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Abstract: Cement and lime currently are the most common binders in building materials. However,
alternative materials and methods are needed to overcome the functional limitations and environ-
mental footprint of conventional products. This Special Issue is entirely dedicated to “New frontiers
in cementitious and lime-based materials and composites” and gathers selected reviews and experi-
mental articles that showcase the most recent trends in this multidisciplinary field. Authoritative
contributions from all around the world provide important insights into all areas of research related
to cementitious and lime-based materials and composites, spanning from structural engineering to
geotechnics, including materials science and processing technology. This topical cross-disciplinary
collection is intended to foster innovation and help researchers and developers to identify new
solutions for a more sustainable and functional built environment.

Keywords: cement; lime; sustainable materials; fibre-reinforced composite; recycled aggregates

Cement and lime have been the predominant binders in the construction sector since
ancient times, owing to their worldwide abundance, affordability, and well-established
physical and mechanical performance. By tuning the relative amounts of binders with
aggregates, water, and additives, a variety of conglomerates can be designed to address
specific service requirements. Cement and lime-based conglomerates range from fine-
grained mortars for plasters to structural concrete with or without fibre reinforcement for
buildings, bridges, tunnels, pavements, girders, precast members, walls, screeds, etc.

Prompted by the necessity of developing smart and reliable infrastructures and more
energy-efficient urbanised areas, new frontiers are opening to identify viable materials and
methods with the inclusion of industrial by-products, alternative aggregates, and natural
reinforcements [1]. The partial or total replacement of conventional cement and virgin
mineral aggregates is pivotal to reducing the environmental issues and carbon footprint of
customary conglomerates, since the conventional manufacturing chain is known to require
a substantial amount of energy and resources. Further, intensive investigation is under-way
to formulate novel inorganic composite materials for lightweight precast elements and for
strengthening laminates, which are expected to transform present-day approaches to the
preservation and restoration of historical buildings and architectural heritage [2–4]. As new
materials with embedded functionalities are being proposed every day, scientists gain a
deeper understanding of the relationship existing between composition, manufacturing,
and in-service behaviour of cementitious and lime-based materials and composites.

This Special Issue aims to shed light on the latest research outcomes in this multidisci-
plinary field, spanning through the vast areas of structural, geotechnical, and environmental
engineering, mineralogy and materials science, nanotechnology, fibre and textile technology,
and design criteria. The high-quality peer-reviewed contributions gathered in this Special
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Issue include both experimental papers, which discuss lab-based activities and/or theoreti-
cal modelling, as well as review articles that extensively analyse the state-of-the-art within
specific fields of interest. The topics covered in this Special Issue include fibre-reinforced
composites (e.g., textile-reinforced mortar/concrete (TRM/TRC) [5,6] and fibre-reinforced
concrete (FRC) [7,8]), sustainable cementitious conglomerates where the ordinary Portland
cement (OPC) binder is replaced by recycled by-products [9] (silica fume, kiln ashes, bio-
char, slag, biomass ashes, geopolymers, alkali-activated concrete, etc.), with the possible
implementation of self-healing properties. In addition, studies regarding the incorporation
of recycled aggregates providing concrete with increased eco-compatibility and additional
functional properties, such as thermal and acoustic insulation, are also presented [10,11].
Moreover, durability is a key issue, especially for emerging materials whose behaviour in
the long run is still unknown. Long-term stability is still the subject of debate for some of
the recycled constituents, such as plastic fibres coming from low-grade sources, and also
for composite systems in which the unoptimised interphase between the reinforcement
and the surrounding inorganic matrix may represent the weakest link [12,13]. Reliability
becomes critical in harsh environmental conditions, e.g., in coastal areas or underground
applications [14]. Therefore, updated guidelines are sought to regulate the safe usage of
these structural materials.

In this Special Issue, readers will find a wealth of information regarding existing
literature and emerging research in all areas of cementitious and lime-based materials and
composites, as summarised in the following paragraphs.

• Glass-fibre reinforced cement (GRC) panels may be superimposed on existing pre-
cast concrete (PC) walls for decorative and structural purposes. However, the GRC
layer is likely to crack and break off as a consequence of the different shrinkage that
GRC and PC experience due to changes in temperature and humidity, especially in
outdoor settings. As proven by Chen et al. [15], adjusting the formulation of the
GRC is key to reducing the shrinkage mismatch, with the addition of rubber pow-
der, expanding agent, and metakaolin being advantageous to minimise the internal
porosity and improve the compactness of the mortar structure. Additionally, a smooth
GRC-PC interface is is useful for increasing the crack resistance as compared to a
rough interface;

• In principle, the addition of end-of-life tyre (ELT) rubber can improve the mechanical
properties of concrete, thus offering a viable approach to valorising this type of
waste material. Nonetheless, the actual reinforcing effect is often undermined by the
weak cementitious matrix–rubber interaction. The contribution by García et al. [16]
compares different surface treatments aimed at improving the performance of concrete–
ELT rubber composites. The experimental outcomes identify hydration as the most
favourable treatment, as it makes it possible to add up to 5% ELT rubber (with respect
to the aggregate weight) without compromising the design strength. The adoption of
a pozzolanic Portland cement, with local (Chilean) fly ash waste, also contributes to
these promising results;

• The paper by Li et al. [17] investigates the structural behaviour of concrete joints,
where an on-site cast concrete element is jointed with a precast wall. An extensive
experimental activity accounts for the role played by (i) the strength grade of the
concrete mixtures, (ii) the interface between precast and on-site cast concrete elements,
and (iii) the storage time for the precast element. Remarkably, it is observed that the
mechanical behaviour of the joints benefits from the higher strength of the on-site cast
concrete. Moreover, interface roughness is beneficial to the mechanical behaviour of
the whole joint. The paper is mainly centred on structural issues and provides some
interesting design inputs that can be successfully implemented in the practice;

• The contribution by Yao et al. [18] presents an experimental research on hybrid fibre-
reinforced concrete specifically designed to manufacture vertical shafts, which are
frequently found in coal mining to create the load-bearing structure of tunnels for the
movement of operators, ventilation, and drainage. As expected, these structural ele-
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ments are exposed to extremely harsh environmental conditions, which may represent
a challenge for the adoption of newly designed composite materials. For this reason,
the paper by Yao et al. [18] thoroughly investigates the long-term performance of a
new cement-based composite system based on the synergistic interaction of polyvinyl
alcohol and polypropylene-steel hybrid fibres. It is found that the combination of
these two kinds of fibres enhances the impermeability of the wall, thus bringing in
superior resistance to corrosion and freeze-thaw cycles;

