 0.758 <0.001

RHMA 15 2.40 0.14 5.989 0.037 0.016 0.635 <0.001
RWMA 15 3.35 0.29 8.52 0.074 0.010 0.614 <0.001

Marshall
Quotient [S/F]

(kN/mm)

HMA 16 2.30 0.31 13.30 0.082 0.081 0.678 <0.001
RHMA 15 7.41 0.25 3.33 0.062 0.239 0.644 <0.001
RWMA 15 4.16 0.54 12.93 0.139 0.300 0.741 <0.001

Sm[IT-CY] (k = 0.6)
(MPa)

HMA 20 6829.97 510.51 7.47 114.153 523.000 0.864 0.009
RHMA 30 6043.72 312.51 5.17 57.057 313.600 0.909 0.014
RWMA 30 9182.84 633.28 6.90 115.620 509.005 0.896 0.007

(N) Number of valid results; (Mean) Averaged result; (SD) Standard Deviation; (CoV) Coefficient of Variation; (Std.
Error) Standard Error of the Mean; (MAD) Median Absolute Deviation; (Dm,V) Theoretical maximum density:
Volumetric procedure, according to EN 12697-5.

The statistical tests have proven that the differences in the properties of the mixtures
manufactured with CRM binders with respect to the control mix without rubber (HMA)
are statistically significant, except for a limited number of them (i.e., density properties and
ITSW). However, it is known that the dispersion of these laboratory tests is usually higher
due to the heterogeneous nature of these materials. These differences are evident when
comparing RWMA mixtures not only with the HMA control mixture but also with respect
to the RHMA mixture, according to the p-values.
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Table 3. Statistical test results about the effect of the mixture type on the different properties.

Property of the Mixture Kruskal–Wallis Test Dunn’s Post Hoc Test

p-Value Mixtures to
Compare Holm’s p-Value

Db,SSD (g/cm3)
0.020 HMA-RHMA 0.596

HMA-RWMA 0.024 (1)

RHMA-WMA 0.068

Dm,V (g/cm3)
0.061 HMA-RHMA 0.088

HMA-RWMA 0.123
RHMA-WMA 0.785

ITSW (MPa)
0.272 HMA-RHMA 0.445

HMA-RWMA 0.760
RHMA-WMA 0.382

ITSd (MPa)
0.003 HMA-RHMA 0.718

HMA-RWMA 0.009 (2)

RHMA-WMA 0.006 (2)

ITSR (%)
<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA <0.001 (3)

RHMA-WMA 1.000

WTS[air]
(mm/1000 cycles)

<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.010 (2)

RHMA-WMA 0.010 (2)

RD[air] (mm at 104 cycles)
<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.010 (2)

RHMA-WMA 0.010 (2)

PRD[air] (%at 104 cycles)
<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.002 (2)

RHMA-WMA 0.061

S (kN)
<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.003 (2)

RHMA-WMA 0.003 (2)

F (mm)
<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.031 (1)

RHMA-WMA <0.001 (3)

Marshall Quotient [S/F]
(kN/mm)

<0.001 HMA-RHMA <0.001 (3)

HMA-RWMA 0.003 (2)

RHMA-WMA 0.003 (2)

Sm[IT-CY] (k = 0.6) (MPa)
<0.001 HMA-RHMA 0.004 (2)

HMA-RWMA <0.001 (3)

RHMA-WMA <0.001 (3)

A p-value less than 0.05 indicates that there is a significant statistical difference: (1) p < 0.05; (2) p < 0.01 (strong
difference); (3) p < 0.001 (very strong difference).

3.5. Eco-Efficiency Analysis

A preliminary eco-efficiency assessment was carried out using the main indica-
tors in the manufacture of asphalt mixes: energy consumption, atmospheric emissions,
and waste generation. Only the mixing, laying, and compaction processes of the three
types of mixtures were compared, considering the following: (1) heating of the aggre-
gates, including the mineral filler; (2) heating of the binder; (3) mixing temperature; and
(4) compaction temperature.

Energy consumption and emissions are directly related to the temperature required
to manufacture the asphalt mix, and the latter depends on the content of rubber powder
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incorporated, the quality, adhesion and porosity of the aggregate used, as well as the type
and bitumen content. With the “wet” method used in this research incorporating the waste
rubber powder to obtain a rubber-modified bitumen (10% of rubber by bitumen weight),
and with the extremely porous aggregates (water absorption up to 16%, see Table 1), the
required manufacturing temperature for the RHMA (with a binder content of 6%) increased
10 ºC with respect the control mixture. It is precisely this drawback that justifies this
research, and aims to reduce the manufacturing temperature using a chemical surfactant.

3.5.1. Energy Consumption

Vesicular volcanic aggregates, due to their high porosity, require longer heating time
to completely dry out their moisture, which means an additional 0.7 L of fuel per metric
ton for each increase by 1% in moisture, consuming 5.1 L of additional fuel per metric ton
compared to mixtures with conventional low-porosity aggregates. A conventional asphalt
concrete mixture with neat bitumen 35/50 and limestone aggregate involves approximately
271.1 MJ/metric ton of fuel (natural gas) [38]. Assuming the linear relationship between
energy consumption and manufacturing temperature above the water vaporization tem-
perature (Figure 8a), the RHMA mixture accounts for an increase in fuel consumption
of 7.1% over the HMA. However, the RWMA allows a reduction in fuel consumption
of 8.4% (14.5% compared to the RHMA) (Figure 8b). These results have been calculated
from statistical analysis of data provided by local asphalt mix manufacturers using dense
volcanic aggregates (mainly dense basalt and phonolite). For conversion to mixtures with
highly porous aggregates, a proportional calculation has been applied (proportionally to
their porosity, according to Table 1), since more energy is needed to evaporate the moisture
from their pores and the required binder content is also increased proportionally.
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To evaluate the consumptions involved in the manufacture of each component material
of asphalt rubber mixtures, the following results of Refs. [39,40] can be used: (a) production
of crushed aggregate: 57.6–78.6 MJ/metric ton; (b) obtaining the raw materials for the
binder: 40,200 MJ/metric ton; (c) binder manufacture: 2890–5320 MJ/metric ton.

3.5.2. Emissions

CO2 emissions for the RHMA mixture are increased by 5.5% compared to the HMA,
considering that they also depend linearly on fuel consumption and, thus, on temperature
(Figure 8a). However, the RWMA leads to a reduction of 9.1% (13.8% compared to the
RHMA) (Figure 8c). Emissions were obtained from in situ measurements in local asphalt
plants using dense volcanic aggregates. As indicated above, the appropriate conversion
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was made to take into account the higher porosity of the aggregates used in this study based
on the proportional relationship of the emissions with the higher energy consumption.

According to Ref. [41], for an asphalt concrete of type WMA with conventional aggre-
gates, the following reductions in gases to the atmosphere are achieved: NOX: 73.5%; CO:
12.2%; SO2: 74.6%.

3.5.3. Waste Recycling

The use of rubber from used tires in these bituminous mixtures allows a proportion
of 10% of the bitumen weight, which means 6 kg of rubber per metric ton of mixture.
Although this may seem a small percentage of this waste, this would mean recovering
25 metric tons of rubber for each kilometer of conventional road (i.e., 10 m wide roadway)
that would be taken to landfill sites otherwise. This figure would increase to more than
50 metric tons per kilometer in the case of dual carriageways.

4. Conclusions

The results presented in this experimental study lead to the following conclusions:

• The bulk density of the rubberized warm mixture (RWMA) was 3.4% higher than
the hot mixture with conventional binder (HMA). The volumetric properties of the
RWMA meet the standard specifications for this type of asphalt concrete, even the
most stringent requirements for wearing courses.

• The resistance to water action of the RWMA is increased by 37%, complying with
pavement technical specifications. This shows the favorable effect on the adhesion
under wet conditions of the combined action of the surfactant additive and the rubber
on these mixtures with highly porous aggregates.

• It is important to highlight the enhanced rut resistance of the rubberized mixtures by
approximately 50%. Similar results show the increased stability (by 99%), and reduced
permanent (plastic) deformation (by 13%). This improvement supposes a noteworthy
finding for the practical reuse of waste vesicular aggregates from volcanic rocks in
pavement construction, especially for infrastructures under heavy traffic and at high
weather temperatures.

• The dynamic stiffness modulus of the RWMA was 35% superior to the HMA, due
to the favorable effect on the adhesion and coating between aggregates and bitumen
promoted by the surfactant additive. This increase in the modulus of the asphalt
mixture would allow a reduction in the thickness of the asphalt layers estimated at
13% (for an equivalent heavy-vehicle traffic of 300 trucks/day).

• The enhancements in the properties above mentioned lead to asphalt mixtures for
paving that require less maintenance due to rutting damages and degradation pro-
moted by the moisture action.

• The fatigue resistance of the RWMA mixtures is reduced compared to the HMA.
However, this apparent worsening in the durability of these asphalt mixes can be
addressed at the design stage of the pavement structure, and it is justified by the
sustainability improvement with the use of raw materials and the waste recycling that
this technology offers for extremely sensitive environments such as volcanic islands.

• The eco-efficiency analysis revealed that the RWMA mixture reduce fuel consumption
and thus, CO2 emissions to the atmosphere by about 9% if compared to the HMA, and
15% if compared to RHMA. The use of rubber from used tires in these bituminous
mixtures facilitates the recovery of between 25 and 50 metric tons of waste per roadway
kilometer (in single roadways and dual carriageways, respectively). Additionally,
this mixture enables the reuse of more than 95% of residual materials (ELT) and
geomaterials (marginal aggregates).

• Experimentally, it has been shown that it is technically possible to produce asphalt
mixtures with a lower energy consumption, certain improved properties, and a re-
duced environmental impact by recycling two large volume residues, while meeting
specifications for paving.

102



Buildings 2024, 14, 530

• The amalgamation of these three technologies (WMA + CRMB + residual geomaterials)
promotes cleaner and more sustainable pavements, contributing to a zero waste society,
and enhances their performance by reducing the maintenance.

Although this research has been carried out with residual materials and geomaterials
from volcanic islands, the proposed technique, method, and conclusions are applicable
elsewhere, since residual poor-quality aggregates are common, and the accumulation of
used tires together with the need to limit emissions are global challenges. On the other
hand, high porosity volcanic rocks can also be found in large extensions of continental
areas in East and Southeast Asia, America and Africa.

For future research, it would be of interest to compare the performance properties and
the eco-efficiency of these warm mixtures with high porosity marginal volcanic aggregates
manufactured by the “wet” process and the “dry” or “semi-dry” process in order to
optimize the production method. A life cycle assessment (LCA) would also make it
possible to determine the sustainability over several life cycles after recycling.
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Abstract: In this study, an experiment was conducted to innovate a new design of interlocking
concrete blocks (ICBs) containing recycled aggregates (RAs) by reducing the consumed time and cost
in construction using an environmental approach. Accordingly, the designed ICBs were produced
manually using RAs, and wallettes were easily built with a mortarless mechanism by stacking
the blocks without any mortar layers. In the experiments, besides the individual compression
tests of the two types of ICB with natural and recycled aggregates, the wallette samples that were
produced using ICBs, containing either 100% natural aggregates or 100% Ras, were tested under axial
compressive loading. The experimental results were assessed considering the compressive strength,
displacement, and failure mode. In the obtained results, we noticed that the average compressive
strengths of the wallettes that were produced with natural or recycled aggregate ICBs were large
enough to meet the standards of Syrian regulations, which are considered an example reference. The
resulting displacement values were acceptable and could be negligible in some wallette specimens. It
was concluded that the innovative ICBs with both normal or recycled aggregates could be a good
alternative to traditional blocks, especially in post-disaster or post-war areas.

Keywords: reconstruction; recycled concrete aggregate; concrete blocks; interlocking block

1. Introduction

Within the cement sector, Türkiye, which is among the world’s leading cement-
producing countries, is ranked fifth in the world, and it is ranked seventh among the
main cement consumer countries. In 2012, Türkiye was ranked second after Iran in the
world’s cement sector exports. In Europe, Türkiye’s cement industry was ranked first in
both production and export. While sector exports were focused in the north and west
of Africa in 2012, Iraq, Libya, and Russia remained the major markets for sector exports
in 2013. China leads globally within the building business. The building industry has
grown to be one of the most important sectors of the national economy of China, but rising
construction activity in recent years has resulted in a considerable volume of construction
trash. According to data, China is the world’s largest consumer of cement, and the cement
consumed there accounts for 55% of global consumption [1]. Global cement consumption
in 2021 grew steadily across many parts of the world and was projected to increase by
6%, excluding China. In 2022, IA cement expected a 2–4% growth in Turkish cement
consumption, supported by a strong infrastructure pipeline with high-speed railways and
renewable energy projects at the forefront [2]. However, compared to the previous year,
cement production decreased by 6.6 percent to 73,708,000 tons. In the January–May period
of 2023, there was an increase of 7.9% in cement production compared to 2022 [3].

The economic growth of many developing countries in the world is adversely affected
by resource scarcity, global warming, epidemic diseases, and environmental conditions [1,4–10].
The conservation of the world’s resources and the sustainability of natural habitats have
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emerged as the most pressing and critical issues for the survival and well-being of humans.
Due to rapid industrialization and population growth in the last two hundred years,
material and natural energy resources have been consumed in large quantities, which has
led to global environmental changes that human beings have never experienced before.

Besides Türkiye, EU economies are heavily dependent on the construction sector.
The building industry consumes a lot of natural resources and produces a lot of waste.
According to a previous European Commission declaration [11], the building industry
utilizes more than half of all minerals mined from the ground and creates more than
500,000 tonnes of trash every year in the EU. In addition, the management and disposal of
old buildings have become a problematic issue [12]. However, in industrialized nations,
the secondary utilization of building debris is extremely common. For many years, the
recycling of building debris has been carried out, particularly for recycled concrete in the
United States, Japan, and certain European nations. Construction and demolition trash
is recycled at a rate of around 75% in certain wealthy European nations [12]. The use
of leftover concrete as aggregates in the production of recycled concrete is an important
developmental trend in environmentally friendly construction materials. Concrete recycling
not only allows for the effective reuse of construction materials, but it also addresses the
issue of natural aggregate shortages [12].

In recent years, many studies have been conducted on recycled aggregate concrete
(RAC). The authors of [13] concentrated on the material characterization and modification
of recycled concrete aggregates (RCAs), as well as RAC mix designs. In general, it is
considered that the larger the percentage of RCAs, the greater the decline in RAC strength.
Strength fluctuation is another key obstacle limiting the broad use of RAC [14–16]. Re-
search on RAC components, included columns, beams, and joints, demonstrated that their
mechanical characteristics are essentially similar to conventional concrete [1]. Also, RAC
frame construction has recently been examined for earthquake performance [17].

The study by Ferriz-Papi and Thomas (2020) [18] aimed to investigate in depth the
use of recovered aggregates from building and demolition wastes in concrete mixtures in
order to enhance upcycling. A review of the research and regulations on concrete block
manufacturing in the United Kingdom has been created as a part of this study. The initial
studies were conducted as part of a case study with a sample of a building and demolition
waste recycled aggregate from a Swansea demolition and construction waste factory. Visual
inspection and screening procedures were used to create a composition of the two samples,
which was then compared to the original aggregates. Up to 70% of the material was
earthen debris from the excavation, with the remainder being a combination of plaster,
glass, and organic materials, with tiny residues of mortar, concrete, and ceramic waste.
Two concrete mixes were created using 80% recycled aggregates and various water/cement
ratios. Testing included compressive strength, absorption, slump, and density. When the
findings were compared with the reference specimen, we discovered that the quality of
both combinations declined dramatically. However, in order to successfully employ these
recycled aggregates in concrete block manufacturing, they needed to be analysed, and
encouraging findings were discovered.

Guo et al. (2018) [19] sought to investigate the potential application of RCAs in the
production of concrete construction blocks. Concrete construction blocks containing 75%
RCA were produced via laboratory research and plant trials. The durability and mechanical
qualities of RAC blocks were investigated via a variety of experiments. The shear and
compressive performances of wall prisms fabricated using RAC blocks were proven to
be comparable to those of standard concrete walls. The authors proposed that RCAs
can be used to manufacture environmentally friendly concrete construction blocks. They
concluded that the usage of RAC blocks plays a significant role in the building life cycle
and will benefit the long-term development of masonry structures.

There has been increasing interest in the design and manufacture of novel interlocking
masonry blocks for sustainable and cost-effective structures in recent years [20–24]. One
such option is to make interlocking blocks with tongue and groove portions as well as
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projections that exactly fit together; this has been accomplished by partially replacing fly
ash for cement in the block’s manufacture. This concept seeks to develop mortar-free,
earthquake-resistant structures while reducing construction time and cost by up to 65%,
using less labour and fewer resources [25].

Another study focuses on the production of interlocking masonry blocks using local
materials such as Portland cement and water, without the use of mortar. Various shapes
and dimensions (toe shape, bottom and top) of wall blocks were used. The compaction
effort and compressive strength of these interlocking concrete blocks were found to be
3.687 (K.J./m3) and 4.80 (MPa), respectively [26]. These values are well below the values of
some specially mixed concrete specimens [27].

One study focuses on developing a new wall prospect using an interlocking concrete
block model. The blocks were then exposed to compressive and axial loads. The author
concluded that the new models made from the interlocking blocks may work for concrete
wall construction and could be employed in typical load-bearing walls. It was shown that
the new model, which is made up of interlocking blocks, may work as a concrete wall
construction and be employed in typical load-bearing walls [28].

Finally, one research study explored the novel design of a hollow interlocking concrete
block with a good finish that may be utilized to build steel-fibre-reinforced load-bearing
walls. The blocks were examined to explore this possibility and compare their failure
patterns and load capacity to those of nearby solid and hollow blocks. According to the
study’s findings, the load-bearing capacity of the wall was 12% and 22% greater than that
of the local solid and hollow block walls, respectively. Furthermore, as compared to local
blocks, the usage of steel fibre reduced the dead load by 28% and 11%, respectively [29].

Interlocking reinforced concrete blocks (IRCBs) emerged as sustainable solutions in
various construction applications due to their cost and time effectiveness. This study
specifically explores the potential advantages of IRCBs, particularly in disaster and war-
torn countries like Syria.

The advantages of adopting IRCBs are numerous. Firstly, they are simple to install
and need no specific masonry labour skills, making them appropriate for wall building.
Second, IRCBs may be utilized for both structural and non-structural applications includ-
ing columns, walls, and beams. They may also be used to create single or multi-story
buildings, making them extremely useful in rural locations. IRCBs may be employed in
both horizontal and vertical orientations, providing an architecturally pleasing perspective
of the structure. Moreover, IRCBs can be dry-stacked without mortar, which significantly
reduces cement usage. They also come with embedded holes for electrical and plumbing
installations, making them suitable for different building requirements. IRCBs can also be
sound- and heat-insulated, increasing their utility in various settings. Lastly, IRCBs are
resistant to earthquakes, making them an appropriate solution for disaster-prone countries.

In summary, IRCBs offer numerous advantages, making them an innovative mate-
rial in construction. Their versatility and sustainability make them suitable for various
applications, especially in disaster-prone countries like Syria. With the growing need for
cost-effective and sustainable construction solutions, IRCBs have the potential to be a
game-changer in the construction industry.

The construction of basic structures with interlocking blocks fashioned from aggregate
obtained from the transformation of concrete waste generated in war zones was seen as
an efficient and cost-effective solution to the issue of shelter provision for individuals.
Interlocking dry-stack bricks may require very little mortar alignment. The blocks are set
with a cement slurry using an interlocking system to resist applied stresses; ICB walls
may be erected at least three times faster than conventional block walls [19]. Masonry
dry-stack technology based on blocks interlocking with grooves and tongues allows for
proper building alignment. This wall structure is capable of withstanding a variety of
external forces, due to steel rods inserted via holes. A dry-stacking wall technique would
minimize shrinkage cracks on a concrete wall [30].
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As can be understood from the literature, studies on interlocking blocks created using
RAs are relatively limited. Moreover, examining RAs and natural aggregates simultane-
ously has become a very important issue. In this study, experiments are conducted to
innovate a new design of interlocking concrete blocks containing recycled aggregates by
reducing the consumed time and cost in construction, together with an environmental
approach. According to this, the designed interlocking concrete blocks were produced
manually by using recycled aggregates, and wallettes were easily built with a mortarless
mechanism by stacking the blocks without any mortar layers. In the experiments, besides
the individual compression tests of the two types of interlocking concrete blocks with
natural and recycled aggregates, wallette specimens produced by interlocking blocks con-
taining either 100% natural aggregates or 100% recycled aggregates were tested under axial
compressive loading.

2. Experimental Study
2.1. Materials

Portland cement and tap water from the laboratory were used for the production of test
elements. Coarse and fine aggregates were sourced from a factory and from construction
debris from different regions.

Preparing Recycled Concrete Aggregate

Working Steps In Situ

There are several steps to produce RCAs, as shown in Figure 1:

• Collecting and selecting construction and demolition concrete waste;
• The classification of concrete aggregates;
• Crushing large and medium aggregates manually with a hammer;
• Cleaning and sieving small aggregates.
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Figure 1. Some steps of preparing RCAs.

The recycling process in a laboratory using a single-toggle jaw crusher:

• Putting concrete waste aggregates in the hopper and crushing between fixed and
swing jaws to small aggregates, and slipping down through the opening gap at the
bottom, as shown in Figure 2. The size of the broken course concrete aggregate is
between 4 and 12 mm;

• Screening crushed aggregates in 3.35–12.5 mm sieves to obtain the appropriate coarse
aggregate;

• Separating invalid aggregates to obtain fine aggregates (sand).

2.2. Preparing Concrete Mixture

Trial Mix Design
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At this stage, different mix ratios of sand, coarse aggregates, cement, and water were
tried to find the appropriate mixture that would be used to produce a concrete block.

The experimental mixtures were prepared in a laboratory, and the materials were
manually mixed. Therefore, water was splashed slowly with a water sprayer, as shown in
Figure 3. The mixture ratio was specified as follows: for the NCA mixture, 4:1:1:1 (4 units of
sand, 1 unit of coarse aggregate, 1 unit of cement, 1 unit of water = 2000 mL); for the RCA
mixture, 4:1:1:1.5 (4 units of sand, 1 unit of coarse aggregate, 1 unit of cement, 1.5 units of
water = 3000 mL).

Mould Design
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When designing the ICB, a concrete block that is used in construction, the size and
shape of the block were carefully considered to ensure its structural integrity and ease of
use. The wooden mould used to create the block was inspired by Portuguese design [31],
specifically the traditional use of wooden moulds in their construction industry.
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It has two hinges at the backside and two hasps at the front to remove it easily and
flexibly after turning the mould over without collapsing the block wall. To produce a
standard block that would be portable for construction workers and bear more pressure
with a long top protrusion (24 cm), the following was designed:

• The back piece, to obtain the block’s groove; bottom and half-bottom blocks can be
made by turning the front part over;

• The front piece, to obtain the block’s protrusion; top and half-top blocks can be made
by turning the back piece over;

• The bottom base, to fix the mould and prevent the block from sliding while compacting
the mixture, which helps us to hold the mould when we want to turn the mould over;

• A wooden hand, to compact the levels manually 3 or 4 times in the mixture, especially
the last one.

This block wall system includes a standard block (24 × 12 × 18 cm), a bottom block, a
top block, a half-bottom block, and a half-top block, as shown in Figures 4–6.
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The height of the protrusion measured 6 cm, while its width measured 4.8 cm. On the
other hand, the height of the groove was augmented to 6.4 cm, and the width to 5 cm. Such
an increase in both the height and width of the backside piece facilitates the placement
of mortar between the blocks when interlocking them to form a wall. Additionally, it
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enables the removal of the wooden back piece easily, without causing any collapse in the
protrusion.
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2.3. Casting Process of Interlocking Concrete Block Specimens

After preparing the mixture using a 4:1:1:1 ratio and obtaining the necessary tools,
such as a metal rod, hammer, and wooden hand, the production process for interlocking
concrete blocks (ICBs) is shown in Figure 7. The process includes the following steps:

• Painting all mould faces with oil;
• Placing the mould base on the ground;
• Placing the wooden mould on the base and closing the hasps with a thin wooden rod;
• Filling the mould with the concrete mixture;
• Consolidating and compacting the mixture three times for three levels by hammering

the wooden hand;
• Shaking the mixture three times manually by using a metal rod for each level;
• Turning the mould over and knocking the base with a plastic hammer;
• Extracting the concrete block by opening the hasps and carefully removing one side of

the front wooden piece.
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2.4. Curing Blocks

After removing the mould, we sprayed water on each block periodically, morning and
evening, for seven days.

2.5. Fabrication of ICB Wallette

The wallette panels were constructed using the interlocking block system, which
consists of five blocks: the standard block, top block, bottom block, half-bottom block, and
half-top block. The standard blocks serve as the primary unit in wallette construction,
while the bottom blocks provide structural support for the wall. The top blocks are used to
seamlessly terminate the wallette without interlocking keys, whereas the half-bottom and
half-top blocks are used to achieve accurate completion of the wall course.

Each wall specimen is composed of one bottom block, two half-bottom blocks, two
standard blocks, one top block, and two half-top blocks. These blocks interlock easily with
each other using their protrusion key. The wallette’s construction entails stacking each dry
block one by one, without mortar between them, resulting in a mortarless or dry-stack wall
system. The wallette panel specimen’s dimensions are L = 480 mm × H = 30 mm.

In this study, the authors constructed five wallette panel specimens using interlocking
block systems containing 100% normal aggregates, and five other specimens containing
100% recycled aggregates.

2.6. Specimens and Instrumentation Setup

Axial Compression Tests on Blocks

The compressive strength test is a crucial property used to determine the load-bearing
capacity of blocks. This is provided by utilizing the Automatic Compression Testing
Machine (ASTM), as shown in Figure 8, to measure blocks’ ability to withstand loads
before failure. The compressive strength test is particularly significant when using the
blocks to construct load-bearing walls. The test involves placing a block between two steel
plates, ensuring that it is centred on the loading axis. The load is then gradually increased
(0.2 kN/s) until the block fails, and the compressive strength of the block is measured.
To prepare for the compression test, multiple tests were conducted using standard blocks
with varying mix ratios and ages. Subsequently, five standard natural blocks (NBs) made
entirely of natural aggregates and five recycled blocks (RBs) made entirely of recycled
aggregates were casted. After curing for seven days, both sets of blocks were subjected to a
compression test after 28 days of age, as listed in Table 1.

Axial Compression Tests on ICB Wallettes
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Table 1. Standard blocks with 100% NCAs and 100% RCAs.