• Al-Ameri et al. [19] discuss the residual strength to impact of concrete subjected to ther-
mal ageing. This topic is of particular interest because the greatest part of the available
literature elaborates on the resistance of concrete to fire and heat, whereas just a few
papers address the resistance to high-rate loading, i.e., blast or impact. These loading
conditions may be regarded as extraordinary, nonetheless the vulnerability of struc-
tures to dynamic loading is dramatically brought to light when disastrous events occur.
Remarkably, according to the experimental work conducted by Al-Ameri et al. [19],
thermal ageing has a deleterious effect on the capacity of concrete to withstand impact
loading, especially for temperatures higher than 100 °C, as a consequence of the weight
loss experienced by the conglomerate;

• The review by Almajed et al. [20] provides a detailed summary of the existing tech-
niques for soil bio-stabilisation. As opposed to chemical and mechanical methods,
bio-stabilisation techniques use either bacteria or enzymes to induce calcite precipita-
tion and, hence, to bind and consolidate the soil grains. Bio-stabilisation is environ-
mentally friendly, sustainable, and conducive to remediation of soil contamination. In
addition to a survey of the published literature, the paper details practical guidelines
for implementing different bio-stabilisation strategies in the field, according to specific
site conditions;

• Pertaining to the geotechnical field, the review paper by Gudla et al. [21] explores
the viability of granite dust as a soil stabiliser. Although granite dust comes from the
processing of natural aggregates, disposing of this kind of industrial by-product is
particularly challenging and poses severe issues for the environment. In addition, the
pros and cons of using granite dust are thoroughly discussed, alongside some specific
technological aspects, such as the interaction with weak soils and the choice of the
optimal dosage in different applications;

• Song et al. [22] investigate the variability of the mechanical behaviour of coastal
cemented soil for foundations as a result of the addition of iron tailings and nano-
silica. Since nano-silica establishes a stable bond with clay, the addition of small
amounts of nano-silica is sufficient to sharply increase the mechanical properties of
cemented soils. On the other hand, the addition of iron tailings up to 20% improves
the strength and stiffness of cemented soils. However, if the filler loading exceeds
the 20% critical threshold, the material becomes extremely porous, with detrimental
effects on the mechanical strength. This experimental study is particularly useful to
foster understanding on how coastal cemented soils may attain satisfactory properties
for real-scale applications;

• Zhang et al. [23] focus their attention on high-strength concrete and give an insight into
its complex constitutive relations and failure behaviour under different stress states,
both experimentally and numerically. Firstly, Zhang et al. [23] conduct conventional
triaxial compressive tests on different high-strength concrete samples, and analyse
the failure modes as a function of the applied confining pressure. Secondly, the
experimental findings are discussed according to a statistical damage constitutive
model based on the thermodynamic theory. The model accurately captures the stress-
strain response of the tested samples and proves to be a useful tool to describe the
performance of high-strength concrete;

• The substitution of natural coarse aggregates (NCAs) with recycled concrete aggre-
gates (RCAs) in building materials represents a potential solution to improving the
sustainability of the construction industry. Makul et al. [24] examine the state of the
art on this subject and thoroughly analyse the performance of the composite material
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as a function of source, type, or chemical and physical characteristics of the RCAs, as
well as composition of the mixture, water content, curing conditions, and several other
parameters. Makul et al. [24] also outline the open issues and future research that must
be carried out to optimize the design of “green” composites. In conclusion, RCAs
are a valuable resource that can be safely employed in traditional concrete, but their
uptake to produce high-performance structural concrete, which must meet stringent
mechanical standards, still requires additional efforts;

• As demonstrated by Vasovic et al. [25], the addition of cement to lime mortar makes it
possible to effectively protect the cultural heritage, speeds up the restoration process,
improves the materials’ compatibility, and enhances the mechanical properties of mor-
tar. Interestingly, Vasovic et al. [25] report that the presence of 20 wt% white Portland
cement to replace lime and the reduction in the water-to-binder ratio, in combina-
tion with the incorporation of an air-entraining agent in air lime mortar, increase the
strength of mortar without influencing the permeability. However, further research is
sought to optimize the exact replacement of lime, evaluate the microstructural changes,
and identify the compatibility of the blended cement-lime mortar in the masonry unit;

• Considering the climate emergence and and the increasing need to develop new cemen-
titious materials, Landa-Ruiz et al. [26] put forward an interesting technical solution
that uses sugarcane bagasse ash (SCBA) in combination with silica fume (SF) for the
partial replacement of cement. Since several factors are relevant for developing new
binder materials as an effective alternative to Portland cement, Landa-Ruiz et al. [26]
consider three different variables, namely, (i) physical, mechanical, and durability
properties of the concretes; (ii) CO2 emissions; and (iii) recycling of waste materials.
The use of eco-friendly ternary blend concretes prepared with 50% SCBA and SF
leads to a resistance of 20.09 MPa at 180 days, significantly reduces the CO2 emissions
caused by Portland cement, and promotes a culture of waste recycling;

• Concrete cracking is an inevitable phenomenon and incorporating autogenous healing
capability is a new branch of science that offers endless research scope. Luo et al. [27]
consider the self-healing capacity of concrete prepared using several supplementary
cementitious materials, such as fly ash (FA) and blast furnace slag (BFS), and cured
in different conditions, reporting that the highest self-healing efficiency is found for
water-incubated specimens. Additionally, BFS-based concrete shows better healing
efficiency than FA-based concrete. The microstructural analysis demonstrates that
the prime healing product, with and without supplementary cementitious materials,
is micron-sized calcite crystals with a typical rhombohedral morphology. However,
in-depth analysis is still needed to clarify the complete self-healing process.
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Abstract: Recycled concrete aggregates (RCA) are used in existing green building composites to
promote the environmental preservation of natural coarse aggregates (NCA). Besides, the use of
RCA leads to potential solutions to the social and economic problems caused by concrete waste. It is
found that insufficient information on the longevity and sustainability of RCA production is a serious
issue that requires close attention due to its impact on changing aspects of the sector. However,
more attention has been paid to explaining the effect of RCA on concrete durability, as well as the
properties of fresh and hardened concrete. Therefore, this study aims to provide a critical review on
the RCAs for the production of high-performances concrete structures. It begins by reviewing the
source, originality, types, prediction of service life, features and properties of RCA, as well as the
effect of RCA on concrete performance. In addition, this literature review summarizes the research
findings to produce complete insights into the potential applications of RCA as raw, renewable, and
sustainable building materials for producing greener concrete composite towards industrializing
ecofriendly buildings today. Further, it has also highlighted the differences in the current state of
knowledge between RCAs and NCAs, and offers several future research suggestions. Through
this critical and analytical study, it can be said that RCA has the possible use in the production of
high-performance structural concrete depending on the source and type of recycled aggregate while
the RCA can be used widely and safely to produce traditional green concrete.

Keywords: durability; hardened properties; green composite; fresh properties; recycled concrete
aggregates; natural coarse aggregates

1. Introduction

One of the most Sustainable development is now a major development challenge
for the entire world and has become the guiding standard for the construction sector [1].
Technological progress in the production of concrete and reinforced concrete requires
additional sources of raw materials, in particular, the use of high-quality aggregates [2].

Crystals 2021, 11, 232. https://doi.org/10.3390/cryst11030232 https://www.mdpi.com/journal/crystals
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The implementation of this problem is impeded by the constantly growing shortage of
mineral and energy resources, as well as environmental requirements for environmental
protection [3]. Therefore, at present, the task is to comprehensively use the deposits of
low-quality raw materials and waste from related industries [4].

Reusing and recycling concrete waste can be a successful strategy for achieving
sustainability along the way [5]. Waste concrete is collected and crushed and then used
in structural concrete, in which it replaces natural coarse aggregates (NCA) [6]. Many
administrations worldwide have introduced various control measures to minimize the use
of virgin aggregate and improve the recycling of concrete waste for reuse as materials when
environmentally, technically, and economically acceptable [7]. Environmental problems
are known to be exacerbated by rising landfill fees and land scarcity. The use of concrete
waste in sustainable development can alleviate such problems [8]. However, it has been
observed that most concrete plants were reluctant to produce recycled concrete aggregates
(RCAs) and make full use of them [9]. Manufacturing plants have not yet mastered RCA’s
use, not only due to its unclear characteristics for concrete but also due to unexplored
manufacturing processes, which, however, have yet to be determined [10]. It has been
observed that most concrete batching plants are hesitant to manufacture and use RCA at
their optimum [11]. However, it has become necessary to study this problem.

As a result of human-made and natural anomalies occurring on the Earth, there are
many destroyed cities, settlements, and houses (see Figure 1 that shows the process of
destroyed buildings wastes production as RCAs). The question is how to rebuild these
cities and how to use parts of the destroyed buildings and structures [12]. One of the ways
is to take everything out to relatively low forms of the earth’s surface, store it, cover it with
soil, plant a forest on top, produce new building materials and from them rebuild cities
and settlements [13].

Figure 1. Process of destroyed buildings wastes production as RCAs.
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But this is a very expensive undertaking [5]. The second way out of this situation is the
use of fragments of destroyed buildings and structures to create building materials, using
which to repair and build new buildings and structures in place of the destroyed ones [14].
Demolition of old buildings and construction of new ones is common practice due to
natural disasters, expansion of traffic routes, urban redevelopment, structural destruction
and change of purpose [15]. In the European Union, about 850 tons of construction waste
is generated annually, which is about 30% of the total waste [16]. Debris from demolition
alone is about 123 tons annually in the United States [17].

Huge concrete waste is generated during the demolition of old buildings; then, it
is most often disposed of in landfills, which poses significant health risks and damages
the environment [18]. More than forty years ago, research began on the characteristics
of RCA [19]. In the past, most of the research carried out was mainly limited to the
production of unstructured concrete due to the deleterious physical properties of RCA,
for example, high water absorption, which increases the need for water for a certain
workability (Table 1) [20–22].

Insufficient information on the longevity and sustainability of RCA production is a
serious issue that requires close attention due to its impact on changing aspects of the
sector [23]. It is unknown whether the manufacturing, quality control, and production costs
in standard RCA manufacturing industries outweigh the benefits from RCAs purchased as
concrete components at a lower cost than natural concrete aggregates [24]. One explanation
for the slow acceptability of production for RCA production is the already existing plants
for the production of bulk ready-mixed concrete [25].

However, the current models, in which RCA increasingly replaces NCA in various
structural designs, have gradually gained in importance for specific reasons [26]. For
example, RCA manufacturing provides sustainability for concrete waste and encourages
recycling rather than landfill [27]. In addition, it focuses on the lack of natural aggregates,
minimizes the need for them, and ultimately allows the preservation of the NCA natural
aggregates mined in the open pit [28]. Despite the cost, these and many other benefits
have led to increased interest in manufacturing and using RCA in design [29,30]. It is
found that insufficient information on the longevity and sustainability of RCA production
is a serious issue that requires close attention due to its impact on changing aspects of
the sector. Therefore, this study aims to provide a critical overview on the RCAs for
the production of high-performances concrete structures. This study reviews the source,
originality, types, service life prediction, features and properties of RCA. However, more
attention has been paid to explaining the effect of RCA on concrete durability, as well as the
properties of fresh and hardened concretes. In addition, this literature review summarizes
the research findings to produce complete insights into the potential applications of RCA
as raw, renewable and sustainable building materials for producing greener concrete
composite towards industrializing ecofriendly buildings today. The paper evaluates high
performance concrete structures that favor RCA’s manufacturing activities rather than
natural materials [31,32]. Therefore, it has also been highlighted the differences in the
current state of knowledge between RCAs and NCAs, and offers some suggestions for
future research.
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Table 1. Approval criteria about RCAs.

Country Standard
Criterion of Oven-Dry

Density (kg/m3)
RCA Type

Absorption Ratio of the
Criterion of Aggregate (%)

Refs.

Australia AS1141.6.2
≥2100 Class 1A ≤6

[33]≥1800 Class 1B ≤8

Germany DIN 4226-100

≥1500 Type 1 No limit

[34]
≥1800 Type 2 ≤20
≥2000 Type 3 ≤15
≥2000 Type 4 ≤10

Hong Kong Works Bureau of
Hong Kong ≥2000 HK, 2000 ≤10 [34]

Japan JIS A 5021, 5022
and 5023

≥2500 Fine-Class H ≤3.5

[35]

≥2200 Fine-Class M ≤7
≥2300 Coarse-Class M ≤5
≥2500 Coarse-Class H ≤3

No limit Fine-Class L ≤13
No limit Coarse-Class L ≤7

Korea KS F 2573
≥2200 Fine ≤5

[36]≥2500 Coarse ≤3

International RILEM
≥2000 Type 2 ≤10

[37]≥1500 Type 1 ≤20
≥2000 - ≤5

Spain EHE ≥2500 Type 3 ≤3 [38]

2. Source and Originality of RCA

RCA originate from the Portland cement concrete demolition. Aggregate pieces can be
expected to vary considerably, given that the original concrete could be weathered or fresh,
loose or dense, weak or strong [39]. In the process of crushing, agglomerates of concrete
aggregate with adhered mortar are formed [40]. Typically, these agglomerations are less
efficient than angles units [41]. Fines are also formed from crushed concrete [42].