% Block ID Age (Day) Water Treatment Time (Day) Mix Ratio (Sand:C.Agg:C:W)

100%
NA

NB1

28 7 4:1:1:1

NB2

NB3

NB4

NB5

100%
RA

RB1

28 7 4:1:1:1 1
2

RB2

RB3

RB4

RB5

During the compression test, the panel specimen was positioned between a metal
beam at the bottom and a hydraulic vertical load jack. Additionally, two rectangular
metal plates were placed over the top end of the panel to ensure that the load was evenly
distributed. The load was then gradually increased (0.2 kN/s) until the wallette failed.
To measure the vertical displacement accurately, linear variable differential transformer
(LVDT) instruments are attached to each wall specimen on the wallette’s side in the vertical
direction, as illustrated in Figure 9.
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3. Experimental Results
3.1. Chemical Properties of Recycled Concrete Aggregates

The recycled fine and coarse aggregates were analysed using a scanning electron
microscope (SEM). The elemental mapping of our sample surface layer was obtained
through X-ray diffraction (XRD) and energy dispersive spectroscopy (EDX). Additionally,
SEM can capture high-resolution and three-dimensional images, which provide information
on the topography, morphology, and composition.

The SEM-EDS measurements indicated the presence of such constituent elements as
O, Ca, C, Au, Si, Al, Fe, S, Mg, K, and Na. The shape and size of the recycled aggregates
were irregular because of crushed concrete debris. The RCA particles had irregular shapes,
and the surface was acute. Small particles were adhered to the RCA particles, as shown
in Figures 10 and 11. The presence of oxygen, carbon, and calcium was determined with
high percentages, and they were classified as prominent elements. In Figure 10b, the micro-
analysis data of the coarse aggregate show the concentrations of several chemical elements
in weight percentages It was indicated that the coarse aggregate particles contained mostly
46.8% oxygen, 24.5% calcium, and 13% carbon. However, the micro-analysis data of the fine
aggregates in Figure 11b show that their particles had mostly 43.5% oxygen, 30% calcium,
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and 12% carbon. Figure 11c shows the scanning electron microscopy (SEM) images of the
recycled fine aggregate used.
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Figure 10. SEM-EDS results of recycled coarse aggregate sample: (a) general SEM pattern, (b) overall
EDS analysis, and (c) local SEM images.

3.2. Compressive Strength Results of Block Specimens

The compressive strength results of the experimental standard block specimens are re-
ported in Table 2. Figures 12 and 13 show the comparison between the NB and RB block
groups.

Table 2. Compressive strength results of standard block specimens.

% Block ID Surface Area
(cm2)

Maximum
Load (KN)

Maximum
Stress (MPa)

Average Stress
(MPa)

100%
NA

NB-1

4.8 × 24

101.1 8.7

9.22
(with a standard
deviation of 0.43)

NB-2 112.3 9.7

NB-3 106.2 9.2

NB-4 111.9 9.7

NB-5 101.7 8.8

100%
RA

RB-1

4.8 × 24

56.8 4.9

4.9
(with a standard
deviation of 0.99)

RB-2 49.1 4.2

RB-3 73.3 6.3

RB-4 64.8 5.6

RB-5 40.9 3.5
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3.3. Compressive Strength Results of Wallette Panel Specimens

Table 3 summarizes the compressive strength results of the wallettes. The average com-
pressive strength of the NW wallette specimens is 5.48 MPa, while the average compressive
strength of the RW wallette specimens is 4.68 MPa.

Table 3. Compressive strength results of wallette specimens.

% Code of
Wall

Surface Area
(cm2)

Max. Load
(KN)

Max. Stress
(MPa)

Average Stress
(MPa) ∆ (mm) Average ∆ (mm)

100%
NA

NW1

48 × 7

199.7 5.9

5.48 (with a
standard deviation

of 0.43)

3.16

2.12 (with a
standard

deviation of 1.05)

NW2 165.6 4.9 1.61

NW3 181.3 5.4 3.57

NW4 200.7 6 0.86

NW5 173.3 5.2 1.44

100%
RA

RW1

48 × 7

183.9 5.5

4.68 (with a
standard deviation

of 1.13)

1.97

1.67 (with a
standard

deviation of 1.05)

RW2 208.8 6.2 0.9

RW3 140.8 4.2 2.12

RW4 155.1 4.6 1.85

RW5 95.8 2.9 1.53

The curves in Figures 14 and 15 show that the displacement values of both the NWs
and RWs range between 0.86 and 3.57 mm for the NWs, and range between 0.9 and 2.12 mm
for the RWs.
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4. Discussion

This study involved testing specimens using a compression test machine to measure
the compressive strength of individual standard blocks (NB, RB) and wallette panels (NW,
RW). Prior to the experiment, the optimal mixture for the interlocking concrete blocks
was determined through several attempts. Various standard blocks with different mixture
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ratios were constructed and tested to determine their strengths. The Syrian Arab Code
for unreinforced load-bearing walls on buildings [6] was used to define the permissible
value of compressive strength. The current study aimed to investigate the use of 100%
recycled concrete aggregates (RCAs) in mortarless interlocking concrete blocks, which
could provide economic and environmental benefits. Two groups, each containing five
blocks, were produced: the first group contained 100% RCAs, and the second group
contained 100% natural concrete aggregates (NCAs). The experimental results indicated
that the average compressive strength of the standard ICB containing 100% NCAs was
9.22 MPa, while that of the standard ICB containing 100% RCAs was 4.9 MPa. Figure 12
shows a comparison between the NB and RB block groups, indicating that the average
compressive strength of the NCA blocks was almost twice that of the RCA ones. The low
strength of the RCA blocks could be attributed to the inadequate homogenization of the
RCA particles in both the fine and coarse aggregates, as well as the highly porous adhered
mortar structure in the RCA mixture, which led to a weak concrete. Manual compaction
and vibration mechanisms during preparation may also reduce concrete strength. After
loading the axial force, a failure occurred along the protrusion, as indicated with the long
line crack that extended to the bottom of the blocks, as shown in Figure 16.
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Two sets of tests were carried out on the wallette panels to investigate their compres-
sive strength. Ten wallette samples were constructed using an interlocking block system:
five with 100% natural coarse aggregates (NCAs) and five with 100% recycled coarse aggre-
gates (RCAs). A load was applied along the surface face of the wallette (480 mm × 120 mm)
to ensure uniform distribution. The results of the compressive strength tests are summa-
rized in Table 3. The average compressive strength of the NCA wallette specimens was
5.48 MPa, with a maximum of 5.9 MPa and a minimum of 4.9 MPa. The average compres-
sive strength of the RCA wallette specimens was 4.68 MPa, with a maximum of 6.2 MPa
and a minimum of 2.9 MPa. The compressive strength results of both types of wallette
specimens, were similar and met the Syrian load-bearing wall code, with the average
compressive strength of the RCAs being nearly six times higher than 0.8 MPa and that of
the NCAs being nearly seven times higher than 0.8 MPa.

Based on these results, interlocking recycled concrete block walls (IRCBWs) can be
considered as load-bearing walls for single- and multi-story buildings, using a mortarless
interlocking block wall system. This system increases construction productivity and reduces
labour and construction duration in war/disaster-affected areas. However, as seen in
Figure 17, the grooves are not sufficiently connected to the tongue key, which may adversely
affect the wall strength. This is because the dry bed joints between interlocking block layers
play a significant role in the performance of the mortarless masonry wall system. Moreover,
some design imperfections were evident during the casting stage when producing half of
the top and bottom blocks. The length of the mould was 24 cm, but the half-block was only
12 cm, resulting in the inadequate compaction of the last layer of the block. As a result,
some half-blocks did not complete the wall entirely, leaving part of the tongue or groove
outside the wallette.
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Figure 17. Interlocking three types of blocks.

Vertical cracks were observed as starting from the top of the wallette and extending
through the three compaction layers of the block. This occurrence can be attributed to
inadequate contact between the groove’s lower surface and the protrusion’s upper surface
for each type of block. As a result, the crack propagates from one block to another until the
entire wallette fails. The failure mode is presented in Figures 18 and 19.
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Figures 14 and 15 illustrate the displacement values of both the NWs and RWs. The
NW displacement ranges between 0.86 and 3.57 mm, while the RW displacement ranges
between 0.9 and 2.12 mm. Notably, the average displacement value of the NWs (2.12 mm)
is higher than that of the RWs (1.67 mm). Overall, the wallette structure does not exhibit
significant displacement.

As a general evaluation with the mechanical results obtained, it was understood that
the natural and recycled aggregates that were used in the production of interlocking blocks
gave close results in the concrete compressive strength of the walls. In other words, the
use of recycled aggregates, which is a very environmentally friendly approach, has proven
to be quite suitable for the production of interlocking blocks. However, it is obvious that
more successful results will be obtained when the production defects shown in Figure 17
are eliminated. The simple and fast construction of walls with the three types of blocks
proposed in this study was demonstrated during the production of the test elements. That
is, when these blocks are available for sale on the market, people will build their houses
and other basic structures in a simple way, since no skilled labour is required. Finally, the
fact that the material used is recycled and that the production of the blocks is simple will
reduce the cost considerably and provide cheap access to the market.
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5. Conclusions

In the present study, the potential and feasibility of using recycled concrete aggregates
(RCAs) obtained from construction and demolition (C&D) waste were evaluated. This study
explored the possibility of constructing a load-bearing wall using interlocking concrete blocks
(ICBs) through a dry-stack mechanism. The system comprised five types of inter-locking
concrete blocks, namely standard, bottom, top, half-top and half-bottom, designed to be
placed and stacked easily without mortar. This study further examined the compressive
strength, displacement, and failure mode of wallette panel specimens using ICBs containing
100% NCAs and 100% RCAs. As a result, the following conclusions were made:

• The average compressive strength of the NCA wallette specimens was 5.48 MPa, with
a maximum of 5.9 MPa and a minimum of 4.9 MPa;

• The average compressive strength of the RCA wallette specimens was 4.68 MPa, with
a maximum of 6.2 MPa and a minimum of 2.9 MPa;

• The compressive strength results of both types of wallette specimens were similar and
met the Syrian load-bearing wall code, with the average compressive strength of the
RCAs being nearly six times higher than 0.8 MPa, and that of the NCAs being nearly
seven times higher than 0.8 MPa.
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Abstract: Solidifying shield muck with calcium carbide slag and fly ash as curing agents was
proposed as a highly efficient method for reusing waste shield muck. The compaction test, unconfined
compression test, and dry–wet cycle test were used to evaluate the compressive strength, water
immersion stability, and durability of the cured soil. The stress–strain curve and microscopic test
were employed to analyze the compression damage law, mineral composition, and microscopic
morphology of the cured soil, and to analyze the mechanism of calcium carbide slag–fly ash-cured
shield muck. It was found that calcium carbide slag–fly ash can significantly improve the compressive
strength of shield muck, and the strength of cured soil increases and then decreases with an increase
in calcium carbide slag and fly ash and increases with curing age. The strength was highest when
the content of calcium carbide slag and fly ash was 10% and 15%, respectively. Dry–wet cycle tests
showed that the specimens had good water immersion stability and durability, and the stress–strain
curve of the specimen changed from strain hardening to strain softening after dry–wet cycles. The
internal particles of the cured soil were mainly cemented and filled with C-(A)-S-H colloid and
calcium alumina (AFt), which both support the pores between the soil and form a skeleton structure
to enhance the strength of the soil and lend it good mechanical properties.

Keywords: shield muck; industrial waste; unconfined compressive strength; dry–wet cycle; stress–strain
curve; microstructure

1. Introduction

With the increasing demand for underground space utilization in urban construc-
tion, the shield method, as a safe and efficient fully mechanized concealed excavation
construction method with a low impact on the environment around the construction site,
has been widely used in the construction of rail transit, tunnels, municipal highways, urban
integrated pipeline corridors, and other projects. Shield residue is the waste engineering
residue produced by the city in the process of shield construction. It is generated in large
amounts, has poor engineering properties, and has high processing costs. This residue is
often not disposed of directly, making the processing cost of engineering residue high in
terms of the process of transporting it out of the residue disposal site. Also, the spilling of
residue on the road results in pollution of the environment [1–3]. Curing/stabilization tech-
nology is a commonly used technology for soil reuse today. Most residue curing materials
are inorganic chemical materials, such as cement, gypsum, lime, etc. [4–6]. This type of cur-
ing method, which consumes a significant amount of energy, produces cement, and leads
to the lime process, will produce a large amount of CO2, accompanied by SO2 and other
harmful gases. Calcined slag will cause secondary pollution, leading to new pressure on
the environment [7,8]. Therefore, developing more environmentally friendly and effective
curing technology is necessary from the perspective of sustainable development and the
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economy. Calcium carbide slag (CS) is a secondary product of calcium carbide hydrolysis, a
method for obtaining acetylene gas. Fly ash (FA) is an industrial waste produced in thermal
power generation that has a high content of active SiO2. They all belong to the category of
industrial waste, with a large annual output but a low utilization rate, and accumulating
waste will encroach on land and damage the soil and water environment. It has been found
that the combination of calcium carbide slag and fly ash has a good effect on curing soil,
based on the ecological civilization concept of “treating waste with waste”, combined with
the current situation of the low utilization rate of waste engineering slag generated from
subway and tunnel projects. Using calcium carbide slag and fly ash as curing agents to
improve the mechanical properties of shield muck and using the improved slag for road
construction has thus been proposed.

Recently, scholars at home and abroad have studied how to use shield residues and
technology utilizing calcium carbide slag and fly ash curing soil [9]. Zhang et al. [10]
used shield slag and lime as the main raw materials and calcium carbide slag and iron
powder as stabilizing materials. The formation mechanism of low-heat Portland cement
under different doping conditions was investigated via X-ray diffraction (XRD), a scan-
ning electron microscope (SEM), and differential thermal analysis. It was found that the
shield residue could be prepared as a high-belite cementitious material for secondary use.
Baskar et al. [11] cured clayey soils with calcium carbide slag and fly ash as raw materials
and found a 52% increase in the compressive strength of soil specimens, with minimal
strength loss after the 12th cycle of the cyclic unconfined compressive strength test, sig-
nificantly improving strength and durability. Xu et al. [12] investigated the mechanical
properties of cured soil using an unconfined compressive strength test (UCS), XRD, SEM,
and a corrosion resistance test using shield residues as a raw material, blast furnace slag
as a curing agent, and water glass and sodium hydroxide as alkali exciters. The results
show that alkali-excited blast furnace slag (GGBFS) has a good curing ability for shield
residues, and an appropriate amount of GGBFS (GGBFS/shield residues = 0.3) can be
used to achieve a high early strength (20 MPa) and late strength (30 MPa) of the cured
shield residues. Liu et al. [13] investigated the swelling and shrinking characteristics and
strength properties of expanded soils stabilized with calcium carbide slag and rice husk
ash. It was found that calcium carbide slag and rice husk ash could significantly increase
the unconfined compressive strength, cohesion, and internal friction angle of the swelling
soil while decreasing the swelling properties of the cured soil. Guo et al. [14] investigated
the mechanical properties of lime–alkali slag, lime–desulfurized, gypsum-stabilized shield
residue soil and its water immersion stability and durability using the indoor compaction
test, CBR test, UCS, dry–wet cycle test, XRD test, and SEM test. The results show that
the mechanical properties of the shield residue soil were greatly improved after mixing
it with the improved material, and the water stability and durability were also greatly
improved. The improved soil also had good road performance and can be used as roadbed
filling material.

In summary, previous researchers have treated shield residues mostly with slag, lime,
gypsum, and other materials. Calcium carbide slag, as a curing agent, is mainly used
in swelling soil, silt soil, etc. Calcium carbide slag and fly ash are forms of industrial
waste. If the mechanical properties of slag can be improved by combining them in a certain
proportion, they can be applied to roadbed fillers so that they can be “taken from the soil
and used in the soil.” These wastes can be used effectively to protect the environment and,
at the same time, enrich the choice of materials for road construction.

Therefore, this paper proposes treating shield slag soil with calcium carbide slag–fly
ash. The unconfined compression test can be used to study the change in the compressive
strength of cured soil and the optimal amount of curing agent. Dry–wet cycle tests were
used to study the stability and durability of the cured soil via water immersion. Micro-
scopic tests such as XRD and SEM were used to analyze the mineral composition and
microstructure of the cured soil. The stress–strain curves of the cured soil were considered
alongside the calcium carbide slag–fly ash curing mechanism of shield slag soil. This
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study aims to provide theoretical support for the reuse of shield residues as engineering fill
material.

2. Materials and Methods
2.1. Materials

The test muck was taken from the fifth-section interval of the second phase of the
Wuhan City Rail Transit Line 11 East project, near the proposed stopping point shown
in Figure 1. The muck is composed of clay and is grayish–yellow in color, and its basic
physical index is shown in Table 1. The gradation curve of shield residues is shown in
Figure 2, with a uniformity coefficient Cu > 5 and curvature coefficient 1 < Cc < 3. The
gradation is good.
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Calcium carbide slag was produced by a limited company in Henan that produces
water purification materials. The slag had the appearance of an off-white powder with
a certain irritating odor and a specific gravity of 2.03. The fly ash was produced by a
power plant in Henan Province, and it had the appearance of gray powder. The content
of SiO2 and Al2O3 in the fly ash reaches 79.42%, and the content of CaO and MgO is
6.23%, meaning that it constitutes silica–alumina type fly ash. The cement was produced by
Huaxin Cement Co. The shield muck, calcium carbide slag, fly ash, and Portland cement
are shown in Figure 3, and their chemical compositions are shown in Table 2.
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Table 1. Basic physical properties of shield muck.

Properties of Shield Muck Shield Muck Sample

Initial Water Content (ω/%) 42.3
Liquid Limit (ωL /%) 43.7
Plastic Limit (ωP /%) 23.5
Plasticity Index (IP ) 20.2
Liquidity Index (IL ) 0.931
Specific Density (P ) 2.54

Maximum Dry Density (g/cm3) 1.802
Optimum Moisture Content (%) 17.27

Coefficient of Curvature, Cc 2.48
Coefficient of Uniformity, Cu 59
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Table 2. Chemical composition of calcium carbide slag, fly ash, and cement (%).

Sample Name CaO SiO2 Al2O3 MgO Fe2O3 TiO2 SO3 Na2O

Calcium Carbide Slag 86.25 2.21 1.93 0.42 1.07 0.10 2.75 0.05
Fly Ash 5.38 54.84 24.58 0.85 5.85 — — —

Portland Cement 62.34 21.17 5.48 2.76 3.85 — — —

2.2. Test Protocol

The shield muck has a high water content, a high viscosity, and a flow plastic state. To
facilitate the subsequent test, it was necessary to pretreat the undisturbed shield muck.

The shield muck was dried naturally and then crushed by a soil crusher. The crushed
shield muck was then passed through a 2 mm standard sieve by a vibrating sorter according
to geotechnical test specifications [15]. After sieving, the soil samples were put into an
oven at 105 ◦C, dried to a constant weight, and removed for use. The compaction test was
carried out using the heavy compaction method to determine the specimens’ maximum dry
density and optimum water content under the dosing of plain soil and each curing agent.
The unconfined compressive strength test was based on the maximum dry density and
optimum moisture content obtained from the compaction test, and the specimen dosage
was calculated by controlling 96% compaction. The sample was pressed into a cylindrical
shape of Φ50 mm× 100 mm using the static pressure method. The molded specimens were
wrapped in cling film and placed in a standard maintenance box for 7, 14, and 28 days [16].
Three parallel specimens were set for each curing agent dose, and the results were averaged.
Based on previous research [17–23], the dosing amounts of calcium carbide slag and fly ash
were designed as shown in Table 3, and the unconfined compression test was carried out
according to the dosing amounts presented in Table 3. The specimens were loaded until
they were destroyed, and the dosing amounts of calcium carbide slag and fly ash that were
optimal for stabilizing the shield slag soil in the selected dosing interval were obtained
according to the results of the unconfined compression test. After the strength test, the
specimens were taken for XRD and SEM tests to determine their internal composition and
microstructure under different doping ratios.
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Table 3. Tests on unconfined compressive strength.

Sample Dosage Curing Age (Day)

Control Group 1 0%CS + 0%FA + 0% cement

7 days
14 days
28 days

Control Group 2 0%CS + 0%FA + 5% cement
Sample 1 6%CS + 15%FA
Sample 2 8%CS + 15%FA
Sample 3 10%CS + 15%FA
Sample 4 12%CS + 15%FA
Sample 5 14%CS + 15%FA
Sample 6 10%CS + 12%FA
Sample 7 10%CS + 18%FA
Sample 8 10%CS + 21%FA
Sample 9 10%CS + 24%FA

Note: CS is calcium carbide slag and FA is fly ash in the doping amount; control group 1 is plain soil, and control
group 2 is mixed with 5% cement. Curing agent admixture is the ratio of curing agent to dry soil mass.

Dry–wet cycle tests were conducted to further investigate the stability and durability
of the cured residual soil. The dry–wet cycle test was carried out following the method
described in previous research [24]. Three kinds of samples with the lowest, medium, and
highest strength were selected to carry out the dry–wet cycle test.

2.3. Methods

According to the test specification [15], the sieved and dried plain soil, as well as the
cured soil mixed with different proportions of the curing agent, was subjected to light
compaction tests to obtain the optimum moisture content and maximum dry density, and
the samples were mixed with different proportions of calcium carbide slag and fly ash.

Carbide slag and fly ash were added to the shield muck according to the predetermined
proportions and mixed evenly; water was added until the mixture reached the optimum
moisture content; the mixture was thoroughly mixed again; and then it was put into a
sealed bag and left for 24 h. When making the specimens, the resting mixture was put
into a light compaction steel mold with an inner diameter of 50 mm and a height of
100 mm in 3 layers. After compression molding, the sponges were wrapped with cling film
and placed in a standard curing box with a temperature of (20 ± 2) ◦C and a humidity
of 95%. After reaching the maintenance curing age, the specimens were removed. A
WDW-10E-microcomputer-controlled electronic universal testing machine was used to
carry out the unconfined compression test on the test block. The vertical strain rate was
set to 1 mm/min. The value was recorded when the strength of the specimen reached its
peak. At this point, the specimen was destroyed internally. The test continued until the
specimen surface showed obvious cracks, at which point it was stopped. The average value
of three parallel specimens measured in each group of tests was taken as the experimental
result for analysis. After the compression test, the specimens were finely crushed internally
and processed to a constant weight in the freeze-dryer. The dried, crushed pieces were
internally ground into a powder and passed through a 0.075 mm sieve for the XRD test.
The XRD scanning speed was 5 (◦)/min, and the range was 5~80◦. The internal section
of the dried specimen block was selected for the SEM test. In the dry–wet cycle test, the
specimen was standardized for 28 d and then dried at room temperature (20 ± 3) ◦C for
24 h. The specimen was numbered, and its mass, diameter, and height measured; then,
the specimen was placed in a water bath, which was slowly filled with water until the top
surface of the specimen was submerged. The specimens were immersed in a water bath at
(20 ± 0.5) ◦C for 24 h, and their morphology was observed. Then, the specimen was taken
out and put on the absorbent paper for 1 h; the moisture on the specimen’s surface was
wiped off; the specimen’s mass, diameter, and height were measured; and the specimen’s
appearance was recorded. This constitutes a dry–wet cycle. It was repeated five times to
complete a five-stage dry–wet cycle. The compressive strength without a lateral limit of the
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3 groups of ratios was measured after completing 1, 3, and 5 dry–wet cycles, and 2 parallel
specimens were taken from each group.

3. Analysis of Test Results
3.1. Compaction Characteristic Analysis

Keeping the proportion of fly ash constant, the trends of optimum moisture content
and maximum dry density were investigated for different calcium carbide slag ratios
against plain soil (Control Group 1) and mixed with 5% cement (Control Group 2), and the
test results are shown in Figure 4.
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Figure 4. The trend of compaction test of specimens with different proportions: (a) Trend of com-
paction tests with different calcium carbide slag ratios; (b) Trend of compaction tests with different
fly ash ratios.

Figure 4a shows that the optimum moisture content of the treated soil tends to increase,
and the maximum dry density tends to decrease with the increase in cement incorporation
and calcium carbide slag incorporation. This is because the main component of calcium
carbide slag is CaO, which more easily ionizes with the OH− ions in a water hydrolysis
reaction to form Ca2+, compared to plain soil without the addition of a curing agent. The
reaction consumes a large amount of water, while the products generated by the reaction
increase the cementation between soil particles, and a stable agglomerate structure is
formed inside the soil, preventing water from continuing to enter the interior. Therefore,
the optimum moisture content of the bonding material increases with the increase in the
calcium carbide slag admixture. The maximum dry density decreases with increasing
curing agent dosing; this is mainly because the specific gravity of cement, calcium carbide
slag, and fly ash is smaller than that of shield muck, resulting in the relative density of
the mixture being lower than that of the shield residues. The maximum dry density of the
specimens showed an overall decreasing trend under the compaction action.

Figure 4b shows that the optimum moisture content of the binding material increases
continuously with the increase in the fly ash admixture. The maximum dry density
increased first and reached its peak when 18% fly ash was mixed in, and the maximum dry
density decreased gradually after the fly ash continued to be mixed in. This phenomenon
was mainly due to the small specific surface area of fly ash and the large voids between the
particles of calcium carbide slag. For amounts of fly ash lower than 18%, calcium carbide
slag and fly ash in the compaction effect mean that the internal particles between the voids
fill each other and become more compact, resulting in increasing dry density. When the
fly ash admixture exceeds 18%, the amount of calcium carbide slag admixture remains
unchanged. Currently, as the compaction effect has been unable to further fill its internal
voids, the skeleton between fly ash particles has difficulty achieving further compaction
under the compaction effect, resulting in a gradual decrease in its maximum dry density.
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3.2. Analysis of UCS

The effect of calcium carbide slag-fly ash on the strength of cured shield muck is shown
in Figure 5. The addition of calcium carbide slag and fly ash can significantly improve the
lateral limitless compressive strength of shield muck.
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Figure 5. Unlimited compressive strength under different dosages: (a) Different calcium carbide slag
content; (b) Different fly ash content.

Figure 5a shows that the compressive strength of the specimens increased with the
amount of calcium carbide slag and then decreased, and the strength reached its maximum
at 10% calcium carbide slag and 15% fly ash (Sample 3). With the best curing effect,
the unconfined compressive strength of the shield residue soil (Control Group 1) was
0.275 MPa at 7 days of maintenance. When 6% calcium carbide slag and 15% fly ash
(Sample 1) were added, the unconfined compressive strength of the cured soil reached
1.280 MPa, an increase of 365% compared to Control Group 1, representing a significant
increase in strength. The compressive strength increased from 1.280 MPa to 1.428 MPa when
the dosing of the calcium carbide slag increased from 6% to 10%, reaching its maximum.
When the dosing of calcium carbide slag continued to increase from 10% to 14%, the
compressive strength of the cured soil gradually decreased to 1.197 MPa when 14% calcium
carbide slag was incorporated, which was still an increase of 335% compared to Control
Group 1. The unconfined compressive strength of Control Group 2 mixed with 5% ordinary
Portland cement for 7 days was 1.710 MPa, and the curing effect was better than that of
Sample 3. However, after 28 days of maintenance, the unconfined compressive strength
of Sample 3 was 3.942 MPa, which was 1.37 times that of Control Group 2. This indicates
that under certain conditions, the calcium carbide slag-fly ash curing of shield slag soil can
achieve a better effect than that of cement.