The aggregates form a concrete frame. Aggregates often take up about seventy percent
of the total volume of concrete [43]. A large percentage of the number of these aggregates
is mainly a coarse aggregate [44]. However, in the construction sector, the demand for
coarse aggregate is enormous [45]. The growing extraction of raw materials from natural
resources is essential to meet these high demands [46]. The ever-increasing use of natural
large aggregates creates an ecological imbalance [47]. Therefore, the use of alternative
raw materials is essential in the construction industry [48]. The use of RCA derived
from demolished concrete buildings is one approach to achieving this goal [49]. The
use of reclaimed concrete materials in structures minimizes the need for natural coarse
aggregate [50]. In turn, this minimizes the negative environmental impacts due to natural
aggregate recovery [51]. Rising landfill costs and NCA shortages have also contributed
to the use of RCA in concrete [52]. In addition, the increased distances between the
construction site and the NCA quality source have forced contractors to consider replacing
the NCA with RCA [53]

The use of RCA in high performance and high strength structural concrete is possible
due to proper quality control and mixing, and the addition of pozzolanic additives. It has
been noted that poverty imposes specific constraints that lead to delays and sometimes a
lack of programs to carry out various engineering processes [54]. Cost issues are limited by
the difficulty of implementing environmentally friendly and sufficient, safe solutions such
as aggregate recycling. In particular, front-loading and top-hopper industries can be used
to reduce additional RCA costs [55]. However, pricing and the supply and demand aspects
of recycled materials pose various challenges that are rarely considered.

In addition, it is necessary to carefully study the characteristics of concrete with
each type of RCA [56]. In particular, the strength of concrete is influenced by various
elements such as the replacement rate, moisture content, RCA type, and water-to-cement
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ratio [57]. Unlike natural aggregates, RCA generally has a higher water absorption, which
can significantly affect concrete properties, especially workability [58]. In addition, concrete
with drier RCA had a higher slump and more rapid slump flow than water-saturated
concrete [59]. It is clear that the strengths for completely replacing fine aggregate increase
over time, and blends having a higher percentage of the combination get better composite
performance [60]. This reflects the characteristics of the presence of reclaimed concrete,
which from the available literature review show that the strength of the material increases
with the life of the structure [61]. The only reliable way to minimize construction costs
is to use available local resources and introduce innovative building materials [62]. The
use of RCA as fine aggregates in concrete seems to be the best, especially in areas where
demolition waste is freely available [63].

3. Service Life Prediction of RCA Concrete

The theoretical basis for the design of green composites using the specified raw
materials is the transdisciplinary science of geomimetics [64–66], which uses the results
of studies of natural processes to create high-strength concretes and building composites
of a new generation. The results were tested on raw materials from destroyed buildings
and structures in Iraq, which mainly consist of concrete, ceramic bricks, and limestone wall
blocks. The performance of RCA concrete is influenced by various key aspects such as air
entrainment, cement content, curing conditions, RCA humidity conditions, properties of
the original RCA concretes, RCA physical characteristics, RCA size and type, RCA content,
and water to cement ratio [67]. The aspects are explained below.

3.1. RCA Features and Percentage

The physical properties of RCA have a significant effect on the properties of fresh and
hardened concrete. For example, fresh concrete with coarse and angular particles becomes
tough and therefore difficult to cast [68]. In addition, high RCA absorption can affect the
workability of concrete. In addition, large RCA pore volumes can affect the durability
characteristics (permeability and water absorption), strength, and porosity of concrete.

The fresh and hardened properties of concrete are strongly influenced by the RCA
percentage used as a complete or partial replacement for NCA. Using seven independent
variables, [69] created a model of aggregate quantity and type to predict concrete perfor-
mance when replacing 0.0–100% NCA with RCA. The researchers reported that concretes
created using RCA had a lower modulus and compressive strength than NCA concretes.
Higher RCA content also increases water absorption but decreases density, resulting in in-
creased concrete porosity. The use of coarse RCA reduces concrete density by 50–100% and
increases water absorption by about 2.11% to 3.50% and from 0.14% to 0.38%, respectively.
In addition, it is noted that as the content of grounded RCA increases, the resistance to
chloride ion penetration decreases, while the tensile splitting and compressive strength of
concrete decreases [70]. In addition, the researchers noted that concrete drying shrinkage
improved with increasing RCA content. It can be controlled by lowering the water to
cement ratio.

3.2. RCA Sizes and Original Concrete Quality

It is used three different aggregate sizes to evaluate the effect of RCA size on concrete
properties [71]. A more significant reduction in modulus of elasticity was obtained for
concretes prepared with smaller RCA dimensions. On the other hand, they reported that
the strength increases with the size of the RCA. In addition, they found that the water
absorption of concrete decreases with increasing RCA dimensions. This is due to the
relatively low content of weak solutions adhered to the coarse aggregate. It is investigated
the effect of base concrete quality on RCA concrete performance [72]. Scientists reported
that RCA water absorption increases with the strength of the base concrete. This is due
to the fact that for concretes with higher strength, higher cement content is required in
principle; therefore, the amount of mortar adhering to the aggregate increases. Thus,
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adjustments to mix water content are necessary for newer concretes, including RCA made
from older, harder concretes, to obtain the preferred workability. Porous RCAs affect the
strength of RCA concrete. The proportional loss of tensile or compressive strength of new
concretes due to the use of RCA is more significant when it is obtained from weaker old
concretes than from strong old concretes [45].

3.3. Influence of Cement Content and Water to Cement Ratio

RCA concretes with high cement content are reported to be highly resistant to car-
bonation. It is found that higher cement content in RCA concrete results in a preferred
compressive strength [73]. It is also found that the RCA tensile strength of concrete in-
creases with increasing cement content in concrete [74]. The degradation of RCA concrete
is related to the water to cement ratio used in the mix design. It is reported that com-
pared to the original RCA concrete, RCA concretes require a higher cement content and a
lower water-to-cement ratio to achieve a certain compressive strength [75]. The resistance
of the NCA to melting and freezing at water to cement ratio of 0.290 was exceptionally
high. But for RCA concrete, the same water-to-cement ratio does not provide suitable
freeze-thaw resistance.

3.4. Hydration of Cement in the Original Concrete

It has been established that the composition of the crushing concrete scrap contains
about 30% of non-hydrated Portland cement, which makes it possible to use it as an active
microfiller in the production of multicomponent highly active binders [34]. Aggregate
from the concrete scrap has a partial or solid shell on the surface of its grains from the
cement paste of crushed concrete, actively influences the process of forming both the
structural characteristics of the cement paste and the dense interfacial transition zone
between them [76]. The structure of concrete composites is characterized by lower water
absorption (up to 3–7%) and the presence of rather small and uniform pores in size [77].

3.5. Sources or Types of RCAs

Several studies have been carried out to investigate the effect of sources or types of
RCA on concrete performance [78–80]. With the exception of concretes made from recycled
aggregates made from masonry ceramics, which reported an increase in compressive
strength, concretes made with coarse RCA had lower compressive strengths [81]. The
modulus of elasticity of concrete has been reduced for all RCA types. However, RCAs
made from red ceramics had a greater effect on reducing the modulus of concrete due to
the lower density.

3.6. Curing Conditions, RCA Moisture Conditions, and Air Entrainment

External curing in the environment is more detrimental to RCA concretes than NCA
ones. It is shown that the differences in splitting tensile strength among NCA and RCA
concretes are large when they are hardened in the external environment [79]. In addition, It
is found that the carbonization depth of RCA concrete water-cured is almost twice that of
RCA air-cured concrete [73]. The decrease in carbonization depth caused by curing in water
may be partly due to the higher internal moisture content of the concrete. The moisture
conditions of the aggregate affect the workability of the concrete. The initial slump of
concrete (workability measurements) is highly dependent on the initial free water content
of the concrete mix. It is shown that although air-dry and saturated surface-dry RCA
exhibit typical initial slump and slump loss, kiln-dried RCA results in faster slump losses
and higher initial slump [79]. Thanks to the appropriate air entrainment, durable concrete
can be obtained from RCA [82]. Air entrainment for NCA concretes is as successful as for
RCA concretes [83]. In addition, the use of entrained air is more effective than reducing the
water-to-cement ratio in increasing freeze- resistance of RCA concrete [84].
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4. Chemical Properties

The chemical characteristics of RCA affect the performance of the concrete. The dura-
bility of concrete should be affected by the presence of reactive chemicals such as chlorides,
alkalis and sulphates in RCAs. The chemical properties of RCA are summarized below.

4.1. Soundness

Soundness is an indicator of the stability of aggregates to environmental influences,
such as atmospheric influences [45,85–87]. The strength test for magnesium sulfates and
sodium sulfates is mainly used to assess the integrity of the aggregate. RCAs usually
pass magnesium sulfate strength tests, but do not pass sodium sulfate strength tests.
For RCA and NCA, respectively, the strength loss of magnesium sulfate were 70% and
2.50% [88]. These figures are identical to the results obtained by several researchers
worldwide [45,85–87]. It is also examined the reliability tests of sodium sulfates and found
that the losses were 12.0% and 9.0%, respectively, for RCA and NCA [45,85–87]. Thus, the
sodium sulfate leak test was in accordance with the standard. Moreover, the results are
identical to those obtained by Lye et al. [87]. The failure of RCA is mainly associated with
the distribution of pore sizes in aggregates.

4.2. Reactivity of Alkali-Aggregates

RCA concretes can undergo alkaline aggregate reactions (AAR) if the original concrete
aggregate was prone to alkaline aggregate reactions. In addition, mortars adhered to
RCA or the alkali content of the cement paste can have a significant impact on the AAR
susceptibility of new concretes with RCA. The alkali content of RCA is related to the content
of its solution. RCAs with more mortars lead to higher alkali content and are thus more
susceptible to alkaline aggregate reactions.

4.3. Sulfate and Chloride Content

RCA can have high sulphate content due to sulphate substances present in adhered
cement slurries. It is investigated the content of water-soluble sulfates for RCA and
NCA [87]. The researchers set the sulfate content of 0.032 g/L and 0.0250 g/L for RCA
and NCA, respectively. The sulfate content of RCA depends on the amount of adhered
mortar/cement paste. Higher sulfate content in RCA indicates that higher amounts of
mortar will attach to RCA.

High levels of chlorides have been found in RCA, formed from bases with prolonged
exposure to chloride-oriented antifreeze agents. RCA with higher chloride content can
affect the durability of new concrete due to corrosion of the steel reinforcement [45,85–87].
Since increased corrosion of steel can lead to premature failure of reinforced concrete
structures, RCA made from old concrete with chloride content higher than 0.04 kg/m3

should not be used in new concrete. Furthermore, polymer materials, rubbers, plastics,
joint seals, textiles, wood, and paper can be present in RCAs [45,85–87]. In concrete, these
materials become unbalanced when thawed, dried.

5. Physical Properties

The concrete properties and mix proportions are influenced by the physical properties
of the RCA. Basic properties such as absorption, pore volume, bulk density, specific gravity,
texture and shape of RCA are generally inferior to those of natural aggregate due to
impurities and the presence of residual slurry/paste [87]. The magnitude of the impact
will vary depending on the amount and nature of the recycled slurries or pastes present in
RCA. From the available literature [89–91], a summary of the main physical characteristics
of RCA is shown in Table 2.
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Table 2. Fundamental physical properties of NCA and RCA [67–69].

Physical Properties NCA RCA

Pore Volumes (vol.%) 0.50–2 5–16.5
Absorptions (wt.%) 0.50–4 3–12

Compacted Bulk Densities (kg/m3) 1450.00–1750 1200–1425
Specific Gravity 2.40–2.90 2.10–2.50

Shapes and Textures Smooth and well rounded Angular with rough surfaces

5.1. Particle Size Distribution

At present, during the development of fragments of destroyed buildings and struc-
tures, a large amount of unfractionated crushing concrete waste with a size of 0–5 mm
is formed [67,92,93], the use of which in the production of concrete is difficult due to the
presence of a significant amount of dusty fraction in their composition (Table 3). However,
judging by the chemical composition, the fine fraction of concrete scrap can be used as
an additional cementitious material [94]. The comminuted form of the particles, as well
as the high content of silica and clinker minerals in them, will contribute to their high
activity, which is confirmed by the studies of other authors [95–97]. RCA have very rough
and angular due to the crumbling of the concrete and the presence of grout adhered to
the original rough surfaces of the aggregate (Figure 2). Consequently, recycled concrete
aggregate has better adhesion to the cement matrix than natural one. Depending on the size
of the aggregates, RCA particles typically contain 30 to 60% of mortar. RCAs are identical
in particle shape to crushed stones, but the types of grinding tools affect the gradation and
other characteristics of fine concrete. Also, Figure 3 shows the fundamental components of
demolition wastes [80].

Table 3. The mineral composition of various fractions of demolition wastes.

Particle Sizes, mm
Mineral Composition, %

SiO2 Ca(OH)2 CaCO3 CSH C3S C2S

0.00–0.16 48.4 11.5 10.0 5.8 12.0 12.3
0.16–0.315 55.2 7.4 11.0 4.4 11.0 11.0
0.315–0.63 56.4 11.0 3.9 12.0 6.7 10.0
0.63–1.25 65.1 12.0 6.0 5.9 5.0 6.0
1.25–2.5 64.4 10.5 6.9 3.0 7.6 7.6

2.5–5 62.8 11.0 0 6.0 9.2 11.0
5–20 60.8 8.0 3.0 4.0 9.0 11.2
20–40 56.0 11.4 3.0 12.9 6.7 10.0
40–70 64.5 10.4 6.0 3.9 7.6 7.6

Figure 2. Original rough surfaces of the RCAs.
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Figure 3. Fundamental components of demolition wastes [80]. Reprinted with permission from
Elsevier [80].