Figure 5b shows that the compressive strength of the specimen increases with the
increase in the fly ash admixture and then decreases, and it also reaches its maximum
in Sample 3. The compressive strength of the cured soil increases significantly with the
increase in curing age. The longer the age of maintenance, the greater the increase in the
unconfined compressive strength of the specimens.

Short-term and long-term reactions of carbide slag-fly ash can occur in slag soil.
The short-term reactions include dehydration, flocculation, and carbonization, while the
long-term reactions are related to the formation of various gel compounds in the soil
matrix [24]. The test results show that the greater the dosing of calcium carbide slag, the
more significant the dewatering effect. This is due to the ability of the CaO in calcium
carbide slag to undergo hydration to produce Ca(OH)2, which provides strength to the mix
after carbonization and precipitation. At the same time, Ca(OH)2 can react with the active
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SiO2 and Al2O3 in fly ash in a volcanic ash reaction to produce gelling substances such as
hydrated calcium silicate (C-S-H) and hydrated calcium silicate aluminate (C-A-S-H). These
gelling substances enhance the skeleton’s strength and fill the pore; the pores are reduced,
resulting in lower porosity, which improves the mix gradation to some extent, resulting
in greater inter-particle cohesion and increased mix strength. In addition, the increase
in the inter-particle adhesion force causes the volume of flocculent gel agglomerates to
become larger, further increasing the strength of the cured soil. The reaction process
of volcanic ash is longer, less gelatinous material is generated in the early stage of the
reaction, and the flocculent gel agglomeration process is slow. However, with increasing
age, the volcanic ash reaction continues, prompting more and more gelatinous material
to be generated and the flocculent gel agglomerates to become larger and larger, so the
increase in strength after 14 to 28 days of maintenance is more significant than that after 7
to 14 days of maintenance. The early reaction rate of cement is faster than that of carbide
slag-fly ash, and the compressive strength of Control Group 2 was the highest at 7 days
of maintenance. However, as the reaction of the volcanic ash proceeded, the compressive
strength of the test group increased more rapidly; the compressive strength of Sample 3
exceeded that of Control Group 2 at 14 days, and the compressive strength of all test groups
exceeded that of Control Group 2 at 28 days.

With increasing amounts of calcium carbide slag, excessive calcium carbide slag
particles absorb some of the water, making the hydration reaction process exhibit slow
coagulation and inhibiting the volcanic ash reaction. Meanwhile, the excess calcium carbide
slag affects the shield muck particle gradation, reducing the friction between the shield
muck particles so that the unconfined compressive strength decreases. Figure 5b shows
that by increasing the content of fly ash, more active SiO2 and Al2O3 are added to the
mixture, and they react in the mixture to form a silicon aluminum geopolymer gel, which
improves the compressive strength of the solidified soil. However, the strength is reduced
after too much fly ash is added, partly because there are few calcium-rich components in
fly ash. The greater the amount of fly ash admixture, the lower the percentage of calcium
content in the mixture, and the less C-S-H and C-A-S-H are formed by hydration, which
directly affects the strength of the mixture. On the other hand, with the increase in fly
ash content, more of the structurally stable sodium aluminosilicate (N-A-S-H) polymer
is formed. Although it has good strength, it cannot function the same as bonding and
polymerizing soil particles such as C-S-H and C-A-S-H, so too much fly ash is not conducive
to improving the mixture’s strength [25]. At the same time, the formation of the monomer
in the geopolymer matrix depends entirely on the Si/Al ratio in the raw material. The
Si/Al ratio is one of the most important factors affecting geotechnical synthesis. Ratios that
are too high or too low significantly limit the formation of the polymer. The incorporation
of excessive fly ash affects the Si/Al ratio of the mixture [26].

3.3. Characteristics of the Stress–Strain Curve Relationship

Figure 6a–c show the stress–strain curves of the specimens after 7, 14, and 28 days of
maintenance with different doping levels of calcium carbide slag. The figures show that the
stress–strain process exists in the pore fracture compacting stage, the elastic deformation
to microplastic fracture stable development stage, the progressive rupture stage, and the
post-rupture stage [27].

Comparing Figure 6a–c, it can be seen that the growth rate of each stress–strain stage
of the specimens with different calcium carbide slag content is about the same at 7 and 14
days of curing, and the growth rate of each stage of the stress–strain of the specimens with
different calcium carbide slag content appears significantly different at 28 days of curing.
When the cured soil has a low maintenance age, the stress–strain curve reaches peak stress
with relatively small, sudden drop changes. However, as the age increases, the peak stress
of the cured soil increases, the stress–strain curve rises, and the sudden drop changes
obviously; plasticity decreases and brittleness increases. It exhibits typical strain-softening
characteristics. Soil structural damage accumulates, and it eventually breaks down.
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Figure 6. Stress-strain curves under different calcium carbide slag dosages: (a) 7 d; (b) 14 d; (c) 28 d.

The ultimate strain is the strain value corresponding to the peak stress on the stress–
strain relationship curve, and its magnitude is an important indicator of a material’s
toughness and compression deformation [28]. Generally, the ultimate strains of the speci-
mens at 7 days of curing were greater than those at 14 and 28 days of curing. The ultimate
strains of soil cured with calcium carbide slag–fly ash were mainly distributed between 1%
and 2.2%, which is similar to Tang’s conclusion that the ultimate strains of cement-cured
soil were mainly distributed between 1% and 2.5% [29–31].

The deformation modulus is the ratio of the compressive stress to the corresponding
compressive strain under unconfined conditions, which reflects the ability of the material to
resist elastic–plastic deformation. Therefore, E50 (the secant modulus corresponding to 50%
of the peak stress, also known as the deformation coefficient) was chosen to characterize
the deformation properties of the material.

The variation pattern of the E50 of soil cured under different amounts of the calcium
carbide slag admixture and at different maintenance ages is shown in Figure 7. It can be
seen that the deformation modulus E50 of the cured soil does not vary significantly with the
amount of calcium carbide slag in the range of calcium carbide slag admixture selected for
the test. However, the deformation modulus E50 increased significantly as the maintenance
age increased. According to Chen [32] and Horpibulsuk [18], this is because the specimen
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reacted with the highly reactive SiO2 in the fly ash and with Ca2+ in the calcium carbide
slag, resulting in a filling effect and the generation of colloidal hydration products such
as C-S-H. This reduces the soil pores and makes the soil structure denser and more stable.
Thus, the deformation resistance of soil solidified with carbide slag-fly ash solidified soil
is improved.
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Figure 7. The change of deformation modulus E50 of specimen.

3.4. Effect of the Dry–Wet Cycle on Solidified Shield Muck

The lowest strength (Sample 9), the medium strength (Sample 1), and the highest
strength (Sample 3) were selected for the dry–wet cycle test. It was found that the overall
structure of the three specimens remained intact after five levels of dry–wet cycles, but
there were different degrees of mass loss and damage to the specimens’ surfaces after
each level of dry–wet cycles. As shown in Figure 8, the surface of Sample 3 did not show
obvious changes at the end of the dry–wet cycle. With the dry–wet cycle, the surface of
Sample 1 gradually turned from relatively smooth to rough, producing small holes, and
the holes in the specimen at the end of the three cycles were more obvious. The surface of
Sample 9 produced a large number of pores and fine cracks at the end of three dry–wet
cycles. After each dry–wet cycle, it was obvious that the powder shed from the specimen
was suspended and precipitated in distilled water.
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Figure 8. After the dry–wet cycle, the sample surface: (a) Sample 1, 5 cycles; (b) Sample 3, 5 cycles;
(c) Sample 9, 5 cycles.

The effects of the number of dry–wet cycles on the specimen mass and unconfined
compressive strength are shown in Figure 9. Figure 9a shows that the mass and strength of
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all three specimens decreased with the increase in the number of dry–wet cycles. Specif-
ically, the specimen’s mass decreased the most after the first dry–wet cycle, and, with
continued dry–wet cycles, the specimen’s mass loss gradually stabilized. The mass loss
rates of Sample 1, Sample 3, and Sample 9 were 2.91%, 1.79%, and 3.52% after the end
of 5 dry–wet cycles, respectively. In general, the rate and degree of mass reduction of
Sample 3 were much smaller than those of the other specimens, and the rate and degree
of mass reduction of Sample 9 were the largest. Figure 9b shows that the unconfined
compressive strength of specimens decreased significantly after the first dry–wet cycle,
and the continued dry–wet cycles had little effect on the strength of the specimens; the
strengths of Sample 1, Sample 3, and Sample 9 after the first dry–wet cycle were 0.62, 0.67,
and 0.69 of the strength of the specimens without dry–wet cycles, respectively. After 5
dry–wet cycles, the unconfined compressive strength of Sample 1 decreased from 3.632
MPa to 2.342 MPa; Sample 3’s unconfined compressive strength decreased from 3.942 MPa
to 2.826 MPa; and Sample 9’s unconfined compressive strength decreased from 3.232 MPa
to 1.793 MPa.
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Figure 9. Quality and unconfined compressive strength vary with the number of dry–wet cycles,
(a) Quality; (b) Unconfined compressive strength.

Regarding the reason for these findings, the dry–wet cycle, whereby the sample is
repeatedly immersed in water, which is then evaporated, as well as the difference between
the water content inside and outside the specimen, lead to the specimen’s surface tensile
stress. When the cementation between the specimen particles is insufficient to resist the
tensile stress, holes appear on the specimen’s surface. With the increase in the number of
cycles, the holes further expand, the soil structure is damaged, and the strength decreases.
It is worth noting that the unconfined compressive strength of Sample 1 and Sample 3 after
five dry–wet cycles is higher than that after one dry–wet cycle; this is because the water that
remains inside the specimen after immersion can promote a hydration reaction during the
drying process, increasing the hydration products and improving the internal cementation
capacity. The cementation produced between the particles in this process is sufficient to
resist the tensile stress caused by the difference in moisture content inside and outside the
specimen, and the strength then becomes higher than after the end of the first cycle. The
water stability of shield muck cured with calcium carbide slag–fly ash is therefore better.

The stress–strain curves of the three specimens subjected to different numbers of
dry–wet cycles are shown in Figure 10. The photos of the damage to the specimens after
28 days and 5 dry–wet cycles are shown in Figure 11.
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Figure 10. Stress-strain curve of the specimen under different dry–wet cycle times: (a) Sample 1;
(b) Sample 3; (c) Sample 9.

Figure 10 shows that the ultimate strains of all three specimens were 1–2%. The
more dry–wet cycles undergone by Sample 9, the lower its strength. Meanwhile, when
maintained for 28 days, Sample 3 showed a rapid decrease in stress in the post-rupture
phase; after dry–wet cycles, Sample 3 also showed a slower decrease in stress in the post-
rupture phase, and the stress–strain curve after dry–wet cycles showed a strong plastic
characteristic, which changed from strain hardening to strain softening. As shown in
Figure 11a, the damage sustained by the specimens after 28 days of conditioning was mainly
concentrated in the middle, forming through vertical (Sample 3) or oblique (Sample 1 and
Sample 9) rupture surfaces. Moreover, after the dry–wet cycles, the damage was mainly
situated at the ends of the samples, which were severely broken with a large amount of
debris. Although vertical fractures were produced at the rupture surface of Sample 1 after
the dry–wet cycles, the fractures did not penetrate the specimen (see Figure 11b), and,
from a macroscopic point of view, the strength reduction of the specimen after the dry–wet
cycles was mainly caused by the end being crushed first.
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4. Microscopic Test Results and Improvement Mechanism
4.1. X-ray Diffraction

Shield muck, calcium carbide slag, fly ash, cement, and representative specimens were
selected for XRD analysis. The main components of each group of samples are shown in
Figure 12. There is a Ca(OH)2 diffraction peak in the carbide slag; there are SiO2 diffraction
peaks in the XRD pattern of fly ash; and aluminum silicate also exists in fly ash. The main
minerals in cement are dicalcium silicate and tricalcium silicate. The XRD patterns of the
cured soil specimens maintained for 28 days were compared with those of raw materials;
a large number of diffraction peaks in the calcium carbide slag disappeared and CaCO3
diffraction peaks appeared. In comparison with the XRD pattern of Control Group 2 and
the raw materials, the diffraction peaks of dicalcium silicate and tricalcium silicate in
cement disappeared, and CaCO3 and SiS2 diffraction peaks appeared. These substances
react within the cured soil [32,33].

The XRD pattern shows that new crystalline phases appeared in Sample 1, Sample 3,
and Control Group 2 at 28 days of maintenance, and CaCO3 diffraction peaks appeared at
35.8◦ and 46.7◦ in Control Group 2, but these two CaCO3 diffraction peaks disappeared in
the soil cured with calcium carbide slag–fly ash. This is due to the reaction of the Ca2+ in
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the calcium carbide slag with the SiO2 in the fly ash, resulting in a decrease in the CaCO3
content. C-(A)-S-H diffraction peaks were observed at 38.5◦, 46.3◦, and 50.4◦ for Sample 3,
confirming that these substances react to produce C-(A)-S-H.
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Figure 12. XRD diffraction comparison.

The results shown in Section 3.2 indicate that the higher compressive strength of the
soil cured for 28 days with calcium carbide slag–fly ash at the optimum admixture is due to
the generation of reaction products that can increase the strength of the specimens, such as
hydrated calcium silicate, which is consistent with the test results and analysis presented
in Sections 3.2 and 3.3 .

4.2. Scanning Electron Microscope

To further analyze the changes in the microstructure of the cured soil at different
maintenance ages and different curing agent doses, the microstructure of the cured soil and
the effect of the curing reaction on the pore structure were studied by scanning electron
microscopy. The microstructure of the shield muck and Sample 3 at 7, 14, and 28 days with
2000 times magnification is shown in Figure 13.

Figure 13a, shows that the shield muck particles are mostly in face-to-face contact
with each other. The mineral matrix is largely flat and continuous, and the flat particles are
accumulated locally but are not dense. Many gaps exist between the particles. Sample 3 was
maintained for 7 days with little generation of hydration products and uneven distribution.
Figure 13e,f show the images of the same position shown in Figure 13a magnified 5000 and
10,000 times, respectively. The aggregation of needle-like and short columnar materials
forming a similar net-like structure can be observed, which indicates the occurrence of
a hydration reaction. At 14 days of curing, Sample 3 was much denser than at 7 days of
curing, showing an obvious reticular structure. Figure 13d shows that many dense reticular
C-(A)-S-H gels appear in the interstices of the soil particles and are connected to form a
whole reticular gel. However, there are still a small number of pores in the reticular gel
that are not completely connected, and the microstructure of the soil cured with calcium
carbide slag–fly ash has changed significantly. This finding is consistent with the XRD test
results, indicating the presence of C-(A)-S-H in the cured soil specimens.

The internal particles of the soil cured with calcium carbide slag–fly ash are all attached
and cemented by the mesh-like C-(A)-S-H gel, and the soil particles are tightly polymerized
by this action. The C-(A)-S-H gel, flaky AFm(3CaO·Al2O3·CaSO2·12H2O), and needle-rod
AFt(Ettringite) bind and support the particle interstices, resulting in a significant reduction
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in the number and size of pores and a substantial increase in the soil’s compactness and
strength [34], as shown in Figure 14.
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The analysis based on the above microscopic tests shows that the main products ofthe
reaction within the cured soil are gelled floccules, needles, and rod and mesh structures,
which are favorable to the improvement of the strength of the cured soil samples. This
finding is consistent with the strength test results shown in Sections 3.2 and 3.3.

4.3. Curing Mechanism Analysis

The results of the previous compaction test, strength test, XRD, and SEM tests were
integrated, and it was found that the curing mechanism of the shield slag cured with
calcium carbide slag–fly ash has three main manifestations: the hydration reaction, volcanic
ash reaction, and ion exchange.

1. Hydration reaction: a large amount of the CaO in calcium carbide slag can react
with water to generate Ca(OH)2, and the generated Ca(OH)2 can effectively fill the
internal pores of the specimen. Meanwhile, dicalcium silicate and tricalcium silicate
can react with water to generate C-S-H(3CaO ·2SiO2·3H2 O) gel [35]. This is the
hydration reaction.

3CaO·SiO2+3H2O→ CaO·SiO2·H2O + 2Ca(OH)2 (1)

3CaO·SiO2+H2O→ CaO·2SiO2·3H2O + Ca(OH)2 (2)

3CaO·Al2O3+6H2O→ 3CaO·Al2O3·6H2O (3)

CaO + 2H2O + SO3 → CaSO4·2H2O (4)

3CaO·Al2O3·6H2O + 3(CaSO 4·2H2 O) + 6H2O→ 3CaO·Al2O3·3CaSO4·32H2O (5)

2. Volcanic ash reaction: The main component of fly ash, SiO2, further reacts with Ca(OH)2,
the hydration product of calcium carbide slag, to generate C-S-H(3CaO ·2SiO2·3H2 O) gel;
with the hydrolysis of SiO2, C-A-S-H(CaO ·Al2O3·2SiO2·6H2 O) gel is gradually formed
in the late maintenance period, which accelerates the hydration process of the mixture and
thus improves the compressive strength of the cured soil.

SiO2+Ca(OH)2+H2O→ C− S−H(gel) (6)

SiO2+Al2SiO5+Ca(OH)2+H2O→ C−A− S−H(gel) (7)

3. Ion exchange reaction: the hydration reaction leads to the precipitation of OH− ions,
the OH− concentration increases, and the Si2+ ions in the mixture react with OH−

and Ca2+ ions.

Through the above processes, the hydration products in the cured soil develop into a
dense three-dimensional mesh structure through agglomeration, precipitation, and floc-
culation, so that the soil particles are glued to each other and gradually form a dense
skeletal structure.

5. Conclusions

In this study, shield muck was cured with calcium carbide slag–fly ash, and the
strength change law of the cured slag was investigated by an unconfined compression
test, a dry–wet cycle test, X-ray diffraction, and an electron microscope scanning test
under different calcium carbide slag and fly ash admixtures and maintenance ages. The
curing mechanism was revealed by the microstructure evolution, and the main conclusions
obtained are as follows:

(1) The compressive strength of the cured soil increases with the increase in the dosing of
calcium carbide and fly ash, then decreases; it also increases with the increase in the
curing age. For the shield slag soil used in this paper, the optimal doses of calcium
carbide slag and fly ash are 10% and 15%, respectively, when the strength of the
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cured soil is the highest. Under certain conditions, shield slag soil cured with calcium
carbide slag–fly ash can achieve better results than cement. As the age increases, the
peak stress of the specimen increases, the ultimate strain decreases, the stress–strain
curve rises with an obvious change in the sudden drop, and the brittleness of the
cured soil increases.

(2) The most significant effect of the first dry–wet cycle on the compressive strength of the
specimens, compared with the specimens not subjected to a dry–wet cycle, was that
the strength decreased by about a third; the strength of the samples subjected to sub-
sequent dry–wet cycles remained unchanged. The shield slag soil cured with calcium
carbide–fly ash exhibited good water stability. The ultimate strains of the 3 specimens
that underwent dry–wet cycles were 1%~2%, and the rising and sudden falling trend
of the stress–strain curve of the specimens became slower, showing stronger plasticity
characteristics and the change from strain hardening to strain softening.

(3) Microscopic tests showed that with increasing age, gels, crystals, and precipitates
gradually developed, agglomerated, and were cemented in the soil cured with calcium
carbide slag–fly ash. The hydration products were well developed, needle and rod
products increased significantly, a dense spatial mesh structure was formed, the
soil integrity was improved, and the macroscopic expression showed improved
mechanical strength.

(4) The reaction products mainly comprise hydrated calcium silicate polymeric colloid
(C-S-H/C-A-S-H) and calcium alumina (AFt), which together support the inter-soil
pores and form a skeletal structure that supports the inter-soil pores.
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Abstract: This article discusses the prospects for using large-format ceramic stones in the construction
of contemporary homes, as well as an overview of raw materials and technologies for production.
The most promising technology is stiff extrusion with the ability to load the raw products on firing
trolleys and accelerate the processes of firing and drying. Characteristics of Eastern Donbass waste
heaps processing screenings are given, which are coal mining by-products and are considered to be
main raw material for the production of large-sized ceramic stone. It is shown that as a result of
introduction of waste heaps into the production of ceramic stones with the lowest prime cost, the
density of the resulting products will be less than 800 kg/m3, the thermal conductivity will be less
than 0.20 m·◦C/W, and the strength grade will be M150 and higher. Thus, the use of ceramic stones
in total volume of wall products for residential construction will reach the level of 80% and will
increase the competitiveness of the material, especially when compared with gas silicate products,
as used in Western Europe. High economic feasibility of the production of such materials based on
by-products of waste heap processing is shown as well.

Keywords: ceramic block; screening; siltstone; coal; coal sludge; stiff technology; density; strength;
water absorption

1. Introduction

At the beginning of this century, there was an intensive construction of new enterprises
engaged in the manufacture of large-sized highly porous ceramic stones in the industry
of wall ceramic materials. In Russian civil engineering, ceramic bricks with a lower
density and thermal conductivity replaced concrete wall structures, but in Western Europe
this happened in the 1980s and 1990s. An objective comparison of ceramic blocks with
analogues in the use of structures and all stages of construction will justify this trend.
Ceramic stones account for about 80% of the total volume of wall products used for
housing construction in Western Europe. As for the Russian construction industry, this
figure is significantly lower. The main factor in this case is the cost, which, when compared
with gas silicate products, is slightly higher [1,2]. This is often the primary reason for
builders, when evaluating only the construction itself without considering the long-term
operation of the building [3–8].

In recent years, the most popular products in civil engineering appeared to be highly
efficient ceramic blocks, which are classified as ceramic stones based on GOST 530-2012.
The demand for ceramic blocks is explained by their properties: average density should
be less than 800 kg/m3, calculated thermal conductivity—less than 0.20 W/m·◦C, high
frost resistance, and a fairly high strength grade—M75 and higher, which allows them to
be used for connecting load-bearing structures. The advantage of blocks is their size. The
most popular are blocks with a length of 380 mm and 510 mm, a width of 250 mm, and
thickness of 229 mm. In terms of ordinary bricks, this is 10.7 and 14.3 pieces of products.

Buildings 2023, 13, 845. https://doi.org/10.3390/buildings13040845 https://www.mdpi.com/journal/buildings142
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A wall made of such blocks with a facing-in half a brick fully meets the requirements for
thermal performance.

There are no factories for the production of ceramic blocks in the Rostov region, al-
though the minimum requirement for the city of Rostov-on-Don alone is about 50 million
pieces in terms of ordinary bricks. The region covers the need for blocks with deliver-
ies from the Krasnodar Territory (Slavyansk-on-Kuban), Volgograd, Kabardino-Balkaria
(Prokhladny). An important point for ceramic blocks to successfully compete with gas sili-
cate blocks should be their cost—it should not exceed 3000 rubles per 1 m3. This is in terms
of an ordinary brick no more than six rubles apiece. The cost of freight transportation has
recently risen significantly, which is why it is necessary to create a place for the manufacture
of ceramic stones with lower cost products in the Rostov region. The implementation of
this is possible only if the following cost conditions are reduced: technological operations,
raw materials, firing, and the construction of new plants or improvement of old plants.

For many years VNIIStrom of P. P. Budnikova, JSC have been engaged in the technol-
ogy of processing and using technogenic wastes of the coal series with different contents
of the combustible component. Based on its mineral content it has been used as either the
main raw material or as an additive. It has been established that when the content of the
combustible component is 5–6%, coal waste can be used as the main raw material [9,10].

The Spanish company “Agemac” uses coal waste in the production of ceramic fac-
ing bricks. Products with increased strength characteristics were obtained (compressive
strength 45 MPa). Fuel consumption during firing was reduced by 50% [11].

The French company “Ceric” has developed technology and equipment for the pro-
duction of stiff molded bricks from coal waste [12].

The purpose of the research is to scientifically substantiate the feasibility of manufac-
turing reduced-density large-format ceramic blocks from by-products of waste heap (coal
dumps) processing using stiff extrusion technology.

The novelty of the work is the scientific substantiation of production of ceramic stones
from by-products of waste heap processing using technology of stiff extrusion.

2. Materials and Methods

A technological development with a goal of ceramic block production has recently
taken place at Don State Technical University. It was conducted based on raw materials
made from by-products of waste heap processing in Eastern Donbass, in order to achieve
high profitability and minimize production costs.

Due to the economic aspect, screenings of waste heap disposal are considered to be
extremely appealing raw material for the manufacture of wall ceramics and other products.
They are obtained as a result of processing waste heaps during coal mining. During the
processing other materials also appear, which are separated according to grain composition,
the amount of coal component, and the mineralogical and petrographic composition [13,14].

Screenings are materials with medium grain size varying from 2–5 mm and are
represented in the Eastern Donbass by siltstones mixed with mudstones. They do not
contain more than 1% of coal. Therefore, they are the least of all in demand after waste
heap processing. Coarse-grained materials with a grain size of more than 5 mm are widely
used in industrial civil and road construction, and fine-grained material with a grain size of
less than 2 mm serves as low-calorie fuel when screenings are already less in demand. They
cost almost nothing, and factories have to spend money to store them. In relation to the
prerequisites indicated earlier, we have performed a number of studies on the production of
large-sized ceramic stones from screenings with reduced thermal conductivity and density.

Investigation of waste heap processing screenings to establish the possibility of pro-
ducing ceramic blocks on their basis were carried out according to the following scheme:

• Determination of structural features, chemical and mineralogical composition;
• Study of pre-fired ceramic properties using plastic and compression-molding methods

in relation to plastic and low-plastic stone-like raw materials;
• Study of firing ceramic properties;
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• Selection of raw materials with testing of laboratory samples;
• Characteristics of finished products, establishing relationships, determining the influ-

ence of various technological factors on them;
• Development of primary technological production schemes.

Screenings from waste heap processing in the Eastern Donbass region do not prac-
tically differ from clay raw materials in terms of chemical composition (Table 1). They
contain almost the same amount of silicon and aluminum oxides as semi-acidic clay raw
materials. Iron oxide makes up the same proportion as it does in the composition of each
dark-burning clay raw material. Due to the presence of potassium feldspars and feldspars
with a predominance of potassium oxide, the presence of alkali oxides is almost the same
as in refractory and low-melting clay raw materials.

Table 1. The average chemical composition of waste heap processing screenings excluding the coal
content.

Loss on Ignition SiO2 AI2O3 Fe2O3 CaO MgO SO3 K2O Na2O

3.2–6.3 56.5–64.8 17.0–22.2 3.1–6.3 1.1–3.3 0.5–2.1 0.4–1.0 2.1–4.6 0.8–2.0

Screening minerals are represented by feldspars, quartz, micas and hydromicas. Albite
and orthoclase make up the majority of feldspar. Pelletization and chloritization are two
significant secondary alterations that they are susceptible to. Secondary ferrous minerals
(oxides and hydroxides) are also present. A grain from screening is shown on an electron
micrograph (Figure 1), where the sizes of the components can be clearly seen. Figure 2
shows X-ray diagrams of common screenings of waste heap processing from different
companies of eastern Donbass.
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Figure 1. Micrograph of a grain from screening from Pyramid LLC (Rostov region, Russia).

Diffraction peaks of around 10 and 5 Å can be used to identify hydromicas (illite) and
micas. Peaks of diffraction for feldspar and plagioclase are 3.20, 4.04, and 2.96 Å. Quartz
has good crystallinity, evidently apparent by the diffraction peaks at 4.25; 3.34; 2.45; 2.28;
2.12; 1.82 and 1.54 Å. Chlorite and kaolinite group minerals—at peaks of 7.12; 3.53; 14.2;
4.68, 2.33 Å, etc. It should be noted that all minerals are in close proximity to one another
and appear to be joined by a mass of siliceous and ferrous cementing mass. Siltstones
typically have a water absorption of 1–2% and a porosity of 3–5%. Compressive strength
varies on average from 10 to 40 MPa.

The complete absence, or small amount, of clay minerals is the main difference be-
tween screenings and clays. Because of this, if the screenings contain argillite-like clays
or mudstones they are of low plasticity or completely devoid of this property, even when
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being crushed. Despite the fact that fired samples based on screenings sinter well and with
a rather high strength index, it is impossible to form products using extrusion technology.
As a result, we noticed their poor formability. The firing temperature and the degree of
grinding of screenings are the main factors that affect the characteristics of fired samples.
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LLC.

In order to optimize the composition of the raw charge, plastic clays were introduced
into the mixture. Siliceous clays were chosen as a plasticizing additive. They have medium
plasticity and medium dispersibility properties (47–53% filling below 1 micron) and are
commonly used in the southern part of Russia.

Amongst significant tasks are the reduction of product costs and the cost of firing,
which can reach up to 25%. The above prerequisites confirm that the introduction of finely
dispersed products of waste heap processing into the composition of raw material mixtures
can be called predominantly optimal. Initially, they appear in the form of a pulp from
the technological cycle and dehydrate naturally later, which is why in most cases they are
called coal sludge. The coal content in them is usually 30–50%. Most often, the mineral
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part is represented by mudstones, because they are moderately plastic. This property is
present due to low strength and transitions to fine fractions during technological processing
(crushing, screening, moisturizing). In our case, coal sludge performs three main functions
in ceramic masses, acting as additives:

• Pore-forming, reducing the thermal conductivity and density of products;
• Plasticizing, known as “technological lubricant” because the external friction created

during molding items is greatly reduced by finely dispersed coal particles;
• Fuel-like, leading to a significant reduction in the use of external fuel for firing (gas),

or its complete reduction in use.

It should be emphasized that the cost of a calorie of heat from coal sludge, when
compared with gas or pure coal, is 15–20 times lower. However, it should be taken into
account that for firing wall products the coal content should not exceed 8–10% in the
composition of the ceramic mass, otherwise more heat will be released than is necessary
during firing [15–22].

Standard methods for testing samples were used in accordance with Russian GOSTs
in order to provide a comprehensive study of the physical and mechanical properties and
structure of ceramic materials based on the products of waste heap processing.

The chemical compositions of PPT and fired samples were determined in accordance
with the requirements of GOST 21216-2014 “Clay raw materials. Methods of testing”.

Laboratory and technological samples of PPT weighing 50–100 kg were taken in
specific areas of their accumulation, storage, and processing. They were then formed
from samples that did not contain plant, soil, or foreign inclusions. Basic samples of
raw materials were preliminarily dried to an air-dry state if necessary, were crushed in a
laboratory jaw crusher, and fractionated according to grain composition.

Using the compression test method, after grinding the raw material was moistened
to the required molding moisture content and aged under conditions excluding drying
of the mass for 24–48 h. Next, molding of standard samples was carried out: cubes with
dimensions of 50 × 50 × 50 mm, bricks with dimensions of 67 × 30 × 15 mm and beams
with dimensions of 135 × 30 × 15 mm and 160 × 40 × 40 mm. For control tests, brick
samples of standard sizes with dimensions of 250 × 120 × 65 mm and 200 × 100 × 50 mm
were made. The pressing pressure ranged from 10 to 50 MPa. The density in terms of the
solid phase was determined by the calculation and control of dry samples.

Freshly molded samples were kept under natural conditions for a day in the absence
of drafts, and then dried in a desiccator for 24 h at a maximum temperature of 90 ± 5 ◦C.
After drying, the samples were examined with fixation of all changes in appearance, and
air shrinkage was determined as well. Firing was carried out in laboratory electric furnaces
with a chamber volume of 50–200 L, with automatic control of the firing mode with an
average temperature rise rate of 1–3 ◦C/min, and exposure at a maximum temperature of
900–1150 ◦C for 1.5–2 h.

The reliability of the results obtained in the course of research was ensured by control
using statistical methods. The data obtained obey the law of normal distribution of random
errors.

When processing the obtained results, the confidence interval (with a confidence
probability equal to 0.95) and the standard deviation were determined.

3. Results

The results of our previous studies [18–21] showed that the most appropriate materials
for production of large-sized ceramic stones were medium-grained materials of waste heap
processing and fine-grained materials—coal sludge. The first are the basic raw materials.
Their secondary grinding to a fraction of less than 0.3–0.6 mm is the main technological
operation. It is the degree of their grinding that largely determines the strength of the
samples after firing. Figures 3 and 4 show how the degree of screen grinding and the
firing temperature affect the compressive strength and water absorption of fired samples.
It can be seen from the graphs that a fraction size of 0–0.315 and 0–0.63 mm guarantees the
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strength characteristics of products, taking into account their porosity up to 50% at firing
temperatures of 950–1050 ◦C [22–30].
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Figure 4. Dependence of water absorption of samples on firing temperature and degree of screening
grinding.

Based on our previously conducted tests on the selection of the optimal composition
of ceramic mass, it was established to take 60% of waste heap processing screenings, 25%
of siliceous clay, and 15% of coal sludge. At the same time, the most suitable degree of
screening grinding appeared to be from 0 to 0.315 mm and firing temperature—1000 ◦C.

Fine-grained materials obtained in the process of waste heap processing are a com-
bined additive. They provide the necessary plasticity and cohesion of the raw mixture
already at a content of 15–20%, and they are also a fuel-burning additive. This allows for
a reduction in the density of the ceramic shard and a large decrease in the amount of gas
required for firing.

However, the amount of coal sludge should not exceed 22% when the content of
coal in the sludge is around 35%, so the amount of fuel introduced with the raw materials
should not exceed 80%. At these ratios, the mass’s plasticity only reaches 7–8 units, which is
insufficient for the extrusion molding of products. For this reason, coal sludge has already
been chosen as a combination additive. It also serves as a fuel-burning additive, which can
reduce the density of ceramic shards and significantly reduce gas consumption for firing.
Its cost per calorie of released heat is 15–20 times lower (200–400 rubles per ton) than that
of gas and clean coal (7000–9000 rubles per ton).

Coal particle combustion during firing contributes to the formation of a porous struc-
ture of the ceramic material, which significantly reduces the density and thermal con-
ductivity of products. However, the strength of the products decreases at the same time.
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Therefore, determining the optimal amount of introduced sludge is quite a complicated
technological task. The dependence of compressive strength of samples with 22% of coal
sludge on firing temperatures of screenings with fractions of 0–0.63 and 0–0.315 mm is
represented on Figure 5.
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It can be seen that at 22% of coal sludge content in the raw mixture, the strength of
samples is great enough to obtain highly effective large-sized ceramic blocks with 50%
porosity and a strength grade of at least M100. The firing temperature should be between
950–1050 ◦C, depending on the desired strength. It should be noted that given the strength
of the ceramic material itself, it is possible to improve the porosity of goods. Currently
produced large-sized ceramic blocks with vertically arranged voids obtain porosity up to
60%, with the horizontally arranged voids up to 70%, however, their strength indicators
are significantly lower.

Fuel can comprise up to 80% of the raw mixture composition. In terms of products, this
means that up to 8–10% of pure coal can be contained in the dry raw material. Considering
that, on average, the coal content in coal sludge is about 30%, then, accordingly, their
content in the raw mixture can be up to 25–30%. The burning of coal particles during firing
contributes to the formation of a finely porous structure of the shard, which can significantly
reduce the thermal conductivity of products. However, along with this, the introduction of
sludge contributes to a decrease in the strength of products and it is quite a difficult task to
determine the optimal sludge content, taking into account all the necessary technological
parameters. The density of the shard is 1500–1600 kg/m3. Taking into account the stone
porosity, the average density of products will be 750–800 kg/m3. At the same time, there is
a margin of safety of the shard to increase the porosity and reduce the density of products.
Currently produced ceramic blocks with a vertical arrangement of voids have a porosity of
about 60%, with a horizontal arrangement of voids up to 70%. However, the latter can only
be used for building enclosed structures.

Our research in this area has contributed to the development of a concept that is
especially pertinent for coal-mining and residing regions: the creation of large-sized porous
ceramic stones using stiff extrusion technology and waste heap screens.

Stiff extrusion technology is the leader in most countries and is now regarded as
the most progressive in the manufacture of ceramic wall goods. It appeared due to the
introduction of powerful extruders that can mold raw products at a reduced humidity
and under pressure of more than 2.5 MPa in the press head. Due to this, the molded raw
products are endowed with strength, which contributes to their laying on kiln trolleys
without being fully dry, which significantly reduces the cost of drying and delivery of raw
material. If an operation such as transferring raw material from drying to firing trolleys is
ignored, then it will be possible to significantly reduce technological costs, the number of
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machines, and to simplify the technological scheme. Capitalization for the construction
of the newest brick shops and factories using the stiff extrusion technology is 30–35% less
than when building shops using the ordinary plastic extrusion method, and less industrial
space is also needed.

The technology for the production of large-format ceramic blocks from waste heap pro-
cessing without auxiliary transportation equipment, using the technology of stiff extrusion
for molding products, is shown in Figure 6.
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products of waste heap processing.

4. Discussion

Distinctive features of our research and proposals from those available in this area [13,
22–37] are described in this section.

The main procedure in the preparation of the raw mixture is the grinding of screenings
to a fractional composition ranging from 0.16 to 0–0.63 mm. It is most rational to use
a hammer mill for primary grinding, for secondary—depending on the petrographic
composition of the screenings and the required grain composition—one of the following
can be chosen: a pendulum mill, a shaft mill, a ball mill, or rollers. Ultimately, everything
will be determined by the initial operating costs. Fine-grained processing materials do
not require grinding because they are finely dispersed in the initial state. The task is to
thoroughly mix the mixture’s components while carefully controlling its moisture content,
which for the given raw masses and the molding method is 14–15%. Therefore, two mixers
and a clay grinder are provided in the production line. Products are formed on extruder
presses. The presence of a carbon component is especially beneficial for stiff extrusion,
as the carbon is a kind of “lubricant” during molding. The main task is to select the
technological parameters of molding (pressure in the press head, vacuum depth, steam
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temperature, molding temperature, beam output speed, etc.) to obtain defect-free products
with strength sufficient for mounting on kiln trolleys. Robots should be used for product
placement, since it is only with their help that it is possible to guarantee the laying of blocks
without the risk of damage and deformation.

The absence of stacking products on drying trolleys and removing them from drying
trolleys as a separate operation greatly simplifies the technological scheme of production.
Drying as a separate operation may be eliminated for these raw masses with a sufficient
length of the furnace (150 m or more). The main task during firing is to make sure that the
coal component is completely burned out. According to the scheme, firing can be carried
out entirely on coal in this case: 80% of the fuel in the products themselves, 20% of external
fuel, and thus external combustion. It should be said that the presence of fuel inside the
products contributes to uniform firing. The introduction of sawdust in the amount of 1–2%
improves the firing conditions by increasing the combustion zone, since sawdust ignites at
much lower temperatures than coal and has more volatile components in its composition.
Waste heat of the furnace can be used for other needs of the enterprise.

The products which are ready to be fired are laid according to a certain scheme, fully
corresponding to the type of fuel used and the design of the furnace.

In order to load and unload the stone, a special rack must be stable enough and
convenient to use at the same time. Its design is important in the formation of heat
exchange processes and heat distribution between products. The type of fuel affects the
type of special rack [31,32].

The following are methods for laying high-performance ceramic stones of the 14.3 NF
format on drying and kiln trolleys (Figures 7 and 8).
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Figure 7. Stacking products on drying trolleys.

A rational firing mode is one in which the products are fired without defects, and
in accordance with technical indicators in the shortest possible time, with minimal fuel
consumption.

The totality of the results of laboratory and technical tests of raw materials and the
results of experimental firing of products or their models, under conditions similar to those
in real equipment for which this mode is set, is a predominantly advantageous and often
used method for determining a rational mode.
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The firing cycle includes a period of heating, holding in the region of maximum
temperatures, and cooling for ceramic products.

The firing temperature is the most important condition affecting the degree and speed
of sintering. During solid-phase sintering in the process of firing wall ceramic products, an
increase in the firing temperature accelerates the diffusion of the substance and, accordingly,
the sintering process itself. An increase in temperature helps the system to achieve the
conditions for liquid sintering, improving the wetting ability of the liquid phase and
decreasing the viscosity [13,35,36].

We identified several key stages depending on the firing temperature in ceramic
masses based on screenings:

1. Getting rid of free water. There is residual moisture in the products in the range of
2–4% after drying. It is removed in the temperature range up to 200 ◦C. Initially, the
elimination of water occurs from larger pores, then from smaller ones, so this process
occurs gradually;

2. Oxidation (burnout) of organic impurities contained in screenings, which begins at
temperatures of 250–350 ◦C. This process is completed at 700–800 ◦C;

3. Clay dehydration begins at 400–600 ◦C—removal of chemically bound water;
4. Isolation of iron oxides;
5. At 650–700 ◦C anthracite ignites, heat is released, and the supply of external heat is

interrupted;
6. The formation of a liquid phase is accompanied by sintering from approximately

950 ◦C. The liquid phase is very important in the sintering of a shard as it helps
separate mineral particles to stick together into a single one [37].

The presence of iron content in raw materials with different firing environments leads
to different reactions. Thus, the firing of clay in an oxidizing environment leads all the
iron into its oxide form, and in the reducing one—into its reduced oxide form, coloring the
products in a blue-greenish color. With an increase in the amount of iron in the composition
of clay, it darkens more and more and may turn black after firing. In order to improve the
quality of products redox firing has been widely used.

Water vapor is supplied to the installed burners at the end of the burning zone. Along
with this, the air consumption coefficient decreases to 1. In the next half of the firing zone,
there should be a section of the reducing environment covering more than four positions
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of the kiln. The oxygen content within this section should not be more than 0.3%, when
the largest accumulation of reducing gases (CO + H2) should range from 1.5% to 4%. It
is necessary to limit the volume of secondary air entering the second half, along with a
decrease in the supply of primary air to 5–6 pairs of the last burners: the firing zones of the
kiln in the form of suction and directed through the kiln channel from the cooling zone to
the firing zone. The supply of steam to the burners located at the end of the firing zone has
an effect on reducing the temperature of the combustion flame when the burners operate
with an air flow rate close to 1, thereby eliminating overheating of products at the points of
action of the combustion flame.

The aerodynamic mode of the furnace guarantees an overpressure in the second half
of the firing zone over the entire cross section of the special cage of about 3 Pa and supports
a decrease in the content of secondary air entering the firing zone. This requires the
competent use of sand gates, constant monitoring of the trolley fleet, the closest attention
to the joints and aprons of the trolleys, as well as special control of the sealing of the firing
channel in the mentioned area [38–41].

5. Conclusions

The conducted studies of waste heap processing screenings made it possible to identify
the following significant conclusions for the production technology of large-sized ceramic
blocks:

• Screenings of waste heap processing are raw materials for low-temperature sintering.
Water absorption is less than 5% at firing temperatures up to 1100 ◦C;

• The grind size determines which group raw materials will be assigned to during firing;
• Screenings have a small sintering interval—no more than 50 ◦C, which is possible

only when preparing screenings due to an increase in the content of fine fractions.
Moreover, it is the degree of grinding of screenings that makes it possible to regulate
the sintering process;

• In the manufacture of stones based on screenings and ordinary bricks, it is necessary
to focus on temperatures of 1000—1050 ◦C;

• When choosing corrective additives for screenings, it is worth taking complex ones as
a basis. They increase the plasticity and cohesion of the molding compositions and
extend the sintering range. We decided to focus on siliceous clays and coal sludge in
the form of such additives.

The key factors influencing the formation of the structure of a ceramic shard based
on screenings are the degree of their grinding and the firing temperature. These data are
confirmed by numerous laboratory tests.

Other factors also need to be taken into account, such as:

• Stone format, dimensions, porosity;
• Special rack shape;
• Type of firing unit;
• Firing mode;
• Firing environment.

As for the formats, sizes and porosity of ceramic stones, there are some rules: the
shape of a ceramic block is a parallelepiped with different lengths of facets, which depends
on the type of block. The porosity of ceramic stones can vary from 48 to 55%.

As a result, the conducted research revealed the potential of manufacturing large-sized
ceramic blocks from waste heap screenings processing. At the same time, it is possible to
reduce the cost of products and achieve an increase in technical and economic indicators
for the construction industry as a whole. A technological regulation for the manufacturing
process with an updated list of equipment is required for further development.
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Abstract: In the preparation of ready-mixed concrete, it is inevitable to produce waste fresh concrete
(WFC). An efficient, low-cost and environmentally friendly recycling scheme is the key to WFC
recycling. In this work, we directly added some unhardened WFC to fresh concrete to prepare
recycled fresh concrete (RFC); on this basis, fly ash (FA) and nano-silica (NS) were added as supple-
mentary cementitious material (SCM) to obtain modified recycled fresh concrete (RFC-SF). Then, the
mechanical properties, slump, freeze–thaw resistance, phase structure of the hydration products and
hydration process in RFC were studied. The results show that the addition of FA and NS significantly
improved the comprehensive performance of RFC. Compared with RFC, the compressive strength
of RFC-SF with 15% FA and 3% NS increased by 15.2% and 50.3% at 7 d and 90 d, respectively,
and the splitting tensile strength increased by 20.5% and 76.4%, respectively. The slump remained
above 155 mm, and the mass loss rate decreased by 42.6% after freeze–thaw cycles. XRD and FTIR
analysis showed that the addition of FA and NS accelerated the hydration reaction process of RFC-SF,
reduced the content of calcium hydroxide (CH) and refined the grain size of CH. RFC-SF had a denser
microstructure and a lower calcium-silicon ratio in SEM and EDS tests.

Keywords: waste fresh concrete; recycled fresh concrete; supplementary cementitious material;
mechanical properties; fly ash; nano-silica; microcharacterization

1. Introduction

As the main material in infrastructure construction, annual global concrete production
has exceeded 27 billion tons [1,2], of which 3% of the daily output is abandoned due to
improper mix ratio and over time during transportation and pouring [3,4]. Recycling and
reusing waste construction materials can improve the recycling rate of building materials,
reduce the space required to bury waste and reduce pollution to the air environment [5–9].
For the waste fresh concrete (WFC) produced during the production of ready-mixed
concrete, the traditional regeneration method often uses aggregate washing and screening to
separate the aggregate and mud to prepare recycled concrete [10–13], while the wastewater
and residue produced during washing can be put into concrete production again [14,15].
The waste slurry in WFC can be used as a curing agent to fill in the soil and road base to
improve the stability of the soil structure [16,17]. Since the waste slurry is alkaline and
rich in calcium, it can also be used as a chemical adsorbent in CO2 capture, phosphorus
recovery and water purification [18–20].

Compared with the traditional regeneration method, the more novel and rapid way
is to use WFC as a part of ready-mixed concrete, directly stirred in to prepare recycled
fresh concrete (RFC), and modify the RFC to reapply it in the field of engineering construc-
tion [21]. This regeneration method has the characteristics of lower energy consumption, a
simpler site environment and a shorter regeneration production cycle. Some researchers
have added retarders and accelerators to the WFC to adjust the setting time of the WFC, and
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then mixed it with ready-mixed concrete to be used in construction projects again [22–25].
Xuan et al. put the unhardened WFC paste directly into cement and recycled aggregate to
prepare concrete blocks, and then carbonized the prepared blocks to enhance the mechani-
cal properties of the blocks [21].

The above WFC regeneration methods have improved the recycling rate of building
materials. However, more efficient, convenient and low-cost modification methods must
be explored. Adding supplementary cementitious material (SCM) for modification when
preparing RFC directly from unhardened WFC may be a more convenient and inexpensive
recovery method. With the rapid development of building materials, SCM has become
an important measure to improve the regeneration performance of concrete [26]. Among
them, the addition of CNT, GNPs and nano-silica (NS) as SCMs can significantly improve
the mechanical properties of concrete [27–29]. Compared with CNT and GNPs, NS is
low cost and simple to use; moreover, NS has the advantages of high permeability, high
specific surface energy, nucleation and pozzolanic effect. Its incorporation into cement-
based materials can effectively enhance hydration activity, accelerate the hydration rate
and improve the mechanical properties of concrete [30,31]. However, a large number of
unsaturated bonds in NS can easily absorb free water, which seriously affects the working
performance of concrete [32]. The fly ash (FA) in SCM can significantly improve the
working performance and durability of concrete due to its small size and the morphological
characteristics of glass spheres [33,34]. On the other hand, the chemical activity of FA is
lower than that of cement, and excessive incorporation is not conducive to the improvement
of the early strength of concrete [35].

It can be seen that when these two materials are separately mixed with WFC for direct
regeneration, the prepared RFC has problems such as low early strength and poor working
performance. If these two materials are mixed together, however, then these problems
may be mitigated [36]. In this study, FA and NS were mixed into RFC, and the effects of
different proportions of FA and NS on the strength, slump and freeze–thaw resistance of
RFC were analyzed as well as the changes of phase composition and microstructure after
adding these two materials. The results of this study provide a valuable method for the
direct recycling of WFC.

2. Materials and Methods
2.1. Materials

P.O42.5 ordinary Portland cement produced by Qiqihar Beijiang company (Qiqihar
City and China) was used, and grade I ash was used for fly ash. Table 1 shows the chemical
composition of the cement and fly ash used under XRF analysis, in which it can be seen that
the fly ash was a low-calcium type. The sand was medium sand produced locally in Qiqihar,
and the fineness modulus was 2.3. Gravel with a continuous gradation range of 5–25 mm
was used. The model of water-reducing agent is 325C polycarboxylic superplasticizer (PS).
The NS was a transparent liquid from Suzhou Nadi Microelectronics Co., LTD (Suzhou
City and China). Table 2 gives the properties of the NS liquid.

Table 1. Chemical compositions of cement and fly ash (%).

Materials SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O Cr2O3 Others

cement 31.5 10.7 46.19 3.93 3.31 1.31 0.76 / 2.3
fly ash 40.1 29.3 3.69 14.9 0.81 1.13 0.58 5.94 3.55

Table 2. Performance parameters of NS (%).

Exterior Average Particle Size/nm Content/% Solvent pH Value

Transparent liquid 15 ± 5 30 Transparent liquid 9–11
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The setting time of fresh concrete is an important factor affecting the working perfor-
mance of concrete and the hydration performance of slurry [37]. Consequently, normal
concrete (NC) with a water–binder ratio of 0.5 and cement paste with the same ratio (NC-J)
were prepared, and each cubic meter contains 180 kg of water, 360 kg of cement, 760 kg of
sand, 1100 kg of gravel and 2.52 kg of PS. Then, the slump of NC at 120 min, 180 min and
300 min was tested, and the performance changes of NC-J in these three time periods were
analyzed with a Fourier transform infrared spectrometer. Figure 1 shows that the slump
of NC presents a plummeting trend with the increase of setting time, and its morphology
changes from plastic slurry to angular block with aggregate wrapped by slurry, which
cannot be poured. Figure 2 shows that the absorption peak of C3S dominated by Si-O bond
vibration is mainly reflected at 930 cm−1 after mixing NC-J for 120 min. When the standing
time was extended to 180 min and 300 min, the vibration absorption peak of Si-O bond
did not migrate from the low wavenumber to a high wavenumber. This indicates that the
slurry was stilled in the hydration induction period during this period [38], and C3S did
not enter the rapid hydration reaction period and still has strong reactivity. Considering
that the initial setting time of cement used is 180 min, we collected concrete that lost its
plasticity after being placed for 180 min as WFC.
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2.2. Methods
2.2.1. Proportioning of Concrete

In order to explore the effects of different FA and NS additions on RFC performance
in this study, 14 groups of concrete mixing ratios were designed, and the water–binder
ratio of each group was 0.5. Among these groups, NC was normal concrete; RFC was the
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concrete directly prepared with WFC replacing NC at a replacement rate of 30% of the total
mass of NC; RFC-F was RFC with FA added separately as SCM; RFC-SF was the composite
addition of FA and NS to the RFC. NC, RFC, RFC-F and RFC-SF all had variations designed
with cement paste with the same ratio as concrete for microscopic performance testing,
and they were recorded as NC-J, RFC-J, RFC-F-J and RFC-SF-J. For example, RFC-S3F15
represents the addition of 15% FA and 3% NS to RFC, and RFC-S5F20-J represents the
addition of 20% FA and 5% NS to RFC-J. In order to effectively control the influence of the
water–binder ratio, the additional water contained in NS was subtracted from the mixing
water of RFC-SF. In addition, when preparing for mixing water, NS and PS were put into
water to mix together and then dispersed with ultrasonic waves, which can eliminate the
agglomeration phenomenon of nanomaterials due to the high specific surface energy [39].
Table 3 shows the mix ratios of concrete and cement pastes.

Table 3. Mixture proportions of concrete and the same proportion of cement pastes (kg/m3).