5.2. Specific Gravity and Bulk Density

The specific gravity and bulk density of RCA are often lower, and the pore volume
and absorption, respectively, are higher than those of natural aggregate. The lower specific
gravity of RCA is due to the presence of aggregate particles in the old cement mortar/paste,
which makes it less dense than NCA due to its higher porosity [98]. In saturated dry
conditions, RCA distinctive gravity ranges from 2.10 to 2.50, which is 5–10% less than
NCA as shown in Table 2. Experimental data from Aliabdo et al. [99] found that RCA
bulk densities are 9.80% less than primary gravel aggregates. Compared to virgin concrete
aggregate, the higher pore volume of RCA makes it less dense and fragile.

5.3. Aggregate Grounded, Abrasion and Effect Values

Aggregate ground values (AGV) are measures of the aggregate resistance to commina-
tion under progressively applied compressive loads. It is reported that the lower the value,
the stronger the aggregates. It was found that ACV for NCA (14% to 22%) is significantly
less than for ACV for RCA (20–30%) from the literature [54,100–102] and as indicated in
Table 3. This is expected due to the relatively weak mortars and cement pastes attached to
the RCA particles.

The aggregate abrasion values (AAV) are a measure of the aggregate wear resistance.
When material loss due to wear becomes higher, a higher AAV is obtained. Generally,
the cumulative abrasion of RCA is higher than NCA. Classic RCA values range from
20% to 45%, which is higher than the values for pure concrete aggregates, as shown in
Table 3 [54,100–102]. Despite its origins, RCA’s cumulative abrasion rates are nevertheless
generally below the acceptable optimum limits for structural applications (50% by weight).

Furthermore, aggregate effect values (AEV) are the aggregate strength values exposed
to impact. AEVs indicate the aggregate resistance to dynamic loads. As shown in Table 4,
AEV of NCA (15% to 20%) are lower than RCA (20% to 25%) [54,100–102]. Attached
cementitious and mortar pastes make RCA less durable and thus lead to higher toughness
values for RCAs that were frozen or wetted. About 0.150% by weight RCA is the acceptable
limit for organic matter.

Table 4. The main RCA and NCA mechanical properties [54,100–102].

Mechanical Properties (wt.%) RCA NCA

Aggregate Grounded Values 20–30 14–22
Aggregate Abrasion Values 20–25 15–30

Aggregate Effect Values 20–25 15–20
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6. Fresh Properties

RCA can affect the performance of fresh concrete due to their higher porosity, absorp-
tion, surface roughness, and angularity [103]. The higher size and angularity of RCAs will
reduce the workability of the concrete and make it difficult to lay it properly [104].

6.1. Workability

Workability decline rates increase with the improvement in the proportion of RCA in
concrete mixes [105]. Thus, RCA concretes require more water to obtain similar workability
to NCA concretes [106]. Concrete mixes that integrate RCA generally meet the initial
settlement requirements [107]. Also, Table 5 summaries the RCA effects on the concrete
hardened features. However, greater RCA uptake can lead to a rapid loss of workability,
which limits the time required for paving and completing concreting [108]. Problems
associated with rapid loss of workability should be addressed by changing and controlling
the RCA water content before mixing or increasing the amount of superplasticizer, rather
than adding more water on construction sites [109]. In general, the greater sharpness
and surface coarseness of RCA particles reduce the concrete workability and lead it more
problematic to finish appropriately.

Table 5. The RCA effects on the concrete hardened features [7,110,111].

Properties Comparison with NCA Concrete

Thermal Expansions 10–30% more
Creeps 30–60% more

Drying Shrinkages 20–50% more
Penetrations of Chlorides 0–30% more

Water Absorptions 0–40% more
Permeability 0–50% more

Porosities 10–30% more
Elasticity Modulus 10–45% more
Strength of Bonds 9–19% less
Flexural Strengths 0–10% less

Splitting Tensile Strengths 0–10% less
Compressive Strengths 0–30% less

Dry Densities 5–15% less

6.2. Wet Density

Several studies have been conducted to investigate the effect of RCA on the wet
density of concrete [112]. Typically, the wet density of RCA concrete is lower than that of
virgin concrete aggregates, as noted in Table 4 [7,110,111]. Compared to NCA concrete,
it has been observed that the wet density of RCA concrete is 5–15% less [111]. This RCA
contains adhered old cement pastes or mortars that are less dense than NCA [113]. As a
rule, the density of hardened RCA concrete is 5–15% less than that of concrete with natural
aggregates [114]. This is due to the used solutions attached to the RCA [115]. Depending
on the size of the aggregate, the amount of mortar attached to the re-concrete aggregates
ranges from 30% to 60% by volume RCA [116]. The density of the secondary mortar is
much lower than that of most natural concrete materials [117]. This results in a lower
density of RCA concrete [118].

6.3. Stability

The stability of the concrete mix enhanced as a result of abridged bleeding and
augmented cohesiveness. Therefore, the resistance to segregation of NCA concrete could
be equivalent to that of RCA concrete. As a rule, the soaking of NCA concrete is greater
than that of RCA concrete [6]. During mixing, some of the ancient cement pastes are wiped
off the RCAs and form additional fines in the concrete mix. Thus, these fine particles
minimize the soaking of the concrete after some water has been adsorbed in the mixture.
With lower free water content, more fine particles also increase the adhesion of the concrete
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mix. In addition, the increased surface roughness and angularity at higher RCA levels
contribute to better concrete adhesion. The stability of the concrete mix is enhanced by
improved cohesiveness and minimal soaking [119].

6.4. Air Content

The air content in concrete is significantly affected by the volume of their mortars.
RCA influences the air content of concretes as they have higher mortar content. Fresh
concrete having RCA is usually 60% more than the air content of fresh NCA concrete [62].
This is due to air entrained in recycled RCA mortars. Thus, when determining the target air
content in RCA concrete, the existing air content in the mortar must be taken into account.

7. Mechanical Properties

The mechanical properties of concrete depend on the properties of the aggregate. It was
found that the mechanical characteristics of RCA are lower in comparison with the mechanical
characteristics of primary concrete aggregates from the available literature [87,98,99]. The
main mechanical characteristics of RCA and NCA are listed in Table 3 and then briefly
explained [120–122].