Samples Cement Paste Aggregate
WFCCement Water FA NS PS Additional Water Sand Gravel

NC 360 180 - - 2.5 - 760 1100 -
RFC 252 126 - - 1.8 - 532 770 720.7

RFC-F10 216 126 36 - 1.8 - 532 770 720.7
RFC-F15 198 126 54 - 1.8 - 532 770 720.7
RFC-F20 180 126 72 - 1.8 - 532 770 720.7

RFC-S1F10 214.9 123.5 36 3.6 1.8 2.5 532 770 720.7
RFC-S3F10 212.8 118.4 36 10.8 1.8 7.6 532 770 720.7
RFC-S5F10 210.6 113.4 36 18 1.8 12.6 532 770 720.7
RFC-S1F15 196.9 123.5 54 3.6 1.8 2.5 532 770 720.7
RFC-S3F15 194.8 118.4 54 10.8 1.8 7.6 532 770 720.7
RFC-S5F15 192.6 113.4 54 18 1.8 12.6 532 770 720.7
RFC-S1F20 178.9 123.5 72 3.6 1.8 2.5 532 770 720.7
RFC-S3F20 176.8 118.4 72 10.8 1.8 7.6 532 770 720.7
RFC-S5F20 174.6 113.4 72 18 1.8 12.6 532 770 720.7

2.2.2. Slump and Mechanical Properties

The concrete steps of the slump test conform to the Chinese standard GB/T 50080-
2002. After the slump test, the concrete samples were put into concrete molds and
then demolded after 24 h. In order to better meet the requirements of the specimen
size in the frost resistance test, the concrete test blocks in this test were designed with a
size of 100 mm × 100 mm × 100 mm. Then, the samples were placed in a curing room
(T = 20 ± 2 ◦C, RH > 95%) for 7 days, 28 days and 90 days. After reaching the curing
age, according to the Chinese standard GB/T 50081-2019, the compressive strength and
splitting tensile strength of concrete samples were tested with the YAW-2000 pressure
testing machine.

2.2.3. Freeze–Thaw Resistance

The freeze–thawing test of concrete adopted the slow-freezing method in Chinese
standard GB/T 50082-2009. Firstly, as shown in Figure 3a, the concrete samples that had
been cured for 24 days were immersed in water (T = 20 ± 2 ◦C) for 4 days. After the
immersion was completed, the surface water of the samples was wiped off, and then
the samples were weighed. Then, as shown in Figure 3a, the samples were put into the
freeze–thaw testing machine for 150 freeze–thaw cycles, each freeze–thaw cycle taking
8 h. The temperature in the freeze–thaw machine was (−20~−18 ◦C) when frozen, and
the water temperature was (18~20 ◦C) when melted. After 25 cycles, the test blocks were
weighed. Finally, the mass loss rate of the concrete samples was calculated and averaged.
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2.2.4. Microstructure Analysis

Various micro-experiments were conducted to evaluate the microstructure and com-
ponents of concrete and its cement pastes, which helped to analyze the macro properties
and regeneration mechanisms of each group of RFC samples. Phase analysis of the paste
was performed at a scanning rate of 4◦/min using an X-ray diffractometer (XRD, Smart
Lab 9Kw, Rigaku, Tokyo, Japan) with CuKα radiation. The hydration process of RFC was
analyzed with the Fourier transform infrared spectrometer (FTIR, Nicolet 6700, Thermo
Scientific, Waltham, MA, USA) in the range of 400~4000 cm−1. The microstructure of RFC
was analyzed with a scanning electron microscope (SEM, S-4300, Hitachi, Tokyo, Japan)
and an energy-dispersive X-ray spectrometer (EDS, Quantax75, Hitachi, Tokyo, Japan).

3. Results
3.1. Mechanical Properties
3.1.1. Effect of Adding Fly Ash Alone

It can be observed from Figure 4 that the strength of RFC at any curing age is lower
than that of NC, and that the addition of FA alone has a negative effect on the early
mechanical properties of RFC. Figure 4a shows that the compressive strength of RFC-F
with FA is significantly lower than that of RFC at 7 d and 28 d, and this situation becomes
more obvious with the addition of FA. When the curing age was extended to 90 d, the
compressive strength of RFC-F exceeded that of RFC, and the compressive strength of
RFC-F10, RFC-F15 and RFC-F20 increased by 22.8%, 25.6% and 17.3%, respectively. In
addition, the increasing rate of compressive strength of RFC-F is greater than that of NC in
28~90 d.

A similar situation also occurs in splitting tensile strength. Figure 4b shows that the
splitting tensile strength of RFC is lower than that of NC at any curing age; the splitting
tensile strength of RFC-F at 7 d and 28 d is also lower than that of RFC. When the curing age
increased to 90 d, the splitting tensile strength of RFC-F10, RFC-F15 and RFC-F20 increased
by 39.7%, 44.2% and 32.2%, respectively, compared with RFC.

The reason for the above phenomenon is that the polymerization degree of [SiO4]4−

in FA is large, and most instances were long chain polymerization, which is not easy to
disintegrate and fracture. Moreover, the surfaces of glass beads in FA were dense and
smooth, and the erosion process of OH− is slow, which delayed the reaction of Ca2+ and
OH− to form C-S-H, thus affecting the improvement of early strength. When age was
increased, OH− was eroded into the glass beads and a pozzolanic reaction occurred; this
reaction increased the content of C-S-H and improved the strength of RFC-F.
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3.1.2. Effect of Composite Addition of Fly Ash and Nano-Silica

On the basis of adding FA, FA and NS were mixed into RFC, and the effect of the two
materials on RFC was tested. Figure 5a clearly shows the compressive strength change
trend of RFC-SF with FA and NS. When the curing age was 7 d, the compressive strength
of RFC-S3F15 was 15.2% higher than that of RFC. This indicates that the addition of NS
effectively compensates for the deterioration of early compressive strength of RFC caused
by fly ash. When the curing age was extended to 90 d, the compressive strength of RFC-SF
increased by 9.5~50.3% compared with RFC. Figure 5b shows the splitting tensile strength
of RFC-SF with two materials at 7 d, 28 d and 90 d. Similar to compressive strength, the
splitting tensile strength of RFC-S3F15 at 7 d was 20.5% higher than that of RFC. The
splitting tensile strength of RFC-SF increased by 10.1~76.4% at 90 d, and some results were
higher than that of NC.
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The above strength improvement is due to the synergistic effect between FA and
NS [40]. In the early stage of the reaction, the fine particles of FA are evenly distributed,
which prevents the mutual cohesion between cement particles and provides them with a
larger surface area for hydration reaction. The addition of highly active NS can significantly
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accelerate the hydration reaction rate of cement and improve the early strength of concrete.
In addition, calcium hydroxide (CH) in cement hydration products can also undergo
secondary hydration reactions with SiO2 and increase the content of C-S-H in cement stone.
In the later stages, the volcanic ash activity of FA is reflected. These measures provide
RFC-SF with stronger mechanical properties.

It should be noted that with the increase of the amount of the two materials, the
strength of RFC-SF first increases and then decreases. This is because too much nano
SiO2 agglomerates together, which absorbs free water and delays the hydration reaction of
cement. Similarly, excessive introduction of low-activity FA will reduce hydration reactivity,
which adversely affects the strength of RFC-SF.

3.2. Slump

The slump of concrete containing different contents of FA and NS is shown in Figure 6.
After mixing for 5 min, the slumps of NC and RFC remained at about 180 mm and 150 mm,
respectively. In contrast, the addition of FA increased the slump of RFC-F to above 185 mm,
gradually increasing with the increase of FA content. When FA and NS were added together,
the slump of RFC-SF was between 120 and 185 mm, and some of them were still larger
than RFC. The reason for the decrease in slump is that NS has a very high specific surface
energy, which makes a large number of unsaturated bonds absorb free water and form
uneven hydration flocs [41], thereby reducing the free water content in RFC-SF. However,
FA with smooth surfaces and fine particle size can disperse this part of the hydration
flocs so that more water molecules absorbed by the flocs are freed, and its small spherical
morphology makes it play a lubricating role in mixing, reducing the friction resistance
between concrete aggregates.
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3.3. Freeze–Thaw Resistance

Figure 7a shows the trend of mass loss rate of NC, RFC and RFC-F under 150 freeze–
thaw cycles. In the early stage of freeze–thaw cycles, the mass loss rate of NC, RFC and
RFC-F were negative. With the increase of freeze–thaw cycles, the mass loss rates gradually
became positive and showed upward trends. After 150 freeze–thaw cycles, the mass loss
rate of RFC-F with FA was between 0.32 and 0.43% as compared with RFC, and the mass
loss rate of RFC-F15 decreased by 31.9%. In the early stage of the freeze–thaw cycle, high
porosity concrete absorbed a lot of water when immersed in water, which increased the
quality of concrete and led to a negative mass loss rate. After long-term freeze–thaw action,
the water in the pores produced expansion stress and increased continuously when frozen,
which caused the destruction of the concrete pore structure, made the cement paste and
fine aggregate at the corner of the samples appear to be obviously spalling, and reduced the
quality of concrete. This phenomenon is most obvious in unmodified RFC. However, FA
with small particle size and microsphere morphology has filled the pores in RFC-F, which
reduced the porosity of RFC and weakened the adverse effect of the expansion stress of
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freezing water on the pore structure, which makes RFC-F have a smaller mass loss rate and
good freeze–thaw resistance.
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Figure 7b shows that the composite addition of FA and NS can improve the freeze–
thaw cycle performance of RFC-SF more obviously. The freeze–thaw cycle loss rate of
RFC-SF was between 0.27 and 0.42%. Compared with RFC, the mass loss rate of RFC-S3F15
decreased by 42.6%. This is due to the addition of NS to generate more C-S-H on the basis
of FA, which enhanced the strength of cement stone. At the same time, the nano-sized SiO2
also filled some capillary pores, reduced the porosity and optimized the pore structure,
which mitigated the damage caused by the expansion stress of freezing water to the pore
structure and further improved the freeze–thaw resistance of RFC-SF.

3.4. Microstructure Analysis
3.4.1. XRD

The phase composition of different cement paste samples cured for 7 d and 28 d were
measured with XRD, as shown in Figure 8a. It can be seen that the mineral types of RFC-F-J
with FA added and RFC-SF-J with FA and NS added are basically the same as those of NC-J.
However, the intensity of C2S and C3S in RFC-F15-J with FA is higher than that in NC-J
and RFC-J, and the intensity of CH is lower than that in NC-J and RFC-J. This indicates
that in the early stage of hydration reaction, the addition of FA with low activity delays the
hydration reaction, resulting in a higher content of C3S and C2S in the unreacted cement
clinker in the cement paste and lower C-S-H and CH content in the hydration products,
which is an important factor in the poor early strength of RFC-F. In contrast, the intensities
of the C2S, C3S and CH of RFC-S3F15-J with two materials are lower than that of RFC-J and
RFC-F-J, which is because the addition of NS promotes the hydration reaction. In addition,
CH also reacts with SiO2 to further consume it, which increases the C-S-H content. The
XRD spectrum of Figure 8b shows that the intensities of the C3S, C2S and CH of RFC-S3F15
are still lower than that of RFC after 28 days of cement paste curing, which indicates that
the addition of the two materials is still helpful for the hydration reaction at a longer age.
Moreover, the CH intensity of RFC-F15-J is lower than that of RFC, which may be due
to the fact that the Si-O and Al-O bonds in FA are eroded by OH− and Ca2+ with strong
polarity, and CH is consumed by reaction with them.
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The particle size of the CH crystals in the cement paste was calculated by the Scherrer
formula, and the equation of the Scherrer formula is as follows:

D = K × λ/(B × cosθ) (1)

where D is the grain size (nm); K is the Scherrer constant, which generally takes 0.89; λ is
the wavelength of the X-ray—the Ka1 of Cu target radiation is 0.15405980 (nm); B is the
peak half-width of the CH crystals; θ is the diffraction angle of the CH crystals.

As shown in Figure 9, the particle size of the CH crystals corresponding to the 101 crys-
tal faces of RFC-J was larger than that of NC-J. The addition of FA alone and the combination
of FA and NS made the particle size of the CH crystals smaller, and NS had a greater influ-
ence on the crystal size of CH. Compared with RFC-J, the particle size of the CH crystals in
RFC-S3F15-J decreased by 21.7%, which indicated that the addition of FA and NS could
refine the grain size of CH and avoid the problem of directional arrangement of CH in ITZ.
Zhou et al. reached a similar conclusion [42].
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3.4.2. FTIR

The FTIR spectra of NC-J, RFC-J, RFC-F15-J and RFC-S3F15-J pastes were compared in
Figure 10a. It is obvious from the figure that the absorption peak at 875 cm−1 was caused
by the out-of-plane bending vibration of CO2−

3 of CaCO3, which may be due to the reaction
of CH contained in the paste with CO2 in the air and the formation of CaCO3 during the
preparation of the cement paste. The absorption peak at 976 cm−1 was caused by the Si-O
stretching vibration of Q2 representing [SiO4]4−, and the absorption peak at 3640 cm−1

was caused by the O-H stretching vibration representing CH. Figure 10b is a local enlarged

163



Buildings 2023, 13, 687

image at 600–2000 cm−1. The wave number of the Si-O stretching vibration in RFC-F15-J
was lower than that in RFC-J, indicating that the hydration degree of RFC-F15-J is poor. A
blue-shift phenomenon occurs for RFC-S3F15-J after the addition of FA and NS, and the
wave number of the Si-O stretching vibration moves from 972 to 979 cm−1. This indicates
that the addition of two materials can increase the degree of polymerization of Q2 and
accelerate the degree of hydration reaction.
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3.4.3. SEM

The microstructure of different concrete samples was measured with SEM, as shown
in Figure 11. In the RFC samples, there were many large pores and cracks on the surface
of the slurry, between the old and new cement pastes and between the slurry and the
aggregate (Figure 11a). These pores and cracks may have been caused by uneven vibration
during RFC preparation and aggregate detachment during compressive failure. After
amplification, it can be seen that large amounts of block CH and needle ettringite (AFt) had
grown in the pores, and the connection between the flocculent C-S-H and the crystal was
loose, which made the pores poorly filled and prone to become empty again (Figure 11a).
These phenomena made the gelation of the slurry in RFC poor, which ultimately degraded
its mechanical properties. In contrast, RFC-F15 with fly ash still had obvious pores and
cracks, and some of the pores had been filled with slurry (Figure 11c). It was found that the
C-S-H in the slurry was wrapped with FA and AFt, and a small amount of bulk CH was
embedded in the slurry, thus enhancing the cementitious property of the slurry (Figure 11d).
However, RFC-S3F15 with FA and NS exhibited a denser microstructure, and the larger
pores were gradually filled into small pores; this effectively alleviated the problem of
pore structure damage caused by expansion stress of frozen water due to large pores
(Figure 11e). A large amount of flocculent C-S-H wrapped in FA and irregular lumps of CH
were found in the enlarged image (Figure 11f), as mentioned above, because the pozzolanic
reaction consumes part of CH, and thus the number of CH presented in the image is small.
These phenomena indicate that the composite addition of the two materials promoted the
hydration reaction, and more C-S-H with strong connection was generated in the hydration
products, which were closely combined with other hydration products to improve the
cementitious properties of the slurry. Moreover, the secondary hydration reaction reduced
the CH content in the hydration products, weakened the phenomenon of ITZ deterioration
caused by the directional arrangement of CH, and enhanced the mechanical properties
of concrete.
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3.4.4. EDS

The point scanning analysis of RFC-J, RFC-15 and RFC-S3F15-J cured for 28 days
was carried out with EDS, as shown in Figure 12. RFC mainly contains the elements O,
Mg, Al, Si, Ca, and Fe. The Ca/Si of RFC-J, RFC-F15-J and RFC-S3F15-J were 2.08, 1.69,
1.17, respectively, and the (Al + Fe)/Ca was 0.2 (Figure 12a,c,e). Taylor et al. found that
when 0.8 ≤ Ca/Si ≤ 2.5 and (Al + Fe)/Ca ≤ 0.2, C-S-H was the main hydration product
of Portland cement [43]. With the increase of Ca/Si, the content of C-S-H will gradually
decrease, while the content of CH and AFt will increase. Compared with RFC-J, the Ca/Si
of RFC-F15-J and RFC-S3F15-J decreased by 0.39 and 0.91, indicating that the addition of
FA and NS effectively promoted the production of C-S-H.
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Figure 13 shows the elemental distribution of RFC and RFC-S3F15 cured for 28 days
under EDS mapping scanning. There is a clear boundary between the slurry and the
aggregate of RFC (red line area). The Ca element is located below the line, indicating
that the area is a cement slurry, and the Si element is enriched above the line, indicating
that the area is an aggregate. ITZ is a hollow area between the two elements, and only
a small amount of Ca element and Si exist in this area (Figure 13a–c). In contrast, Ca
element in RFC-S3F15 is located on both sides of the line, Si element is enriched in the
center of the line, and the content of Si element in the Ca element region is significantly
increased (Figure 13d–f). In addition, the content of Ca and Si elements in the ITZ region of
RFC-S3F15 increased, which may have been caused by more C-S-H filling the ITZ.
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4. Discussion

The results of this study indicated that the SCMs FA and NS have a significant effect
on the hydration process and hardening state of RFC directly regenerated from WFC, which
is caused by two factors.

4.1. Effect of Nano-Silica on Hydration and Hardening of RFC

Clinker minerals C3S and C2S in Portland cement will generate a large number of
C-S-H in the hydration reaction, which is the main source of a certain strength of hardened
cement stone. As mentioned above, WFC was placed for 180 min in the early hydration
reaction, and its cement paste contained a large amount of unreacted C3S and C2S clinker
minerals. When WFC was again mixed with cement and SCM, C3S rapidly hydrolyzed in
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contact with water, and then Ca2+ and OH− entered the solution and formed a calcium-
deficient, silicon-rich layer on its surface. In order to maintain charge balance, the silicon-
rich layer absorbed Ca2+ to the surface to form an electric double layer as shown in
Figure 14. At this time, the dissolved Ca2+ and NS made the slurry strongly alkaline. In
this alkaline environment, a large amount of H2SiO2−

4 in NS was released, which increased
the content of H2SiO2−

4 in the silicon-rich layer. In order to maintain the charge balance
again, the silicon-rich layer continuously absorbed Ca2+ in the solution, which made the
cement particles continuously dissolve and effectively promote the hydration reaction. In
addition, the volcanic ash reaction between NS and CH and its own physical filling gave
RFC superior mechanical properties [44].
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4.2. Effect of Fly Ash on Hydration and Hardening of RFC

During the hydration process, the unevenly dispersed NS can easily cause self-
agglomeration and absorb the newly dissolved cement particles in a block or flocculent
shape, which hinders the hydration reaction. However, the addition of FA with its small
size and smooth surface can effectively reduce the frictional resistance between cement
particles and diffuse the cement particles that have been absorbed by NS. In addition, the
morphological effect and micro-aggregate effect caused by FA improves the workability
and compactness of the paste [45]. FA contains a large number of spherical floating beads
and sinking beads, which can play a lubricating role in mixing concrete. In the early stage
of hydration, the pozzolanic activity of FA was lower than that of Portland cement, which
lead to the decrease of cement composition after replacing cement, delayed the hydration
process, and reduced the mechanical properties of concrete. However, in the later stage
of slurry hardening, the pozzolanic activity increased, and the floating beads and sinking
beads were tightly wrapped by the hydration products C-S-H and AFt, filling in pores
and cracks, which can be found in Figure 10f. This phenomenon further improves the
mechanical properties of RFC under long-term service conditions.

5. Conclusions

In this paper, unhardened WFC was directly added into fresh concrete to prepare RFC,
and FA and NS were added into RFC as SCMs to prepare modified RFC-F and RFC-SF. The
effects of FA and NS on the mechanical properties, working performance and freeze–thaw
performance of RFC were studied. The microstructure evolution of modified RFC was
investigated by XRD, FTIR, SEM and EDS. This study concludes as follows:

(1) The early strength of RFC-F added with FA alone is poor. The synergistic effect of FA
and NS added together makes the early and late mechanical properties of RFC-SF
significantly improved. The compressive strength and splitting tensile strength at 7 d
are increased by 15.2% and 20.5% at most, and the compressive strength and splitting
tensile strength at 90 d are increased by 50.3% and 76.4% at most.
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(2) Adding FA increased the slump of RFC from 150 mm to 185 mm or more; adding
NS absorbed free water and reduced the fluidity of concrete. However, the slump of
RFC-SF with two materials remains between 120 mm and 185 mm.

(3) The addition of FA alone improved the freeze–thaw performance of RFC-F, and the
combined addition of FA and NS further improved the freeze–thaw performance of
RFC-SF. Compared with RFC, the mass loss of RFC-F15 and RFC-S3F15 decreased by
31.9% and 42.6% after freeze–thaw cycles.

(4) XRD and FTIR showed that the addition of FA delayed the early hydration process
of RFC-F. In contrast, the addition of FA and NS accelerated the hydration degree of
RFC-SF, reduced the content of CH in the hydration products, and refined the grain
size of CH.

(5) The results of SEM and EDS indicated that the microstructure of RFC-F15 with FA
became denser, and the microstructure of RFC-S3F15 with FA and NS was improved
obviously, as some pores were filled with C-S-H. Compared with RFC-J, the Ca/Si
ratio of RFC-F15-J and RFC-S3F15-J decreased by 0.39 and 0.91.

(6) As an environmentally friendly material, RFC is conducive to promoting the sus-
tainability of building materials. The effect of more solid wastes such as waste fiber
and waste glass on the performance of RFC needs further study, and more efficient
recovery methods of WFC need to be actively explored by engineers.
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Abstract: The hydration products and strength of cement pastes incorporated with ground blast
furnace slag (GBFS) (0% and 20% replacement) have been investigated under steam curing condition
(80 ◦C for 7 h and 7 d) in comparison with normal curing condition (moist curing for 28 d). The results
show that, during the initial 80 ◦C steam curing for 7 h, in addition to the filler effect, GBFS is still
involved in cement hydration. The abundant available Al phase and Mg phase in GBFS promote the
formation of flake-like hydrotalcite, foil-like C-(A)-S-H gels, as well as equant grain-shaped C-(A)-S-H
gels. Prolonging the steam curing time to 7 d further improves the formation of hydrogarnet. Since
the formation of both hydrogarnet and hydrotalcite can consume the available Al, steam curing for
7 d seems to favor the formation of low Al C-(A)-S-H gels. In addition, due to the formation of a large
amount of hydration products, the influence of 20% GBFS addition on the demolding strength of
initial steam-cured cement mortar (80 ◦C for 7 h) is almost negligible. However, further extending
the steam curing time to 7 d increases the strength gap between 20% GBFS blended cement mortar
and pure cement mortar, and the related mechanism is discussed.

Keywords: GBFS; steam curing; hydration products; strength

1. Introduction

Prefabricated concrete elements have attracted more attention due to their advantages
of shortening construction time, reducing construction cost, and improving the construction
quality of buildings [1], and are widely used in cross-sea bridges and municipal engineering.
Currently, they account for around 20% of the world’s total concrete production. In order to
shorten the manufacturing cycle and improve the early strength of prefabricated concrete
elements, steam curing is one of the common measures adopted [1,2]. Although steam
curing accelerates the early hydration of cement, the “Hot Damage Effect (HDE)” triggered
by thermal treatment will cause heterogeneous distribution of hydration products and
form more micro-cracks and pores, resulting in higher permeability which is detrimental to
the durability of concrete [3–5].

To alleviate the adverse effects of HDE and improve the durability of prefabricated
components, previous studies have focused on improving steam curing regime and the
use of supplementary cementitious material (SCM) to replace portions of cement. Typical
steam curing regime is generally composed of a pre-curing period, heating period, constant
temperature curing period, as well as the following cooling period [6]. It is reported that
prolonging the time in the pre-curing period, slowing down the heating rate in the heating
period, reducing the temperature in the constant temperature curing period, and adopting
a lower cooling rate, have been proved to be effective in reducing the adverse effects
brought on by steam curing [6–8]. In addition, it should be noted that subsequent curing
also plays an important role in the performance development of steam-cured concrete, and
a positive correlation between adequate subsequent curing and better macro-performance
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has been found. Liu et al. [9] investigated that, in comparison with subsequent air curing,
subsequent wet curing (including moist curing, water curing, as well as saturated lime
water curing) is competitive in improving the pore structure of steam cured concrete, and
the longer the subsequent wet curing time, the more effective it is to improve the durability
of steam-cured concrete to a certain extent. In the process of steam curing, the covering
measures of the concrete surface are also very important to the durability of concrete. Shi
et al. [6] found that since a geotextile can use adsorbed water to replenish the concrete
when the concrete is short of water, the concrete covered with a geotextile is denser than
that covered with plastic film.

With the improvement of steam curing regimes, the role of SCM in improving the
durability of steam-cured concrete has attracted a growing concern. Escalante-Garcia
et al. [10] revealed that the raised temperature reduces the hydration degree of neat cement
in the longer term; however, the presence of SCM is expected to change its hydration
patterns. Wang et al. [11] indicated that fly ash (FA) addition lowers not only the drying
shrinkage, but also the autogenous shrinkage of steam-cured concrete. Chen et al. [12]
revealed that adding both metakaolin and limestone powder can reduce the sorptivity and
improve the mechanical properties of the steam-cured concrete. Liu et al. [13] presented
that in comparison with steam curing 80 ◦C for 8 h, steam curing 60 ◦C for 11 h can help
concrete incorporated with phosphorus slag gain an ideal demolding strength and chloride
permeability. The authors’ investigation showed that adding lithium slag can improve
demolding strength, ferronickel slag incorporation can promote the late strength, while
steel slag addition is detrimental to the strength of steam-cured concrete [14–16]. Although
these three SCMs have little influence on hydration products, they can improve the sulfate
resistance of steam-cured concrete. However, compared with the SCMs mentioned above,
ground blast furnace slag (GBFS) is the most widely used in prefabricated components at
present [17–19].

The abundant amorphous phases endow GBFS with high pozzolanic reactivity, which
is helpful to repair the thermal damage and compensate for strength loss caused by elevated
temperature curing [20]. Escalante-Garcia et al. [10] reported that the presence of GBFS
accelerates the hydration of alite from very early stages. A lower CH content appeared
in 60 ◦C cured GBFS blended cement paste compared to that cured at normal curing
suggested that the elevated temperature favors the pozzolanic reaction of GBFS in the
early stages of hydration. Barnett et al. [21] implied that the early age strength of mortar
blended with high level GBFS is much more sensitive to temperature; even a 10 ◦C increase
can considerably enhance the mortar strength, so that its strength gained at 40~50 ◦C is
basically equivalent to that pure cement mortar after 3 days. Yu et al. [22] found that
the combination of GBFS and FA not only reduced the temperature difference between
inside and outside of the specimen, but also lessened the concrete expansion caused by
steam curing. Zhuang et al. [23] noted that large amounts of ultrafine slag contribute
to better demolding strength, higher sulfate resistance, as well as lower permeability of
steam-cured concrete.

Although GBFS addition can improve the durability of steam-cured concrete, the effect
of GBFS on the early properties of steam-cured concrete, especially the early hydration
products and mechanical properties, is still unclear. Generally, precast concrete is used
immediately after demolding; therefore, the effect of GBFS on early age hydration products
and mechanical properties is very important to understand the action mechanism of GBFS
in steam-cured concrete.

GBFS contains around 10.6~15.1% Al2O3 and 8.0~9.4% MgO [1,20–23]. How such
a large amount of Al2O3 and MgO affect the hydration products and microstructure
of concrete during steam curing is rarely reported. Therefore, the hydration product
composition and mechanical properties of GBFS-incorporated cement paste were studied
under the conditions of steam curing (80 ◦C for 7 h and 7 d) compared with that of
normal curing (standard curing for 28 d). This investigation revealed that the GBFS
addition promoted the uptake of Al by C-S-H gels and the formation of hydrotalcite at
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elevated temperatures, and that the extension of steam curing time would further promote
the production of hydrogarnet. These results are helpful for understanding the action
mechanism of GBFS in steam-cured concrete.

2. Materials and Methods
2.1. Raw Materials

The cement used was PII52.5 Portland cement (PC) with loss-on-ignition (LOI) of
2.4% and specific surface area of 356 m2/kg. Type S95 GBFS with LOI of 2.1% and specific
surface area of 536 m2/kg was used. The chemical compositions of PC and GBFS tested
by XRF are shown in Table 1. The particle size distribution curves of cement and GBFS
determined by a Microtrac S3500 laser particle size analyzer are shown in Figure 1. The
maximum particle size of GBFS was 44.7 µm, and the average particle size was 6.34 µm,
which was much smaller than the corresponding value (422.2 µm and 16.1 µm) in PC.

Table 1. Chemical composition of PC and GBFS, wt.%.

Oxide CaO SiO2 Al2O3 SO3 Fe2O3 MgO Na2O K2O

PC 64.47 20.87 4.87 2.52 3.59 2.13 0.11 0.65
GBFS 44.40 29.56 14.87 2.98 0.40 6.72 - 0.49

Figure 1. Particle size distribution of PC and GBFS.

The XRD analysis of the GBFS is shown in Figure 2. The GBFS was mainly composed
of amorphous phase, which is responsible for its latent hydraulic or pozzolanic reactivity.
Generally, the average amount of glassy phase in GBFS is often above 90% [24]; thus, the
reactivity of GBFS was higher than other SCM. The 28 d strength activity index of GBFS
used in this investigation reached 103%, which meets the requirements of Type S95 GBFS.

2.2. Sample Preparation and Test Methods

Previous studies have shown that the optimal substitution level of GBFS in cement is
10~20% [25]; therefore, 0% and 20% replacement were considered in this investigation. Un-
der the condition of water-binder ratio of 0.3 [26], the cement paste was prepared according
to the mix proportion in Table 2. In order to simulate the actual curing regime on site and
activate the reactivity of GBFS, 80 ◦C steam curing for 7 h (S7h, steam curing at constant
80 ◦C for 7 h), and 80 ◦C steam curing for 7 d (S7d, steam curing at constant 80 ◦C for 7 d)
were adopted in comparison with the condition of standard curing for 28 d (N28d, cured at
20 ± 2 ◦C, and relative humidity larger than 95% for 28 d). The corresponding steam curing
regime can be referred to in Figure 3. The hydration of specimens at corresponding ages
was terminated with anhydrous ethanol, then dried at 60 ◦C for 24 h in a vacuum-drying
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oven. Subsequently, the composition of hydration products in the cement paste containing
GBFS were determined by XRD, SEM-EDS, and TG-DTG.

Figure 2. XRD result of GBFS.

Table 2. Mix proportion (wt. %) and physical properties of GBFS blended cement.

Sample PC GBFS Water Demand (wt. %)
Setting Times (h: min)

Initial Final

Ref 100 0 27.4 2:52 3:57
G20 80 20 28.0 2:45 3:32

Figure 3. The regime for steam curing.

According to the mix proportion in Table 2, mortars with the same curing condition
were prepared (binder: water: standard sand = 1:0.5:3). The mechanical properties of
cement mortar were carried out according to Chinese standard GB/T 17671-1999. For
steam-cured samples, mechanical properties were tested after demolding, whereas strength
tests for standard cured samples were performed after 28 d of moist curing. The basic
physical properties of PC and GBFS blended cement are also shown in Table 2, in which
the shorter setting time of G20 is related to the larger specific surface area and the higher
content of SO3 in GBFS.

XRD test: the composition of GBFS and the hydration products in hardened cement
paste were checked using a D8-Discover X-ray diffractometer (XRD) using CuKa1 radiation,
40 kV voltage, and 36 mA current with the scanning speed of 3◦/min.

SEM-EDS test: the fresh and dry fracture surfaces of mortars were observed using a
Sirion (FEI) field emission scanning electron microscope (SEM), and the related composi-
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tions were checked by energy dispersive X-ray spectra (EDS). It is worth noting that the
samples were dried and sprayed with gold before the SEM-EDS test.

TG-DTG test: STA 449 F3 Jupiter® was used to carry out TG/DTG by heating cement
paste from room temperature to 1000 ◦C at 10 ◦C/min under nitrogen atmosphere.

3. Results
3.1. XRD Analysis of Hydration Products

Figure 4 shows the XRD patterns of the hydration products of pure cement paste and
composite cement paste blended with 20% GBFS, under steam curing condition and 28 d
standard curing condition.

Figure 4. XRD of cement pastes under various curing conditions (a) Ref; (b) G20.

In addition to the C-S-H gels, the hydration products of pure cement paste (Figure 4a)
under the condition of steam curing for 7 h included Ca(OH)2, monosulfoaluminate hydrate
(AFm), and semi-carbonate (Ca4Al2O6(CO3)0.5(OH)·11.5H2O). Different from steam curing
for 7 h, hydrogarnet (C3ASH4) was formed in pure cement paste under steam curing for
7 d, while ettringite (AFt) was formed under standard curing for 28 d. Since AFt is unstable
at elevated temperatures, there is no AFt produced under steam curing. Limestone powder
is a common filler for cement, and consequently, the formation of semi-carbonates was
found in pure cement paste, regardless of curing conditions.

From Figure 4b, it can be seen that the main hydration products of blended cement
paste incorporated with GBFS were C-S-H gel, CH, AFt, AFm, and Mg4Al2(OH)14·3H2O
(hydrotalcite) at normal curing for 28 d, which is consistent with the study of Chen et al. [27].
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Apart from C-S-H gels, the hydration products of S7h G20 also presented CH, AFm, and
hydrotalcite. When the steam curing time was extended to 7 d, hydrogarnet appeared too.
Nonetheless, AFt is unstable and will convert into AFm at 80 ◦C, the traces of AFt were
still observed, which may be related to the high SO3 content in GBFS [14].

The reactivity of GBFS principally depends on its source, chemical composition, pre-
treatment process (e.g., the content of amorphous phases, structure, cooling rate, particle
size, etc.), and the pore solution of hardened cement paste [28]. In addition, it also depends
on the curing temperature and the replacement level of GBFS. Under the conditions of
higher curing temperature (>50 ◦C) and lower substitution ratio (<20%), cement paste
can release a large amount of Ca(OH)2, under such a high temperature and high alkali
environment, GBFS dissolves quickly and has a high reactivity [29]. In this investigation,
the more amorphous phase and higher specific surface area ensured the higher reactivity of
GBFS under 80 ◦C steam curing [30]. In particular, GBFS contains a high content of reactive
Al and Mg phases, which can affect the composition and type of hydration products;
in consequence, hydrotalcite is generated under the condition of steam curing. It has
been reported that hydrotalcite has a good chloride ion binding ability [31]. Moreover,
the formation of hydrotalcite consumes the available Al that should be involved in AFm
precipitation; thus, it reduces the content of AFm which can react with the intruded sulfate,
and thereby improves the sulfate resistance [32].

Hydrogarnet (C3AH6) is transformed from metastable phases CAH10, C2AH8, and
C4AH13. This conversion rate is positively correlated with temperature: this conversion
rate is slow at 5 ◦C, and very fast at temperatures above 50 ◦C. This transformation will lead
to the decrease of solid volume and the increase of porosity [33]; therefore, the formation
of hydrogarnet will result in the loss of late strength of high-aluminate cement or high-
temperature cured concrete. It is worth noting that, due to the high content of SiO2 in
cement and the use of Si-rich SCMs, hydrogarnet in cement and concrete often exists in
the form of C3ASH4, and its chemical formula is between C3AH6~C3AS3 [34]. Based on
this, in order to avoid the formation of hydrogarnet phase, high-aluminate cement is often
mixed with Si-rich additives, such as 40~60% GBFS or 17~20% natural zeolite [35], so that
the C2ASH8 phase is preferred to form instead of hydrogarnet, thus avoiding the reduction
of strength. At the same time, increasing the ratio of metakaolin to cement or the ratio of
reactive Si to reactive Al in composite cement at room temperature is also conducive to
the generation of C2ASH8 phase instead of C4AH13, thus inhibiting the transformation of
C4AH13 to hydrogarnet [36]. Nevertheless, whether increasing GBFS content can avoid or
reduce the formation of hydrogarnet in blended cement under long-term high temperature
curing needs further investigation.

3.2. Morphology and Composition of Hydration Products Determined by SEM-EDS
3.2.1. Hydration Products under 80 ◦C Steam Curing for 7 h

The hydration products of pure cement paste and composite cement paste mixed
with 20% GBFS under the condition of steam curing for 7 h are shown in Figures 5 and 6,
respectively. As can be seen from Figure 5, the hydration products of steam-cured 7 h
pure cement paste were mainly loose fibrous C-S-H gels (Figure 5a), flake CH (Figure 5c),
accompanied by many pores (Figure 5a,c).
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Figure 5. SEM images of pure cement paste after 80 ◦C steam curing for 7 h, (a) fibrous C-S-H gels;
(b) EDS result of area 1; (c) pores. Note: Wt% represents the mass percentage, At% represents the
atomic percentage.

As shown in Figure 6, in addition to fibrous C-S-H gels (Figure 6a), foil-like and equant
grain-shaped C-S-H gels also appeared in cement-GBFS composite binder (Figure 6c). As
can be seen from Figure 6d, the presence of Al and Mg have influenced the formation of
C-S-H gels, which are considered to be responsible for the morphology change of C-S-H
gels. In addition, flake-like hydration products (Figure 6e) were produced. According to its
EDS result (Figure 6f), it contains high contents of Mg and Al, and its Mg/Al ratio is 1.67,
close to 2; accordingly, it can be speculated that it is hydrotalcite (Mg4Al2(OH)14·3H2O),
which can be confirmed by the XRD results shown in Figure 4b. However, due to the short
hydration time, there are still many pores in the GBFS-cement composite binder, as shown
in Figure 6g.

Under the condition of 80 ◦C steam curing, a large amount of OH- released by cement
hydration can quickly invade into the network structure of amorphous phase in GBFS,
dissolve Ca2+ and Mg2+ in the Ca-rich phase, and interact with Si4+ and Al3+ in the Si-rich
phase, and thereby form C-S-H and C-A-H [37]. Additionally, in comparison with C-S-H
gels in pure cement paste (Figure 5b), the uptake of Al in C-S-H gels in GBFS-blended
cement paste is more evident and has been reported [38], which suggested that the C-
(A)-S-H gels formation is easier in GBFS-blended cement under steam curing. Although
the trace of Mg was also found in the EDS results (Figure 6b,d), it was still difficult to
prove the uptake of Mg by C-S-H gels due to the different structure between M-S-H and
C-S-H gels [38], and further study is needed to determine the role of Mg in the C-S-H gels
formation. Moreover, according to the EDS results in S7h (Figures 5b and 6b,d), the Ca/Si
ratio of C-S-H gels was around 2.17~2.49, indicating that the hydration degree of cement
paste after steam curing for 7 h was relatively high, which is related to the accelerated
cement hydration at steam curing.
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Figure 6. SEM images of cement-GBFS composite binder after 80 ◦C steam curing for 7 h, (a) fibrous
C-S-H gels; (b) EDS result of area 2; (c) foil-like and equant grain-shaped C-S-H gels; (d) EDS result
of area 3; (e) flake-like hydrotalcite; (f) EDS result of area 4; (g) pores.

3.2.2. Hydration Products under 80 ◦C Steam Curing for 7 d

The hydration products of pure cement paste and cement-GBFS composite binder
under steam curing for 7 days are shown in Figures 7 and 8, separately. The hydration
products of pure cement paste were mainly fibrous C-S-H gels (Figure 7a) and flake CH
(Figure 7c), and obvious cracks occurred after a long time of steam curing (Figure 7c). In
addition, the hydration products of spherical particles with the approximate size of 1 µm
were generated, as shown in Figure 7c. Combined with the morphology [39] and the XRD
results in Figure 4a, it can be confirmed that it is hydrogarnet.
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Figure 7. SEM images of pure cement paste after 80 ◦C steam curing for 7 d, (a) fibrous C-S-H gels;
(b) EDS result of area 5; (c) spherical hydrogarnet and crack.

Figure 8. SEM images of cement-GBFS composite binder after 80 ◦C steam curing for 7 d, (a) fibrous
C-S-H gels; (b) EDS result of area 6; (c) spherical hydrogarnet; (d) EDS result of area 7; (e) cracks.

The morphology of C-S-H gels in S7d G20 was mainly fibrous (Figure 8a). In addition,
1–2 µm granular hydration products (Figure 8c) appeared, whose Ca/Al ratio (3.70) and
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Al/Si ratio (0.69) (Figure 8d) were close to the proportion of each element in C3ASH4.
Consequently, combined with the results shown in Figure 4, it can be determined as
hydrogarnet. However, it should be noted that the particle size of hydrogarnet in S7d
G20 is larger than that in S7d Ref (1 µm), which may be related to the sufficient available
Al in GBFS. At the same time, more obvious cracks in S7d G20 appeared, as shown in
Figure 8e. In addition to long-term high temperature steam curing, whether it is also
related to the production of more hydrogarnet needs to be further studied. Although steam
curing is helpful for the uptake of Al by C-S-H gels, the prolongation of steam curing time
seems to be more conducive to the formation of low-Al C-(A)-S-H gels (lower Al/Si ratio
of C-(A)-S-H in Figure 6b,d compared to that in Figure 8b) which is attributed to more
available Al participation in the formation of hydrotalcite and hydrogarnet at this time [40].
Furthermore, according to the EDS results in S7d (Figures 7b and 8b), the Ca/Si ratio of
C-S-H gels was around 1.88~2.08, lower than that in S7h, indicating that the hydration
degree of cement paste under S7d is higher than S7h, which is undoubtedly related to
the prolonged steam curing time. Generally, the average polymerization degree of C-S-H
gels increases when its Ca/Si ratio decreases [41], and at the same time, the compressive
strength of the C-S-H paste also increases [42].

3.2.3. Hydration Products under 28 d Standard Curing

Hydration products of pure cement paste and cement-GBFS composite binder are
shown in Figures 9 and 10, respectively. More hydration products (Figure 9a) appeared in
pure cement paste after 28 d normal curing, and the C-S-H gel interwoven with CH made
the structure relatively compact (Figure 9b).

Figure 9. SEM images of pure cement paste after standard curing for 28 d, (a) reticular C-S-H gels
and CH; (b) reticular C-S-H gels and CH; (c) EDS result of area 8.

181



Buildings 2022, 12, 1746

Figure 10. SEM images of cement-GBFS composite binder after standard curing for 28 d, (a) fibrous
C-S-H gels; (b) EDS result of area 9; (c) flake-like hydrotalcite and quant grain-shaped C-S-H gels;
(d) EDS result of area 10; (e) flake-like hydrotalcite; (f) dense microstructure; (g) tadpole-like CaCO3;
(h) EDS result of area 11.

Different from C-S-H gels in pure cement paste, fibrous and equant grain-shaped
C-S-H (Figure 10a,c) and CH with smaller particle size (Figure 10a) appeared in standard-
cured GBFS-blended cement paste. Furthermore, flake-like hydrotalcite was observed in
Figure 10c,e, which agrees with the above XRD results. In accordance with the research
of most studies, adding mineral powder can reduce the porosity of concrete and den-
sify its microstructure (Figure 10f). It is interesting to note that tadpole-like and fibrous
products also were produced in GBFS-mixed cement paste (Figure 10g). It can be seen
from Figure 10h that this product was mainly composed of C, Ca, and O; thus, it can be
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determined as CaCO3. The formation of tadpole-like CaCO3 may be related to the use of
anhydrous ethanol to terminate the hydration of the sample in this investigation [43]. It
is well known that CaCO3 usually has three types of structures: calcite, aragonite, and
vaterite, with cubic, spherical, fibrous, flake, and petal-like morphologies, etc. [43]. The
morphology of CaCO3 is mainly affected by the pH value, foreign ions (Mg2+, etc.), organic
additives (alcohols, acids, amino acids, proteins, and sugars), and the supersaturation
degree of the solution [43], of which alcohol additives mainly affect the morphology of
CaCO3 by affecting the dielectric constant of the medium, the attraction between ions and
the interaction between solute and solvent [43].

Furthermore, according to the EDS results in N28d (Figures 9c and 10b), the Ca/Si
ratio of C-S-H gels was around 1.94~2.71, which is similar to that in S7h, but lower than
that in S7d, indicating that the hydration degree of cement paste in N28d is similar to that
of S7h, but slightly lower than that of S7d.

3.3. Hydration Products Determined by TG/DTG Analysis

Figure 11 shows the TG/DTG curve of pure cement paste and GBFS-blended cement
pastes under different curing conditions. As can be seen from Figure 11, under the con-
ditions of S7h and N28d, the type of hydration products in Ref and G20 are basically the
same. In comparison with the condition of S7h and N28d, the weight loss of pure cement
paste at 300~390 ◦C under the condition of S7d is more obvious (Figure 11a), and it is
reported that the weight loss between this interval is mainly caused by the decomposition
of hydrogarnet [44], which closely matches the above XRD and SEM results. However, com-
pared with Ref, the weight loss in G20 at 300~390 ◦C is more significant, which is related to
the formation of hydrotalcite in addition to the hydrogarnet generation in G20 under S7d
curing conditions. Furthermore, it can be seen that, due to the high SO3 content in GBFS,
there is still a small amount of ettringite in the steam-cured GBFS-mixed cement pastes.

The non-evaporable water and CH content of Ref and G20, calculated by using the
mass loss of samples in specific temperature ranges in Figure 11, are tabulated in Table 3 [14].
Under the conditions of S7h and N28d, the non-evaporable water and CH content of G20
were basically the same, indicating that early steam curing promoted the reaction between
cement and GBFS, which made its hydration degree equal to that of standard-cured for
28 d.

Table 3. Total mass loss, non-evaporable water, and CH content of cement pastes, wt.%.

Samples Mass Loss Non-Evaporable Water CH

S7h 18.43 20.13 19.34
Ref S7d 20.75 23.72 24.07

N28d 20.73 23.69 20.00

S7h 19.29 21.52 13.40
G20 S7d 21.45 24.93 18.74

N28d 19.26 21.47 13.29

In addition, under the conditions of S7h, S7d, and N28d, the non-evaporable water
of G20 reached 106.9%, 105.1%, and 90.6% that of Ref, respectively, revealing that GBFS
addition promotes the hydration of steam-cured pure cement paste, which is related to both
the high content of SO3 and the high activity of GBFS [45]. Under the above three curing
conditions, the CH content of G20 was 69.3%, 77.9%, and 66.5% that of Ref, respectively. It
suggests that GBFS participates in the cement hydration and consumes CH under steam
curing condition, especially at steam curing for 7 h; however, prolonging the steam curing
time from 7 h to 7 d is not conducive to the further reduction in the ratio of CH content in
G20 to that in Ref (77.9%).
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Figure 11. TG / DTG curves of Ref (a) and G20 (b) under different curing conditions.

3.4. Mechanical Property

The strengths of GBFS-blended cement mortar and pure cement mortar under various
curing conditions are shown in Figure 12. It can be seen that the compressive strength of G20
mortar under three curing conditions were all lower than that of Ref mortar. The strength
activity index (the strength ratio of G20 mortar to Ref mortar under the same curing
condition) under various curing conditions was 92.6%, 82.0%, and 99.7%, respectively,
while the corresponding flexural strength activity index was 103.1%, 81.9%, and 109.1%,
separately. Despite the fact that the compressive strength activity index of S7h G20 mortar
was lower than that of N28d, the difference was slight, indicating that early steam curing
improves the hydration activity of GBFS, which is in good agreement with the result of non-
evaporable water in Table 3. Although the non-evaporable water in S7d G20 is higher than
that of S7d Ref (Table 3), the strength of G20 mortar was much lower than Ref, regardless
of compressive strength or flexural strength. This may be related to the formation of a
large number of hydrogarnet and more micro-cracks produced in GBFS-blended cement
mortar during long-term steam curing (Figure 8e). It should be noted that, compared with
compressive strength, flexural strength is more sensitive to cracks; therefore, although the
compressive strength of G20 in S7d is higher than that in S7h, the flexural strength of G20
in S7d is less than that in S7h.
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Figure 12. Strength of GBFS blended cement mortars, (a) compressive strength, (b) flexural strength.

Under the condition of standard curing for 28 d, G20 has the highest strength activity
index including compressive strength and flexural strength, which is related to both the
high content of non-evaporable water (Table 3) and its improved dense microstructure, as
shown in Figure 10f. In addition, the G20 mortar has a high flexural strength under the
conditions of S7h and N28d, which is attributed to the lower CH content, smaller crystal
size of CH (Table 3 and Figure 10a) and the improved adherence at the aggregate-paste
interface [30].

4. Discussion

The abundant amorphous phase content and the high specific surface area guarantee
the high reactivity of GBFS; therefore, besides the filler effects, GBFS can also participate
in cement hydration during 80 ◦C steam curing for 7 h. The presence of a high content
of available Al2O3 and MgO not only changes the composition, but also changes the
morphology of hydration products, so that hydrotalcite and the foil-like C-S-H gels were
formed. Hydrotalcite can not only consolidate chloride ions, but also can consume the
available Al phase required by ettringite formation during the ingress of sulfate; therefore,
it is helpful to improve the durability of concrete [31,32]. In addition, a large amount
of Al2O3 in GBFS will inevitably take part in the precipitation of C-S-H gels and form
C-(A)-S-H gels under the condition of steam curing, so as to avoid being further sulfate
attacked; therefore, the formation of C-(A)-S-H gels is also conducive to the improvement
of sulfate resistance [15]. In addition, although the non-evaporable water of G20 under the
conditions of S7h and N28d are basically the same, the strength of S7h G20 is much lower
than N28d G20 due to the existence of pores under steam curing condition (Figure 6g).
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Although the prolongation of steam curing time can improve the non-evaporable
water, it also brings the risk of hydrogarnet (C3ASH4) formation, especially for the cement
paste mixed with GBFS. Due to the large amount of available Al phase in GBFS, there
is a high probability of aluminate hydrate formation which can be further converted to
hydrogarnet in GBFS-mixed cement paste at elevated temperature. It is reported that
hydrogarnet formation will cause the reduction of solid phase volume and increase the
porosity of concrete [33], which is harmful to the strength improvement and durability of
concrete. Accordingly, even though the hydration products of S7d G20 is more abundant
(Table 3), its strength is still much lower than that of S7d Ref. Moreover, prolonging
the steam curing time will also lead to the increase of cracks and is not conducive to the
durability of concrete. Since the formation of hydrotalcite and hydrogarnet can consume the
available Al, steam curing for 7 d seems to be more conducive to the formation of C-(A)-S-H
with lower Al content than steam curing for 7 h in GBFS-blended cement paste [41].

Under standard curing for 28 d, the structure of G20 is denser and its strength is
basically the same as that of Ref, due to both the pozzolanic effect and filler effect of GBFS.
In addition, it is worth noting that GBFS incorporation can not only reduce the amount of
CH, but also reduce the particle size of CH, so as to improve the structure of the interfacial
transition zone and improve the flexural strength of G20 cured under both S7h and N28
conditions.

5. Conclusions

This study investigated the influence of GBFS with high content Al2O3 and MgO on
the early age hydration products and mechanical properties of steam-cured concrete. The
hydration products and mechanical properties of cement paste blended with GBFS (0%
and 20% replacement) were studied under steam curing conditions (80 ◦C for 7 h and 7 d)
in comparison with standard curing conditions for 28 d. According to the above results,
the conclusions are as follows:

(1) GBFS addition promotes the formation of flake-like hydrotalcite and foil-shaped,
equant grain-shaped C-S-H gels, of which hydrotalcite helps to improve the durability
of concrete. However, extending the steam curing time to 7 days, more hydrogarnet
with larger sizes are further formed due to the higher content of available Al in the
GBFS. The generation of hydrogarnet will induce the formation of cracks and increase
the porosity, which is detrimental to strength development and durability of concrete.

(2) The enhanced uptake of Al by C-S-H gels in GBFS-blended cement paste under steam
curing promotes the formation of C-(A)-S-H gels, and thereby reduces the Al phase
that can react with sulfate under sulfate attack, which is helpful to improve the sulfate
resistance of concrete. However, since the formation of hydrotalcite and hydrogarnet
reduces the available Al, the prolongation of steam curing time (to 7 d) seems to be
more conducive to the formation of low Al C-(A)-S-H gels.

(3) The non-evaporable water and CH content of GBFS-blended cement paste are basically
the same under 80 ◦C steam curing for 7 h and standard curing for 28 d, indicating
that steam curing can significantly accelerate the interaction between cement and
GBFS. Under the above three curing conditions, the compressive strength of G20
mortar is 92.6%, 82.0%, and 99.7% that of pure PC mortar, respectively, while the
corresponding values for flexural strength are 103.1%, 81.9%, and 109.1%, separately.
This indicates that 20% GBFS addition has almost no negative effect on the demolding
strength under initial 80 ◦C steam curing for 7 h; however, extending the steam curing
time to 7 d increases the strength gap between 20% GBFS-blended cement mortar and
pure cement mortar, which is related to the formation of hydrogarnet and cracks.
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Abstract: Concrete consumes millions of tons of cement, which causes global warming as cement
factories emit huge amounts of carbon dioxide into the atmosphere. Thus, it is essential to explore
alternative materials as a substitute of OPC, which are eco-friendly and at the same time cost-effective.
Although there are different options available to use industrial waste instead of cement, such as
waste glass, waste marble, silica fume fly ash, or agriculture waste such as rice husk ash, wheat
straw ash, etc., but bentonite clay is also one of the best options to be used as a binding material.
There are a lot of diverse opinions regarding the use of bentonite clay as a cement substitute, but
this knowledge is scattered, and no one can easily judge the suitability of bentonite clay as a binding
material. Accordingly, a compressive review is essential to explore the suitability of bentonite clay as
a cementitious material. This review focuses on the appropriateness of bentonite clay as a binding
material in concrete production. The attention of this review is to discuss the physical and chemical
composition of BC and the impact of BC on the fresh and mechanical performance of concrete.
Furthermore, durability performance such as water absorption, acid resistance and dry shrinkage
are also discussed. The results indicate that bentonite clay increased the mechanical and durability
performance of concrete up to some extent but decrease its flowability. The optimum proportion
of bentonite clay varies from 15 to 20% depending on the source of bentonite clay. The overall
study demonstrates that bentonite clay has the creditability to be utilized partially instead of cement
in concrete.