7.1. Compressive Strength

Silva et al. [123] studied the effect of adding a small percentage of waste plastic fiber
and waste building material on some of the mechanical properties of concrete. In his study,
the volume fraction of waste was 0.1–0.2% by volume. The results obtained proved the
improvement in compressive and flexural strength. The results also showed an increase
in the density of the fiber-reinforced concrete specimens compared to the control mix. As
shown in Figure 4, the compressive strength of RCA concrete is often 5–10% lower than
that of virgin concrete [124].

Figure 4. Compressive strength versus level of replacements of NCA by RCA [124]. Reprinted with
permission from Elsevier [124].

Depending on the RCA quality, it can also be reduced by up to 25%. Typically, higher
air content in concrete mixes with RCA can also lead to lower strength values [99]. RCA
concretes, however, can have the same and sometimes higher compressive strength than
NCA concretes if the reclaimed concrete is obtained from old sources of concrete that were
originally produced with a lower water to cement ratio than new concretes.
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Duan et al. [125] found that RCA does not have any effect on the compressive strength
of concrete up to a degree of substitution of 30% by weight, after which it decreases. It
is also showed that the compressive strength of concrete was much lower when RCA
was used in dry state [87]. The reduction in compressive strength from 20% to 30% was
realized due to the use of RCA in the case of high strength concretes. Similar results
have been noted by other researchers [87,98,126]. Seethapathi et al. [127] studied the self-
compacting properties of concretes made with RCA and compared them with those of
NCA concretes. Nitesh et al. [128] found that at the same age, the variation in compressive
strength was negligible.

In addition, fine RCAs can affect the compressive strength of concrete. The compres-
sive strength of RCA concrete depends on the ratio of the coarse aggregate to the fine
aggregate of the original RCA concrete according to [129]. A lower ratio of coarse aggregate
to fine aggregate results in more mortar adhered to the coarse RCA particles, and therefore
a decrease in the strength of RCA concrete. This reduction is even greater when using
recovered fines. Thus, the use of fine RCA in concrete is generally not recommended.
Nevertheless, according to Maria et al. [130], the reduction in compressive strength did
not occur for concretes containing up to 20% fine RCA. Strength decreases with increasing
RCA content above this level.

The strength of RCA concrete can be increased either by soaking up a portion of the
reconstituted aggregates for mixing without or with pozzolanic fluids during mixing, or
by soaking RCA in mixtures of pozzolanic fluids such as colloidal silica or water before
mixing the concrete. It is expected that microcracks in RCA will be filled with absorbed
pozzolanic fluids or water absorbed cement gels during pozzolanic reactions or cement
hydration. Consequently, the strength of RCA concrete can be increased.

7.2. Splitting Tensile and Flexural Strengths

There is limited literature on the effect of RCA on the tensile strength of concrete [39,46,100].
As shown in Figure 5 [124], tensile strength at cracking of RCA concrete is lower than
that of NCA concrete. Various researchers have reported that the splitting tensile strength
of RCA concrete is 0–10% less than that of NCA concrete [39,46,100]. Over a period
from 90 to 365 days, there was no statistically significant decrease in tensile strength.
Guo et al. [46], in contrast, noted that RCA concretes have higher tensile strength than
NCA concretes. Therefore, more research is needed to investigate the effect of RCA on
concrete cracking toughness.

Figure 5. Splitting tensile strength versus level of replacement of NCA by RCA [124]. Reprinted with
permission from Elsevier [124].
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Typically, as shown in Figure 6, the flexural strength of RCA concrete is less than that
of NCA concrete [124,131–133]. However, the flexural strength of 3 day RCA concrete
was higher than that of NCA concrete, but at 28 days the strength was lower according
to [131]. In their studies, NCA concrete gradually increased in strength and had greater
flexural strength than RCA concrete at a later age. It is noted that RCA has never had
a noticeable negative effect on the flexural strength of concrete [133]. However, given
sufficient strength, RCA concretes can be produced for various purposes, sometimes even
with 100% NCA replacements.

Figure 6. Flexural strength versus level of replacement of NCA by RCA [124]. Reprinted with
permission from Elsevier [124].

7.3. Bond Strength and Impact Strengths

The bond strength of concrete is an indicator of the interrelated properties of pastes and
aggregates. Rough RCA surfaces provide better adhesion than pure concrete aggregates.
To test the bonds between reinforcement and concrete, which included 100%, 50% and
0% RCA, in [134], cylindrical specimens 150 mm × Ø100 with fixed soft and ribbed
reinforcement were used (diameter = 12 mm and embedment length = 150 mm). The
data obtained showed that RCA connections between reinforcement and concrete are
not strongly influenced by RCA inclusions in concrete. It is, however, showed that the
bond strength of NCA concrete was 9–19% higher than that of RCA concrete [135]. These
conflicting results mean more research is needed to investigate the effect of RCA on concrete
bond strength.

The impact of RCA on the hardened concrete performance can be significant or negli-
gible depending on their physical characteristics, grades, content, types and sources [136].
The performance of RCA hardened concrete declines with the NCA substitution rate due to
reclaimed concrete aggregates [3]. Without significant effect on the properties of hardened
concrete, up to 30 wt. % natural filler can be replaced with RCA. As noted in the available
literature, various changes in the performance of RCA hardened concrete are presented in
Table 4.

7.4. Elasticity Modulus

The elasticity modulus of concrete is increased by an aggregate with a higher elasticity
modulus. As shown in Figure 7, the elasticity modulus of concrete thus decreases with
increasing RCA content in the concrete [129,136,137]. As a rule, the elasticity modulus of
RCA concrete is 10–33% less than that of NCA concrete. It is demonstrated that the use
of 30% RCA in concretes led to a decrease in the elasticity modulus by about 15% [129].

19



Crystals 2021, 11, 232

However, compared to NCA concrete, RCA concrete’s elasticity modulus can be as low
as 46%. The decrease in the modulus of elasticity of concrete is due to the fact that RCA
generally have a lower elasticity modulus compared to NCA. In addition, the decrease
in the elasticity modulus of concrete is associated with an improved total content of
mortars (recycled and new), which have lower elastic moduli than most concretes based
on natural aggregates.

Figure 7. Modulus of elasticity versus level of replacement of NCA by RCA [124]. Reprinted with
permission from Elsevier [124].

7.5. Creep and Thermal Expansion

Limited research has been done on the creep of RCA concrete. As a rule, the creep of
RCA concrete is greater than the creep of NCA concrete [76,86,87]. This is because creep
depends on the paste content, which can be 51% higher in RCA concretes.

Thermal expansion coefficients mainly depend on the content and types of aggregates.
It is noted that the coefficients of thermal expansion of RCA concrete are usually 10–30%
higher than that of NCA concrete [138]. However, further studies of the effect of RCA on
the thermal expansion behavior of concrete are required to confirm these results.