Keywords: sustainable concrete; supplementary cementitious material; bentonite clay; strength; durability

1. Introduction

Concrete is widely utilized as a building material around the globe due to its excep-
tional stability and compressive strength [1–3]. The current practice of concrete construction
is thought to be unsustainable as it consumes a huge amount of natural resources [4–6].
Cement factories face difficulties in minimizing carbon dioxide emissions, increasing the
cost of energy rises, and the supply of raw materials (in particular maintaining a supply of
raw materials of good quality) [7–9]. Demand for cement and concrete on a global scale has
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expanded dramatically in recent years, owing to the fast development of nations and the
continuation of population growth in many parts of the world [10–12]. According to the
World Cement Association, Pakistan manufactures 85 million tons of cement, which refers
to 2% of global cement production. The cost of cement increasing continuously (i.e., more
than 150 percent in ten years) [13]. Therefore, it is essential to explore alternative materials
instead of cement.

Sustainable development is a kind of evaluation that seeks to enhance the quality
of life, while also meeting the fundamental requirements of future generations. Its goals
are to provide basic requirements, raise living standards, and promote the protection and
management of ecosystems, among other things [14–16]. In response to growing public
concerns about environmental degradation, fossil fuel depletion, and sustainable growth,
the reusing of various industrial waste shows a rapid increase on a global scale [17–20].
Overall, the creation of OPC, which is a key component in concrete [21–23], is a significant
supply of emissions of harmful gases such as carbon dioxide [24,25].

Currently, our planet produces around 3.6 billion metric tons of cement each year [26].
It is anticipated, that by 2030 the amount of cement would rise to greater than 5 billion
metric tons [27,28]. Although this trend may vary across countries, almost part of the
global OPC is used to create 11 billion metric tons of concrete each year; the remaining
part is utilized in mortars, soil stabilization, coatings, etc. [14,29]. As it is well known that
the concrete industry is a significant consumer of natural resources on a worldwide level.
Consequently, reused aggregates and natural cementitious materials may be employed in
the building sector to conserve energy and increase the sustainability of the overall struc-
ture [30–32]. Bentonite clay corresponds to one of the best possible solutions of integration
in concrete, as a partial replacement as a substitute of OPC in a variety of applications.

BC is a highly colloidal ductile clay that is generated by the modification of volcanic
ash (or glass) in situ. It is sometimes referred to as smectite-rich clay due to the presence
of smectite in the clay (mostly montmorillonite) [33]. United States, China, India, Greece,
Mexico, Turkey, Iran, Russia, Japan, Brazil, and Germany are the world’s leading BC
manufacturers, listed in decreasing order of manufacture [34]. Recently, researchers de-
scribed bentonite as calcined clays that are not derived from kaolin and that are economical
supplemental cementitious materials [35,36].

Various researchers have determined the appropriateness of bentonite clay for use in
the construction of concrete [37]. A common clay-bentonite was employed as an addition
in concrete in one research. Apart from investigating the impact of such clay elements on
the mechanical characteristics of concrete, the authors investigated the chemical resistance
of concrete to sulphates, carbonation, and chloride exposure as well. They detected that the
resistance to carbonation in the bentonite-bearing material may be lower than the resistance
to carbonation in the reference plain Portland cement concrete [37]. The addition of ben-
tonite in concrete can significantly improve the durability of concrete and helps to prevent it
from shrinkage cracking once it has been allowed to dry. Concrete’s performance, strength,
and durability are all greatly affected by the presence of specific minerals in pozzolanic
materials [38]. The use of bentonite clay may aid to increase the compressive strength of
a material. The early-age compressive strength of the concrete with additional bentonite
did not demonstrate a substantial improvement. However, it increases to a level that is
much greater than that of the control concrete specimen when the specimen is aged longer.
Apart from that, the water to binder percentage was increased to 55% and the OPC content
was increased to 340 kg/m3, with the maximum bentonite replacement ratio set at 21%.
Apart from compressive strength, other durability characteristics was studied. According
to the findings, the specimens that had been treated with bentonite performed better in
terms of acid corrosion resistance. A study conclude that the mechanical performance of
concrete decreased with the substitution of bentonite clay [39]. The hydration process in a
Portland cement mixture comprising metakaolin and sodium bentonite has been researched
to determine the influence of pozzolanic elements on the final product. A combination of
sodium bentonite and metakaolin enhanced the cement hydration, as measured by strength
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development, portlandite utilization, and the calcium-silicate hydrate (C-S-H) phase, as
well as other parameters. ln addition, the decomposition of metakaolin is speeded up in
the existence of BC [40]. A study claims that BC based concrete needs more curing time to
obtain strength [41]. The silane-modified BC had a greater pozzolanic activity as compared
to without treated BC [42].

Several research efforts focus on utilizing bentonite clay in concrete instead of cement.
However, the knowledge of bentonite clay in concrete is scattered and no one can easily
judge the importance of bentonite clay in concrete. Therefore, this review focus on the
physical and chemical composition of BC, fresh properties, mechanical and durability
performance of concrete with bentonite clay instead of cement. The optimum dose is also
important for better performance. A successful review will also give the idea for a new
researcher to choose and apply bentonite clay in concrete.

2. Physical Properties

The physical properties of bentonite clay, including grain size, specific gravity, and
fineness, assist in determining their applicability and ability to utilize as a binding material
in concrete. BC is usually accessible in several colors and types. Table 1 shows lists some
of the physical properties of bentonite clay indicated by various researchers. The specific
gravity of bentonite clay is slightly lower than cement (3.1 to 3.16). The particle size of
bentonite (4.75 µm) is much lower than cement (75 µm). Blain’s fineness of bentonite clay
varies greatly ranging from 1730 to 4800 (cm2/g). Almost all authors described distinct
values. It is due to a change in the location source of BC.

Table 1. Physical properties of bentonite clay.

Property Name Achyutha et al. [43] Memom et al. [44] Rao et al. [45]

Specific Gravity 3.12 2.79 2.82
Particle Size (µm) - 4.32 4.75

Blains Fineness (cm2/g) 1730 4800 4800

The scanning electron microscope (SEM) was utilized to define the grain size of BC,
which was previously unknown. The scanning electron micrographs of BC was shown in
Figure 1 which indicate that the bentonite clay is flaky and elongated which decreased the
flowability of fresh concrete.
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3. Chemical Composition of Bentonite Clay

Concrete made with bentonite clay has variable mechanical and durability character-
istics depending on the number of different compounds contained in the bentonite clay.
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According to one study, the chemical composition and particle size of SCM are the most
important factors influencing its pozzolanic action [46]. According to previous investi-
gations, the chemical makeup of bentonite clay is shown Table 2. It can be concluded
that the primary constituent of bentonite clay is SiO2. Figure 2 depicts the XRD results of
BC. The amorphous nature of the silicon dioxide (SiO2) included in bentonite clay has a
considerable influence on the performance of concrete, from the initial hydration through
the ultimate development of strength. ASTM [47] states that the addition of a chemical
(SiO2, CaO, Al2O3, MgO, and Fe2O3) more than 70% can be used as pozzolanic materials
as bentonite clay exceeds 70%.

Table 2. Chemical properties of BC.

Chemical Name Akbar et al. [48] Vijay et al. [49] Shabab et al. [50]

SiO2 49.63 51.11 52.1

Al2O3 21.11 16.38 13.4

Fe2O3 3.23 7.65 7.5

MgO 12.56 7.57 2.64

CaO 3.59 7.12 12.0

K2O 2.091 1.34 2.64

Na2O 0.449 0.29 -

TiO2 0.498 1.29 -

P2O5 0.119 0.29 -

LOI - 6.75 8.61
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4. Fresh Properties
Workability and Fresh Density

The higher workable concrete in the construction sector results in ease of installation,
increased filling ability, the use of dense reinforcement in highly congested concrete com-
ponents, and a reduction in the cost of vibration in the building industry [51]. To produce
highly workable concrete with exceptional segregation resistance, it is necessary to have
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sufficient flowability and rheological qualities. The flowability with various percentages
of bentonite clay is given in Figure 3. It can be observed that the flowability of concrete
is reduced with bentonite clay. The tiny grain size and relatively large surface area of BC
particles contribute to the decrease in slump value. As a result, it can be inferred that, while
using the same water to cement ratio, the flowability of concrete made with BC is lower
as compared to the blank mix [44]. According to one research, the flowability of concrete
deteriorated when BC was used instead of Portland cement. The large surface area of the
clay elements, as well as the subsequent adsorption of free water within the combination, is
responsible for the decreased flowability of the mixture. As a result, lubrication of the solid
particles is hindered, and internal friction is increased due to Jess cement paste [35]. In con-
trast, some study claimed that the pozzolanic materials results increase in the flowability of
concrete due to the micro filling effect which results in less cavities in concrete ingredients
and hence free water are available in more quantity for lubrication, causing more flowable
concrete [52]. With the use of a superplasticizer, it is possible to achieve the necessary
flowability of concrete [44]. A also reported that the flowability of concrete reduced with
the substitution of BC due to a larger surface area [53]. The flaky and elongated shape of
BC as shown in Figure 1 also causes to decrease in the flowability of concrete by increasing
friction between aggregates. A study also claims that BC is from clay material having high
water absorption [54]. Therefore, less water is available for lubrication to reduce the friction
between concrete ingredients.
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Figure 3. Workability and fresh density (data source [44]).

Figure 3 depicts the results of fresh density tests on various percentages of bentonite
clay. Blank mix without bentonite clay shows the highest density (2470 kg/m3), when it is
in its fresh condition, as can be seen in Figure 3. The introduction of bentonite substitute
resulted in a fall in density and the greater the bentonite percentage, the lower the density.
This is due to the fact that density is a function of specific gravity. Since cement has higher
specific gravity than bentonite, the density of the control mix (blank mix) is higher than
that of the bentonite-based mixture [44].

With the inclusion of secondary cementitious materials (SCM), the density of concrete
increases due to the micro-filling of gaps in the concrete components which results in
a denser concrete mixture. Furthermore, the pozzolanic reaction of SCM improved the
binding characteristics of cement paste, resulting in denser concrete [52]. However, some
studies reported that a higher dose of SCM leads to a lower density of concrete due to lower
workability [35,55]. A study also claimed that, as the BC in the concrete mix is increased, the
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workability of the concrete mix decreased which increased compaction affords, resulting in
the fresh density of the concrete mix decreased [53].

Figure 4 shows a correlation between slump values and the density of concrete. As
stated earlier that workability and density are correlated to each other. The lower work-
ability increased the compaction affords and increased the number of voids in hardened
concrete, resulting in a decreased density of concrete. As a result, a strong correlation
between slump values and concrete density has been observed, with an R2 of greater
than 90%.
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5. Mechanical Properties
5.1. Compressive Strength

The compressive capacity of concrete with varying doses of BC is given in Figure 5. It
can be observed that the BC dose does not considerably affect the compressive capacity of
concrete. All of the mixes of BC have a compressive capacity comparable to the reference
concrete in terms of strength. Although no increase in compressive capacity was observed
but the use of cement could be reduced up to 20%. Furthermore, the pozzolanic reaction of
SCM proceeds slowly and the authors conduct compressive strength only up to 28 days.
However, according to one research project, the compressive capacity of concrete reduced
with the rise in the proportion of bentonite clay used as a cement substitute on all days
of curing [56]. In contrast, according to the findings of the research. At 56 days, the
proportion of improvement in strength was 0.9 percent, 1.5 percent, 1.8 percent, 2.7 percent,
2.5 percent, and 2.2 percent, respectively, when compared to the control group [44]. A
researcher claim that the compressive capacity of concrete reduced with the rise in the
proportion of BC used as a cement substitute at all ages of curing [56]. A study reported a
considerable improvement in compressive strength with the substitution of BC [35]. One
of the most important factors contributing to this improvement in compressive capacity is
the pozzolanic reaction, which occurs at a slower rate than the rate of cement hydration
and is combined with the filling voids in concrete ingredients effect induced by pozzolanic
material [57]. These contrasting findings of bentonite clay will need to be investigated
further in future research before being used practically.
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Figure 5. Compressive strength(data source [58]).

An analysis of compressive capacity gain with various days of curing is also provided
in Figure 6, in which the compressive capacity of control concrete is used as a reference
concrete. At seven days of curing, concrete compressive capacity is less than 14% from
the blank mix at 10% substitution of BC while 20% substitution of BC shows 18% lower
than blank mix. At 28 days, compressive capacity is just 4% more than blank mix at 5%
substitution of BC while 20% substitution shows 6% lower than the reference strength. It
has been established that BC could not improve the compressive capacity effectively but
the strength is approximately equal to the reference concrete.
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5.2. Split Tensile Strength

The split tensile capacity of mix with various doses of BC shows similar trends to the
compressive capacity of concrete i-e the split tensile capacity of the mix is not enhanced
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with the substitution of BC; nonetheless, all of the BC mixes have split tensile strengths
that are about equivalent to the reference concrete as indicated in Figure 7. Additionally, it
has been shown that increasing the bentonite content of concrete degrades its performance,
resulting in a significant reduction in both tensile strength and compressive strength
(tensile strength) [39]. Based on the research, it was determined that the best bentonite
replacement ratio by weight of cement in the concrete is 2.7 percent, which produces a
satisfactory compressive and tensile strength. The concrete is appropriate for usage in low-
rise buildings [59]. Using bentonite clay as a binding substance, A researcher discovered
that split tensile strength decreased when the bentonite clay was substituted. It can be
determined that the poor bond formation between the bentonite and cement particles is
responsible for the decreased split tensile strength [43]. However, according to one research,
the split tensile strength improved due to the replacement of BC. The pozzolanic reaction
enhanced the binding qualities of the cement paste and thus raised the split tensile strength.
Additionally, the presence of micro-filling gaps of BC also leads to increased split tensile
strength. Overall, the combination of pozzolanic and micro-filling gaps in BC has a good
effect on split tensile strength. Aside from that, the increased dosage of BC resulted in
a drop in split tensile strength as a consequence of a lack of workability [35]. Almost
all authors reported different values. The reason behind this attribute to changes in the
location of the source.
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Figure 7. Split tensile strength (data source [58]).

A relative analysis of tensile strength with various days of curing is also shown in
Figure 8. The 28 days tensile strength of the blank mix is taken as a reference strength. At
seven days, the tensile capacity of concrete is less than 20% from the reference mix at 10%
substitution of BC while 20% substitution of BC shows 29% lower split tensile strength
than reference strength. At 28 days, tensile capacity is just 9% more than reference strength
at 5% substitution of BC while 20% substitution shows 8% less tensile capacity than the
reference strength. It has been noted that concrete with a partially substituted BC is still
weak in tension.
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Figure 9 shows a correlation between compressive and tensile capacity of mix with
different replacement ratios of BC. Tensile strength depends on the compressive strength of
concrete. It is estimated that the tensile capacity of concrete is around 10 to 15 percent of
compressive capacity. A high link is existing between the compressive capacity of concrete
and its split tensile capacity, even when the BC substitution ratios are varied. The regression
model shows an R2 value greater than 90%.
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Figure 9. Correlation between compressive and split tensile strength (data source [58]).

5.3. Flexure Strength

The flexural capacity of concrete when treated with various doses of BC is displayed
in Figure 10. Similar to the compressive capacity of concrete, the flexure capacity of the mix
is not enhanced by the addition of BC, but all of the BC mixes have flexure strengths that
are nearly equivalent to the reference concrete. Flexural strength of BC mixtures was shown
to be lowered than from blank concrete, particularly at a higher dose of BC. In concrete, the
flexural strength is inversely related to the amount of bentonite blended (after 20 percent)
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and the water to cement ratio (W/C). It may be linked to the creation of a weak connection
between bentonite and cement particles during the manufacturing process [43]. After
28 days of curing, concrete beams with dimensions of 150 mm × 150 mm × 750 mm were
cast to assess the modulus of rupture, commonly known as flexural strength of the concrete.
The results show that the modulus of rupture reduced as the degree of cement substitution
rate rise as a result of the addition of bentonite. However, the decrease was not significant.
These results were almost the same for concrete beams containing 20 percent and 25 percent
bentonites, respectively. Web shear cracks are developed in the same direction as flexural
fractures. Final results showed that after being loaded, the control and bentonite-containing
concrete beams failed at ten and eight tones, respectively [13]. A study suggests that, for
high-strength concrete, it is important to add fiber with secondary cementitious materials
(SCM) [52]. As compared to the reference concrete, when basalt fiber and bentonite clay
were combined, the flexure strength of the concrete improved significantly, according to the
researchers. Furthermore, the use of l0% bentonite replacement and 1.5 percent basalt fiber
provided the best results possible [60]. However, less studies consider flexure strength in
their research.
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Figure 10. Flexure strength [58].

Figure 11 shows the strength age relation of flexure strength with various percentages
of BC. The 28 days of reference concrete flexure capacity of concrete was taken as a bench-
mark flexure strength. At seven days of curing, flexure capacity of 5% replacement of BC is
13% lower than the reference flexure strength (28 days control concrete flexure strength)
while 10% substitution of BC shows 25% less than flexure strength to the benchmark flexure
strength (28 days blank concrete flexure strength). At 28 days, the flexure capacity of
concrete is 25% more than the benchmark flexure strength. The increased flexure strength
with the substitution of BC is due to the chemical reaction of BC which increased the
binding characteristics of concrete and filling the cavities in concrete components, leading
to more dense concrete [35].
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Figure 12 shows the correlation between compressive and f1exure strength on different
days of curing. It can be noted that a strong correlation exists between compressive and
flexure strength having an R2 value approximately equal to 90% (78%).
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Load Deflection Curve and Ductility Ratio

Third point loading of 5.4 and 3.8 tons was observed at breaking of the control and
BC beams, respectively, compared to design capacities of 4.1 and 4.0 tons. This fracture
formed from the middle bottom region of the structure and was deflected by 3 mm. The
crack width widened when the load increments were increased. Flexural fractures were
observed by web shear cracks in the same direction. Ultimately, the control and BC concrete
beams collapsed at 10 and 8 tons, respectively, when the loads were increased. Figure 13
displays the load versus deflection curves for the two beams for the third point loading,
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which were plotted against each other. The yield of steel reinforcement was exhibited
in the control and bentonite concrete beams, which were loaded with 7.8 and 6.0 tons,
respectively. Furthermore, the considerable deflection of the bentonite-containing concrete
beam was observed in Table 3 which demonstrates the more ductility ratio. The high
ductility important attribute in earthquakes since it allows energy to be dissipated quickly.
An increase in area under the curve is associated with a higher ductility ratio, which
enhances the ability to disperse force during an earthquake, which might have major
ramifications for human life. Table 4 reveals the summary of slump, compressive, flexural
and split tensile strength of mix with different doses of BC as per past researchers.
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Table 3. Ductility concrete with and without BC [13].

Beam Type Deflection at
Ultimate Point

Deflection at Yield
Point Ductility Ratio *

Control Beam 37.00 4.87 7.61
25% Bentonite Clay 56.83 5.66 10.05

* Ratio of the deflection at the ultimate point to the deflection at the yield point.

Table 4. Summary of mechanical performance of concrete with bentonite clay.

Authors Remarks Bentonite Clay
(%)

Tensile Strength
(MPa)

Compression
Strength (MPa)

Flexure Strength
(MPa)

Ahmad et al. [35]

14 days, 28 days 14 days, 28 days

-
BC-5% 2.6, 3.5 20, 30

BC-10% 2.7, 3.6 21, 32
BC-15% 3, 4 24, 34
BC-20% 2.6, 3.2 17, 26

Sumitha et al. [61] Silica Fume
10%

7 days, 28 days 7 days, 28 days 7 days, 28 days
0% 2.4, 3.3 38, 48 6, 8
5% 2.5, 3.3 28, 42 5, 7

10% 1.6, 2 25, 42 4.5, 5.5
15% 1.4, 1.8 22, 35 3, 4.2
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Table 4. Cont.

Authors Remarks Bentonite Clay
(%)

Tensile Strength
(MPa)

Compression
Strength (MPa)

Flexure strength
(MPa)

Liu et al. [62] - -

28 days 28 days
Ca-bent = 0%, 11, 2.7,
2%, 4%, 6%, 12, 12.2, 14, 2.8, 3, 3.5,

8%, 10% 15, 16 3.4, 3.7
Na-bent = 0%, 11 2.7,

2%, 4%, 6% 13, 14, 17, 2.8, 3, 3.5, 3,
8%, 10% 17, 18 6, 3.7

Mg-bent = 0%, 11, 2.7,
2%, 4%, 6%, 12, 13, 14, 3.5, 3.4, 3.6,

8%, 10%. 16, 17 3.7, 4

Akbar et al. [48] Plasticizer (%)
1.5

0%, 20% -

7 days

-

25, 30
14 days
32, 40

28 days
20, 22

56 days
24, 32

Rao et al. [45] - -

7 days, 28 days 7 days, 28 days
Control 55, 65 16, 18

10% WSA 52, 68 15, 19
10% BC (H) 50, 60 14, 16
10% BC (R) 45, 50 10, 12

Kumar et al. [63]

Fly Ash 7 days, 28 days 7 days, 28 days

-

0% 0% 1.9, 2.3 45, 90
5% 5% 1.4, 2 25, 50

7.5% 7.5% 1.6, 2 40, 70
12.5% 12.5% 1.5, 1.5 30, 60
15% 15% 1.3, 1.3 40, 65

Chandrakanth et al. [58]

7 days, 28 days 7 days, 28 days 7 days, 28 days
0% 2.5, 3.5 21.33, 25.77 12.5, 20
5% 2.96, 3.8 22.66, 26.67 17.5, 25

10% 2.8, 3.67 22.22, 25.77 15, 20
15% 2.65, 3.49 21.72, 25.10 13.75, 17
20% 2.5, 3.25 21.33, 24.44 12.5, 15

Mirza et al. [13] -

7 days, 28 days

-

0% 16, 23
20% 15, 19
25% 15, 19
30% 14, 16
40% 13, 14
50% 8, 10
100% 4, 2

Khaliq et al. [64]

28 days 28 days

-

0% 2.1 23.44
5% 2.0 22.4

10% 2.2 22
15% 2.1 17.2
20% 2.0 13.7

Adeboje et al. [65]

Rubber 28 days 28 days

-
0 0 1.9 27

0.75 0.25 1.7 25
0.50 0.50 1.8 26
0.25 0.75 1.7 25
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6. Durability
6.1. Water Absorption (WA)

The outcomes of the WA test are shown graphically in Figure 14. The results of the
tests revealed that the water absorption reduced as the quantity of cement substituted by
BC improved. Due to the chemical reaction among natural pozzolans and CH in hydrated
cement paste consuming lime rather than lime producing calcium silicate hydrates (CSH)
gel, the binding property of cement paste is increased, resulting in a more compact mass
which decreased water absorption of concrete. Secondly, since the grain size of BC is smaller
than OPC, it can give more compact mass by micro-filling voids and, as a result, a reduction
in water absorption [57,66]. Additionally, research revealed that WA was reduced with
BC substitutions of up to 30% [56]. Additionally, according to one research, SCM reduced
water absorption due to micro filling, which improved the density of concrete, resulting
in lower water absorption. However, with greater doses of BC, an increase in WA was
found owing to a lack of flowability, which increased the compaction afforded, resulting in
porous concrete, which eventually increased the water absorption of concrete [52].
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Figure 14. Water absorption (data source [44]).

6.2. Acid Resistance

The outcomes of the acid attack test with various replacement ratio of BC are shown
in Figure 15. In the laboratory tests, it was discovered that the amount of weight loss
experienced by blank mix was greatest in both sulfuric acid (H2SO4) and hydrochloric
acid (HCL) solutions. The lower acid resistance of blank mix against acid attack may be
attributed that it includes a big quantity of lime and during hydration emits a significant
amount of free CH, which interacts with the acid and leaves a soft and mushy material
behind. For bentonite mixes, the CH combines with the SiO2 available in BC to produce
CSH gel, resulting in a small quantity of CH and improved acid resistance capacity of BC
concrete. When comparing the two acid solutions, the weight loss pattern was identical.
Sulfuric acid, on the other hand, was shown to cause greater degradation than HCL. The
greater degradation of H2SO4 is due to a product known as calcium sufflarninate (Ettringite)
is created, which expands and produces rupture of the set cement paste [67]. In the case of
hydrochloric acid, no such product is generated. An investigation into Pozzolanic reaction
and micro filling SCM resulted in a reduction of cavities, which inhibited the rapid entry
of acid. The dissolving of calcium aluminate and calcium hydroxide in concrete due to
H2SO4 is the primary cause of erosion [68]. The concrete erosion is determined by the rate

202



Buildings 2022, 12, 634

at which H2SO4 penetrates into the concrete body and the time it takes to achieve calcium
hydroxide and calcium aluminate. As a consequence, a reduction in the voids of concrete
due to the replacement of bentonite clay leads to a denser concrete mixture. It is anticipated
that increased density will lead to a reduction in the rate of H2S04 penetration into the
concrete. However, higher acid resistance was examined at a higher substitution ratio of
bentonite clay due to loss of flowability which results in porous concrete. The acid may
readily permeate concrete via cavities, resulting in the destruction of the concrete structure.
Further, bentonite is one of the most essential ingredients utilized in the construction of
plastic concrete, where it serves to stabilize the concrete. It is made of clay components that
have strong water absorption and swelling characteristics of 300 percent even after being
in touch with water [54]. Swelled BC slurry will fill the voids and these water-saturated
BC can block the further water absorption and permeability, thus decreasing the water
absorption of water and increasing the acid resistance.
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6.3. Dry Shrinkage

The shrinking of concrete is induced by the loss of moisture as a result of the drying
process. To decrease cracking and the structural movement caused by drying shrinkage
in concrete, shrinkage compensating concrete is utilized in its construction. It is depen-
dent on the component materials, mixture proportions, curing time, drying environment,
and constraint that the degree of drying shrinkage that happens in concrete buildings is
determined. A study claims that the shrinkage of concrete is due to the movement of
cement paste while aggregate restricts the movement of cement paste [55]. The findings of
dry shrinkage of the five samples evaluated for initial days of hardening are assessed for
evaluation. These specimens are the reference concrete, 5% BC, 10% BC, 15% BC, and 20%
BC, respectively. Results indicate that the reference concrete experienced a large shrinkage
when compared to the total amount of shrinkage experienced by all of the bentonite mixes.
The maximal value of autogenous shrinkage strain obtained by the control mix was 135
macro strains. The shrinkage in B-5 and B-10 was 40 macro strain or 31 percent and 11
percent, respectively, but the shrinkage in B-15 and B-20 was 14 percent and 14 percent, re-
spectively (Figure 16). The B-10 specimen produced the best results in terms of autogenous
shrinkage strain. These findings are quite encouraging in terms of the decrease in linear
shrinkage that may be obtained with the substitution of bentonite. The overall testing
duration for the concrete beams was ten days, and no substantial fluctuation in autogenous
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strain was recorded beyond that time. The combined pozzolanic reaction and micro filling
of mineral admixture improved the cement paste binding properties and density which
ultimately decreased the dry shrinkage of concrete [57]. A study noted that the reduction
of cement content in cement pastes results in a decrease in drying shrinkage of cement
pastes [69]. In addition, the research found that the mineral additive lowered the heat of
hydration which prevented the quick evaporation of water from the concrete surface and
decreased the formation of dry shrinkage cracks [70]. It has also been observed that fly ash
may significantly minimize drying shrinkage in concrete by plugging micropores in the
concrete and hence increasing the internal compactness of the concrete mix [19].
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7. Conclusions

In a general sense, the incorporation of bentonite as pozzolan appears to be an environ-
mentally friendly possibility. Technically and economically, BC presents various benefits to
be used as a cement replacement in concrete. This review highlights the current research
progress on bentonite clay in concrete. The main properties such as the physical and
chemical composition of bentonite clay, fresh properties, and harden properties of concrete
with varying doses of bentonite clay are the main focus of this review. Also, load defection
and ductility were discussed. Furthermore, the durability of concrete with varying doses
of bentonite clay was also a major concern of this review. The fundamental conclusions are
as follows:

• Physical properties of bentonite clay show that the particle nature of bentonite clay is
a rough and larger surface area than cement which negatively impacts the flowability
of concrete.

• The chemical compounds of bentonite clay shows that it has the creditability to be
utilized as a cement substitute.

• The flowability of concrete decreased with bentonite clay due to the larger surface area
of bentonite clay which needed additional mortar to cover them and thus workability
of concrete decreased.

• The fresh density was also noted to reduce with bentonite clay. The reduction in
the fresh density is due to the lower specific gravity of bentonite clay as compared
to cement.
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• A reduction in mechanical performance was noted with bentonite clay. However, the
decrease in strength was not significantly but approximately equal to the control. In
contrast, some studies claim that strength was improved with bentonite clay due to
pozzolanic reaction and micro filling voids, but more research is required in this regard.

• The load-deflection curve shows that the ductility of concrete is considerably improved
with bentonite clay.

• Increased acid resistance and decreased dry shrinkage were observed with the substi-
tution of bentonite clay instead of cement but still less studies are available on acid
resistance and dry properties of concrete with substations of bentonite clay.

8. Future Perspective/Scope of BC

Although the overall review shows that bentonite clay has the creditability to be used
as cement replacement in concrete up to some extent, less research focused on bentonite
clay to be used as cement replacement in concrete as compared to other pozzolanic mate-
rials such silica fume, fly ash, etc. Furthermore, information on the long-term durability
properties of concrete with bentonite clay is still scarce. No information is available on
the alkali-silica reaction associated with bentonite clay. Therefore, this review recom-
mends a detailed study on the durability aspects such as freezing and thawing action, dry
shrinkage properties, and risk of alkali-silica reaction. Also, no information is available
on microstructure analysis such as thermogravimetric analysis, and Fourier transforms
infrared spectroscopy (FTIR). This review recommends a detailed study on microstruc-
ture analysis. Furthermore, the review also recommends fibers into bentonite clay-based
concrete for high-strength concrete.
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Abstract: In this study, unconfined compressive strength (qu) tests were conducted to explore the
coupling effect of organic matter content (3.7%, 7.7%, 10.7%, and 13.7%) and curing temperature
(18 ◦C, 36 ◦C, 46 ◦C) on the development of early and mid-late strength of cement-solidified dredged
sludge (cement-stabilized clay, or CSC). The microstructure of the CSC containing organic matter at
different curing temperatures was also analyzed. The results show that qu of CSC decreases with
the increase in organic matter content (Co). The strength growth rate of CSC in the mid-late stage
(≥14 days) is small when Co ≥ 7.7%, and it is difficult to increase this strength growth rate even if the
curing temperature is increased up to 46 ◦C. There is a cement incorporation ratio threshold of 15%
for qu of CSC containing organic matter (Co = 7.7%), which is not affected by curing temperature;
increasing the cement incorporation ratio (to 20%) cannot increase qu significantly. The CSC with
high curing temperature has more hydration products and higher structural compactness, and it can
obtain higher qu in the early and mid-late stages. A high curing temperature can increase the early
strength growth rate and shorten the curing age for CSC containing organic matter.

Keywords: organic matter; curing temperature; cement-solidified dredged sludge; unconfined
compressive strength; microstructure

1. Introduction

More than 100 million cubic meters of dredged sludge are produced every year
in China’s coastal areas from harbor dredging, waterway widening and water quality
improvements [1–6]. Dredged sludge generally has high clay content and high water
content, due to using a cutter suction dredger. Currently, the dredged sludge is often
abandoned in cofferdams, occupying a large amount of land resources for a long time,
which leads to social conflicts and environmental pollution [7]. In order to transform
the sludge into suitable engineering materials, achieve waste utilization and sustainable
economic development, chemical solidification technology using cementitious materials
such as cement and lime is generally proposed and has been already applied in some
construction projects, such as ports, road subbases and airports [8–16].

In recent years, fluid-plastic cement-solidified dredged sludge (cement-stabilized clay,
or CSC) has been pumped into reclamation areas to form construction sites that meet a
certain mechanical strength for reclamation projects, which could solve the problem of
the shortage of resources, and it is one important way to use this waste material in large-
scale applications [17–19]. Except for the characteristics of low cement content and high
initial water content of CSC in reclamation projects [14,20], there are also the following
two distinctive features: (1) Sludge (especially for marine sediments) usually contains a
certain amount of organic matter [21–25], affecting the development of strength; (2) CSC is
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usually directly poured underwater, and the seawater temperature is used as the ambient
temperature. Taking the waters near Hainan and Guangdong provinces of China as an
example, the ambient temperature is higher than 25 ◦C for more than 6 months per year,
and the maximum temperature is 30 ◦C [26]. In addition, CSC technology usually has
a large filling volume and fast construction speed, which leads to the heat generated by
cement hydration gathering inside the CSC, making the temperature of the whole pouring
area significantly higher than the external temperature. The internal hydration heat of
large-volume CSC is high, the seawater temperature varies in different sea areas, and the
ambient temperature varies in different areas (e.g., the highest temperature recorded in
Singapore in 2017 was 35.7 ◦C) [17,27,28], all of which factors are different from those in
the curing environment of traditional CSC.

The main representative material of organic matter is humic acid [29–32], which
will adsorb on the surface of soil particles, lowering the pH value of pore water and
hindering cement hydration and pozzolanic reactions [31,33,34]. Calcium humate formed
by hydration reaction will deposit on the surface of cement particles, preventing the
formation of chemical products and soil-cement [35]. Organic matter has a large number of
functional groups, which affect the stability of the soil skeleton formed by clay particles
and hydration products [36]. Tremblay et al. [37] analyzed the influence of different organic
compounds on the strength of cement-solidified soil from the perspective of a curing
mechanism through laboratory tests and pointed out that the existence of organic matter
can seriously affect the strength development. When the pH value is less than 9.0, cement
products do not form in the presence of high sulfate content. A large number of previous
results showed that the presence of organic matter significantly reduced the strength
of cement-solidified soil [24,36,38,39]. Du et al. [24] investigated the 28-day unconfined
compressive strength with organic matter content in the range of 0–21% and found that the
strength decreased (the strength loss was increased) with the increase of organic matter
content. When the organic matter content was 21%, the strength was about 40% compared
to the solidified soil system without organic matter. However, for foundation soil rich in
organic matter (e.g., peat foundation), the unconfined compressive strength did not reach
300 kPa even when the cement content reached 30% [35]. Kang et al. [29] found that the
strength development of cement-solidified soil is controlled by both cement and humus
content. For a given humic acid content, there was a threshold cement content at which
the adverse effect of humic acid on strength development could be overcome. All these
conclusions showed that organic matter has a negative effect on cement-solidified soil, but
the effect of curing temperature was not considered in the previous studies.

Curing temperature will affect the mechanical behavior of cement-stabilized ma-
terial [40]. Concrete and mortar generally have higher early strength at higher curing
temperatures, but the long-term strength will decrease [41]. For cement stabilized sludge,
the high curing temperature can reduce the pH requirement for the pozzolanic reaction
between clay particles and Ca(OH)2, and thus the quantity of pozzolanic reactions between
the Ca(OH)2 and kaolinite is increased. High curing temperature can accelerate the ce-
ment hydration, which accumulates more strength in reinforced material, and lead to a
higher early and long-term strength. These conclusions are confirmed by the measured
data [28,42–45]. However, few studies have focused on the long-term behavior of cement-
stabilized clays at different temperatures. The important factors affecting the strength of
solidified soil (organic matter and curing temperature) have opposite effects on the strength
development of solidified soil. Current studies mainly focus on the independent influence
of a single factor on the strength behavior of solidified soil, and few studies have been
devoted to solidified dredged sludge. The coupling effect of the two factors on the strength
performance of CSC is still unclear. Thus, it is important to clarify the influence of curing
temperature and organic matter on the strength development of CSC to better use it in
industrial applications.

The unconfined compressive strength tests of CSC with different cement incorporation
ratios, initial water content, organic matter content and curing temperature are carried out
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in the laboratory. The influences of the coupling effect of organic matter and curing temper-
ature on the strength growth of CSC at the early and mid-late stages are comprehensively
evaluated. In addition, the microstructure of CSC containing organic matter is analyzed by
Scanning Electron Microscopy (SEM). This study will provide knowledge on the strength
development of large-volume underwater pouring projects using CSC as filler at different
curing temperatures.

2. Materials and Experimental Program
2.1. Materials

The dredged sludge used in this study was obtained from Huaihe River bank sediment
(located in Bengbu City, Anhui Province, China). Table 1 shows the physical properties
of dredged sludge. According to ASTM D2487, the tested sludge was a high liquid limit
clay [46]. According to the potassium dichromate method, the organic matter content
in the sludge was measured as 3.7%. Adding high-purity humic acid (HA) to soil was
the main method to prepare cement-solidified organic-containing soil [47]. Therefore, the
effect of organic matter on the strength of CSC was investigated by adding HA to the
sludge. The organic matter used is 95% pure powder HA from Jinan Luhui Chemical Co.,
Ltd. (Jinan, Shandong Province, China). The cement used in this study (P.S.A 32.5) is
mainly composed of 49% Portland cement, 39% slag, and 7% fly ash, which is provided by
Zhucheng Yangchun Cement Co., Ltd. (Weifang, Shandong Province, China). The physical
and chemical properties of cement are shown in Table 2.

Table 1. Physical properties of dredged sludge.

Soil
Type

Natural Water
Content (%)

Organic Matter
Content (%)

Plastic
Limit (%)

Liquid Limit
wL (%)

Specific
Gravity

Clay (≤0.002
mm) (%)

Sand (≥0.06
mm) (%)

Dredged
sludge 73.9 3.7 26.9 58.8 2.7 35.0 4.4

Table 2. Physical properties and chemical properties of cement used in this study.

Physical Index Measured Value

Fineness 0.08 mm sieve residue (%) 2.6
Initial setting time (min) 226
Final setting time (min) 317

Standard consistency (%) 31.80
Chemical composition Measured value

Sulphur trioxide SO3(%) 2.30
Magnesium oxide MgO (%) 3.45

Slag (%) 39.0
Fly ash (%) 7.0

Chloride (%) 0.038
Gypsum (%) 5.0

2.2. Test Scheme

In the practical engineering of CSC, the cement incorporation ratio Aw is usually
10–20% [48]. According to the different organic matter contents present in the sludge from
different regions and the solidification test of the organic matter reported in the sludge [21–24],
the corresponding organic matter contents used in this study were chosen as 3.7%, 7.7%,
10.7% and 13.7%, respectively. Since the organic matter content (Co) of the original sludge
is 3.7%, the amount of HA added (CHA) is 0%, 4%, 7% and 10%, respectively [24]. The
curing temperature range of the existing research ranges from 10 to 50 ◦C [49,50], so 18 ◦C,
36 ◦C and 46 ◦C are selected as the curing temperatures in this study.

To investigate the effects of initial water content w, cement incorporation ratio Aw,
and organic matter content Co on strength, the mixture conducted in this study is shown
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in Table 3. The CSC samples designed with the above different mixing ratios were cured
at three curing temperatures (T = 18 ◦C, 36 ◦C, 46 ◦C), and the curing ages used were 3, 7,
14, 28, and 60 days, respectively. About 480 samples of different mixes were evaluated in
this study. Each group has two parallel samples, and the average value is presented in the
results and discussion section.

Table 3. Test scheme used in this study.

Series Cement Incorporation
Ratio Aw (%)

Water Content w
(times wL)

Organic Matter
Content Co (%)

Curing Temperature
(◦C) Curing Age (d)

1 15 1.50 3.7 18, 36, 46 3, 7, 14, 28, 60
2 15 1.50 7.7 18, 36, 46 3, 7, 14, 28, 60
3 15 1.50 10.7 18, 36, 46 3, 7, 14, 28, 60
4 15 1.50 13.7 18, 36, 46 3, 7, 14, 28, 60
5 10 1.50 7.7 18, 36, 46 3, 7, 14, 28, 60
6 13 1.50 7.7 18, 36, 46 3, 7, 14, 28, 60
7 20 1.50 7.7 18, 36, 46 3, 7, 14, 28, 60
8 15 1.75 7.7 18, 36, 46 3, 7, 14, 28, 60
9 15 2.00 7.7 18, 36, 46 3, 7, 14, 28, 60
10 15 2.25 7.7 18, 36, 46 3, 7, 14, 28, 60

The dosage of each material (e.g., cement, HA, water) was calculated based on the
experimental design of each mixing ratio. Powdered HA and purified water were added
to the sludge, then they were mechanically stirred until homogenous states were reached.
A proper amount of cement was added to the sludge-HA-water mixture and mixed for
6–8 min. The well-mixed cement-sludge-HA-water mixture was poured in three layers
into a cylindrical PVC mold (ϕ × h = 4 cm × 8 cm) which was evenly coated with Vaseline.
In order to eliminate the influence of bubbles, each layer of the mixture was poured and
vibrated on a shaking table for 30 s. The molds were stored in the standard curing box and
demolded after 6 h. The demolded samples were stored in the curing tank by adjusting
the different curing temperatures. After a specific curing age, the unconfined compressive
strength test was carried out. The strength of CSC was measured by using a YYW-II strain
controlled unconfined compression gauge, and the data were collected by a TMR-200
multi-data acquisition system. Scanning electron microscopy (SEM) was used to examine
the sections of the fractured specimens after 60 days of curing. For SEM tests, the images
were taken with a Zeiss EVO 18 at a magnification of 2000 to 20,000. In order to get a more
ideal solid section, the broken sample was knocked open and small pieces with flat surfaces
were selected from the center. Before the SEM test, the sample was soaked in anhydrous
alcohol and then dried at a low temperature for 8 h. To prevent charge accumulation on the
sample surface, a layer of conductive adhesive was sprayed onto the observation sample.
Finally, the sample was placed on the holder, and the flat part of the sample was selected
for the SEM observation.

3. Results and Discussion
3.1. Influences of Cement Incorporation Ratio and Water Content on the Unconfined
Compressive Strength

Figure 1 shows the relationship between unconfined compressive strength qu and
cement incorporation ratio Aw of CSC. For a given water content, the qu of CSC at each
curing age increases with the increase of Aw. The increasing trend of qu with Aw of CSC
at different curing ages is different. The qu of CSC with 3 d, 7 d and 14 d curing ages
increases linearly with the increase of Aw, while the qu of CSC with 28 d and 60 d curing
ages increases nonlinearly with Aw. The strength growth rate can be obtained by taking the
derivative of the fitting formula of the qu-Aw curve at different ages. The strength growth
rate of 3 d, 7 d and 14 d increases with the increase of curing age. For the samples at 28 d
and 60 d, the strength growth rate of CSC gradually decreases with the increase of Aw.
When Aw is less than 15%, the longer the curing age and the greater the strength growth
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rate. However, when Aw is greater than 15%, the strength growth trend of 28 d and 60 d
becomes slower, even lower than the strength growth rate of 7 d and 14 d.

Figure 1. Relationship of qu-Aw (T = 18 ◦C, w = 1.5 wL, Co = 3.7%).

Figure 2 shows the variation of qu as a function of the initial water content w of CSC
at different curing ages. For a given cement content, the strength of solidified sludge
decreases nonlinearly with the increase of w. Combined with the change law of qu with
Aw analyzed above, qu increases and decreases nonlinearly with the increase of Aw and w,
respectively, which is consistent with the previous research results [51]. In CSC, cement
hydration products are mainly calcium silicate hydrate (CSH) and calcium hydroxide
(Ca(OH)2), which contribute to the strength development. The initial water content is high
in the solidified sludge samples (minimum 1.5 wL), and the samples are in a saturated state
during the curing process. When the initial water content increases, the corresponding
water distribution in the pores of soil particles and cementation products increases, which
leads to a decrease of the interaction between particle clusters.

Figure 2. Relationship of qu-w/wL (T = 18 ◦C, Aw = 15%, Co = 3.7%).

3.2. Influence of Organic Matter Content on the Unconfined Compressive Strength

Figure 3 shows the variation of unconfined compressive strength as a function of
organic matter content Co of solidified sludge at different temperatures and curing ages. In
general, the influence of Co on the qu at each curing age is negative. When Co is between
3.7% and 13.7%, qu decreases with the increase of Co. When the curing age exceeds 14 days,
qu decreases significantly when Co is less than 7.7%, and the reduction trend of qu slows
down when Co is greater than 7.7%.
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Figure 3. Relationship of qu-Co at different temperatures: (a) T = 18 ◦C; (b) T = 36 ◦C; (c) T = 46 ◦C.

For a given curing temperature, the strength of CSC mixed with a certain amount of
organic matter increases in different ranges with the curing age. When Co is larger than
7.7%, the growth range of qu in the mid-late stage is limited. When the curing temperature
rises, the increase of the strength of CSC in the mid-late stage is very small. At the curing
temperature of 46 ◦C, the qu of CSC after 28d with a Co of 7.7%, 10.7% and 13.7% are 664,
640 and 580 kPa, respectively, while the qu of CSC after 60d with a Co of 13.7% is 590 kPa,
which is only 10 kPa higher than that of qu at 28d. It shows that the strength of CSC at high
curing temperature and high organic matter content does not increase in the mid-late stage.
Organic matter affects the strength growth of CSC in the mid-late stage, and high curing
temperature will further aggravate the effect.

In order to quantitatively compare the effect of adding amount of HA on the strength
development of CSC, the retention coefficient of strength is defined as RCT = qu,ct/qu,t
where qu,ct and qu,t are the unconfined compressive strengths of CSC with and without HA
at a certain curing temperature and age, respectively. Figure 4 shows the development law
of RCT with the added amount of HA (CHA). For a given curing temperature, the change
of RCT with CHA shows a similar tread to the qu-Co curve of CSC, i.e., RCT decreases with
the increase of CHA (seen in Figure 4a). The longer the curing age, the more obvious is
the reduction of RCT. The RCT values of 7 d, 28 d and 60 d curing ages with CHA = 7%
are 0.81, 0.72 and 0.66, respectively, which indicate that the effect of organic matter on
the strength of CSC in the mid-late stage is greater than that in the early stage. In the
alkaline environment of cement hydration, humic acid will exchange ions with calcium,
magnesium, iron, aluminum and other metal ions, resulting in the reduction of hydroxide
ion OH− in pores of CSC, which makes it difficult to excite the pozzolanic reaction. Thus,
the mid- and late-stage strength growth of CSC is greatly reduced [38,52].

Figure 4. Relationship of RCT-CHA: (a) T = 18 ◦C; (b) 7 d, 28 d curing age; (c) 14 d, 60 d curing age.
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In addition, Figure 4b,c shows that, for a given Co (or CHA) and curing age, the RCT
values at different curing temperatures are similar, which indicates that the reduction
degree of organic matter on the strength of CSC is not affected by the temperature. When
predicting the strength of CSC in practical projects, the independent variables Co and
T corresponding to organic matter content and curing temperature can be considered,
respectively [43].

Figure 5 shows the variation of unconfined compressive strength with cement incor-
poration content at different temperatures when organic matter content is 7.7%. When
Aw is not larger than 15%, the qu-Aw curve of CSC with added HA shows an increasing
trend, which is similar to that of CSC with CHA = 0%. However, when Aw is greater than
15%, the qu-Aw curve stops growing. This indicates that for organic-containing sludge,
there is a cement incorporation ratio threshold, which is not affected by temperature, and
when Aw is greater than this threshold, the increase of Aw does not increase its qu sig-
nificantly. The hyperbolic model is commonly used to predict the change of unconfined
compressive strength with curing age. However, due to the existence of the Aw threshold
in organic-containing sludge, there will be a large error if the model is still used to predict
the strength growth.

Figure 5. Relationship of qu-Aw with Co = 7.7% at different T. (a) T = 18 ◦C; (b) T = 36 ◦C; (c) T =
46 ◦C.

Figure 6 shows SEM images with different CHA. Compared with the CSC without
HA (CHA = 0%), the sample with HA (CHA = 4%) shows a lower density. Although the
pore size of the sample doped with HA (CHA = 4%) is relatively high, hydration products
can also be observed around the clay particles, which are mutually cemented with the soil
particles and improve the strength of CSC. However, with the increase of organic matter
content (CHA = 7%), the needle-like CSH in the SEM image of CSC is almost not observed.
In addition, the structure is relatively loose (the porosity is relatively high), and so the
strength of the sample is low. This may be due to the acid produced by organic matter
consuming a large amount of Ca(OH)2 in cement hydration products, which leads to the
decrease of pozzolanic reaction. The hydrate products such as CSH and calcium aluminate
hydrate (CAH) are decreased, which can reduce the strength of the specimens.

3.3. Influence of Curing Temperature on the Unconfined Compressive Strength

Figure 7 shows the strength development of solidified sludge containing organic
matter at different temperatures. For a given mix ratio and curing age, the samples at higher
curing temperatures can always obtain higher qu in the early and mid-late stages, indicating
that curing temperature can improve the strength of CSC. The increasing polymerization
rate of silicate products and the formation of denser cementitious products are the main
reasons for the early strength increase. The higher curing temperature is conducive to
the dissociation of silicate and aluminate, which makes more Ca(OH)2 participate in the
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pozzolanic reaction and produces more strengthening products, thus further increasing the
strength in the mid-late stage [42].

Figure 6. SEM images at different CHA (at a magnification of 20K): (a) CHA = 0%; (b) CHA = 4%;
(c) CHA = 7%.

Figure 7. Relationship of qu-t at different CHA. (a) CHA = 0%; (b) CHA = 4%; (c) CHA = 7%; (d) CHA = 10%.

The strength ratio is defined as the ratio of the strength at different ages to the strength
at 60 d age. The addition of HA can affect the development of curve shape and strength.
Without adding HA, the strength of CSC at 7 d age can reach 50% of the compressive
strength at 60 d age, while the strength at 14 d age can reach 80% of that at 60d age, and
qu increases with curing age. The strength ratios at 7 d and 14 d of CSC mixed with HA
are higher than those without HA at the same age and curing temperature, indicating that
organic matter increases the strength growth rate at the early stage of CSC. At the same
curing age, the strength ratio of CSC with different organic matter content increases with
the increase of curing temperature. When the curing temperature is 46 ◦C, the 14 d strength
ratios are more than 95%, indicating that the curing age of the CSC containing organic
matter can be greatly shortened by increasing the curing temperature.
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In order to explain the effect of temperature on the strength of CSC, SEM tests were
carried out on 60-day specimens with CHA = 4%. Figures 8 and 9 show SEM images of CSC
at 18 ◦C, 36 ◦C and 46 ◦C, respectively. The soil structure of solidified sludge samples at
18 ◦C has the worst compactness at lower magnification (2K), and large intergranular voids
can be observed. With the increase in temperature, the samples show fewer voids and
higher compactness. Using a higher magnification (20K), the bonding materials between the
soil particles—calcium silicate hydrate CSH and calcium hydroxide CH—can be observed,
specifically as aggregates of elongated spicules and anchor sheets. The samples at 18 ◦C
show the lowest amount of fine gel or mesh products in the soil-cement body. In the 36 ◦C
samples, a higher density network structure can be observed, indicating that a large amount
of solidified soil is formed in the CSC. In the 46 ◦C samples, most of the soil particles are
observed to be covered with fine gel-like reinforcing material with only a few unfilled pores.
Bi and Chian (2021) found through XRD patterns that the hydration products were mainly
Ca(OH)2 and CSH. At a lower curing temperature (less than 23 ◦C), the content of Ca(OH)2
in the solidification products was high. However, at a higher curing temperature (48 ◦C),
Ca(OH)2 was consumed by the pozzolanic reaction with silicate SiO2 and aluminate Al2O3
in soil minerals [28]. The high curing temperature reduces the pH requirement for the
pozzolanic reaction to occur [42]. The increase of curing temperature accelerates cement
hydration and increases the amount of pozzolanic reactions between Ca(OH)2 and clay
minerals, both of which can produce strength-reinforced CSH material. As can be seen from
Figure 9, with the increase of temperature, the amount of CSH increases. The observed
positive relationship between the amount of binding material and curing temperature is
consistent with the relationship observed by other studies [28]. In addition, in the case of
relatively low cement content, a cement particle is likely to be surrounded by multiple clay
particles; cement hydration products will more easily bond with clay particles and make
reinforcement materials (such as CSH) distribute evenly [28], giving the CSC high strength
at high curing temperatures.

Figure 8. SEM images at different curing temperatures (at a magnification of 2K): (a) T = 18 ◦C;
(b) T = 36 ◦C; (c) T = 46 ◦C.

Figure 9. SEM images at different curing temperatures (at a magnification of 20K): (a) T = 18 ◦C;
(b) T = 36 ◦C; (c) T = 46 ◦C.
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4. Conclusions

In this study, the influences of organic matter content and curing temperature on the
strength evolution of cement-solidified sludge are investigated by conducting unconfined
compressive strength tests of CSC with different mixing ratios. The main conclusions are
as follows:

(1) The unconfined compressive strength qu increases with the increase of cement in-
corporation ratio Aw and decreases with the increase of water content w. When the
organic matter content Co is 7.7%, there is the same threshold of Aw (15%) in the CSC
at different temperatures. When Aw is greater than the threshold, the increase of Aw
value (to 20%) does not increase the qu at different curing ages significantly.

(2) The overall effect of organic matter content on the qu of CSC is negative. Organic
matter reduces the strength growth of CSC in the mid-late stage, but it increases the
strength growth rate of CSC in the early stage, and high curing temperature will
further aggravate this effect.

(3) The retention coefficient of strength value RCT decreases with the increase of CHA,
and the longer the curing age, the more obvious the reduction of RCT. The effect of
organic matter on the qu of CSC in the mid-late stage is greater than in the early stage.

(4) The high curing temperature can improve the unconfined compressive strength in
the early and mid-late stages of CSC, which can accelerate the formation of hydration
products, improve the structural compactness, and greatly shorten the curing age of
cement-solidified dredged sludge. This study will provide knowledge on the strength
development of large-volume underwater pouring projects using CSC as filler in
different curing temperatures.
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