7.6. Drying Shrinkage

Drying shrinkage commonly depends on the ratio of water to cement and paste
content and is controlled by the aggregate particles. In some works, it was found that
shrinkage is 20–50% higher than that of NCA concretes, because RCA concretes have a high
paste content [45,86,87,139]. On the other hand, several studies have reported relatively
lower RCA drying shrinkage values. It is reported low shrinkage strain at different curing
ages of concrete when replacing 30% virgin concrete aggregate with recycled concrete
aggregate, as shown in Figure 8 [140]. Conflicting results suggest that more research is
needed to investigate the effects of RCA on concrete shrinkage when drying.
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Figure 8. (a) Drying shrinkage versus time of exposure, and (b) drying shrinkage versus type of mix (ID) [140]. Reprinted
with permission from MDPI [140].

8. Durability and Functional Properties

Concrete’s ability to resist abrasion, chemical attack, weathering, and other adverse
operating conditions is durability. Even when RCA is constructed from concretes with
strength problems, RCA concretes can be significantly durable, provided the quality is
maintained during construction and the mix ratio is correct [86,87,118,141]. The various
strength characteristics of RCA concrete are described below.

8.1. Permeability

As shown in Figure 9, the porosity of the aggregate was less than that of the control
concretes with aggregates from virgin concrete [55,142–144]. It is also reported that for
all concretes the total porosity was increased at 50% RCA [143]. However, at 100% NCA
substitution, class 20 concrete had a slightly lower porosity than traditional class 20 concrete.
The porosity of RCA concrete can be 10–30% higher than that of NCA concrete, depending
on the strength class according to [142]. These characteristics of RCA concrete are due
to differences in the composition of concrete mixes such as RCA and cement content,
aggregate amount and percentage of pozzolan.

Figure 9. Total porosity versus level of replacement of NCA by RCA, with (a) Water/cement (w/c) ratio of 0.55; (b) w/c
ratio of 0.45 [144]. Reprinted with permission from Elsevier [144].
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The permeability of concrete depends both on the permeability of the concrete matrix
(binder and cement paste) and on the absorptive capacity of the aggregate. In addition, the
permeability of concrete is influenced by pore continuity, distribution, size, and porosity.
The coefficients of intrinsic gas permeability of RAC are shown in Figure 10. The gas
permeability of RAC decreased significantly with the carbonated RCAs; it is also showed
an increase on the carbonation pressure from 0.1 Bar to 5.0 Bar still helped to reduce the
gas permeability of RAC with new RCAs [72].

Figure 10. Gas permeability versus curing age [72]. Reprinted with permission from Elsevier [72].

8.2. Water Absorption

The water absorption of RCA concrete is expected to be greater than that of NCA one.
This is due to the very high air permeability and water absorption of RCA. As shown in
Figure 11, water absorption of concrete increased with increasing RCA content [145]. The
water absorption of RCA concrete is 0–40% higher than that of NCA concrete, depending
on the strength grades according to [146]. The author did not explain the reason for the
lower water absorption at 20% RCA content, but suggested further research.

8.3. Sulfate and Chloride Resistance

Limited research has shown that RCA concrete’s sulfate resistance is about the same
or slightly lower than that of natural concrete aggregates [147–149]. In general, the sulfate
resistance of RCA concrete can be improved by using silica fumes, fly ash and fine-grained
blast-furnace slags and using the correct mixing ratio. Good quality control of the construc-
tion and correct dosing of mixes can reduce the corrosion rate of steel reinforcement in RCA
concretes. It is applied polarization approaches to determine the corrosion behavior of steel
anchored in RCA concretes [148]. The researchers reported that the corrosion rate never
depended on aggregates for lower chloride levels (0.50%) and binder type. Compared to
NCA concrete, the researchers also reported that RCA concrete with 65% fine blast furnace
slag and 30% pulverized fuel ash was more successful in mitigating corrosion reactions at
higher chloride levels.
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Figure 11. Water absorption versus level of replacement of NCA by RCA [145]. Reprinted with
permission from Ozbakkaloglu et al. [145].

It is noted that the high chloride penetration rates in concrete made with and without
RCA were very similar [139]. The use of 100% RCA in concretes reduces their ability to
resist the penetration of chloride ions by about 30% compared to NCA concrete [143,150].
However, the chloride penetration resistance of RCA concrete can be significantly improved
by increasing additional binders such as crushed granular blast furnace slag and fly
ash. It is disclosed that, in comparison with fly ash, crushed granular blast furnace slag
reduced the diffusion coefficient of chloride in concrete by about 80–200% [147,150,151]
(See Figures 12 and 13).

Figure 12. Chloride-ion penetration at 28 days and 90 days [151]. Reprinted with permission from
Silva et al. [151].
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Figure 13. Chloride-ion penetration with 55% of GGBS at 28 days [151]. Reprinted with permission
from Silva et al. [151].

8.4. Carbonation Resistance

With regard to concrete carbonation, existing research points to conflicting effects
of RCA. The researchers [102] reported that carbonation depth decreases with increasing
RCA content, resulting in better performance except for 100% replacement. RCA concretes
require a higher cement content to achieve identical strength to NCA concrete at the
same water to cement ratio [102]. The higher the cement content, the higher the alkali
reserves, which affect the depth of concrete carbonization. In contrast, it is found that at
the same water-to-cement ratio, RCA concrete has a greater carbonization depth than NCA
concretes [152,153]. In addition, the carbonization rate of RCA concrete is four times that
of NCA concrete. Increased carbonation can increase the risk of reinforcing steel corrosion
in RCA concretes. Increased concrete pavement, appropriate additional cementitious
materials, corrects curing, and a lower water to cement ratio can counterbalance such risks.
On the other hand, previous studies have reported that concrete containing the RA requires
to more supplementary materials with high fineness to act as pore fillers. Thus, this will
reduce the diffusion of carbon dioxide and slow down the speed of carbonation [154,155]
(See Figures 14 and 15). However, more research is needed to analyze the effect of RCA on
concrete carbonation resistance.

8.5. Resistance to Alkalis and Acid

Resistance of RCA concrete to alkali-silica reactions depends on the RCA
sources [12,139,156]. It is noted that RCA obtained from old concretes containing alkalis
affects the resistance of newly created RCA concretes to alkali-silica reactions [12]. The
results of the researcher showed that the amount of new concretes made using RCA
increased disproportionately due to alkaline-silica reactions. The use of low-lime grade
F fly ash can significantly minimize expansion due to alkaline silica reactions in RCA
concretes. Ziyi Peng and others suggested a method in their study to improve RCA quality
by absorbing silica fume slurry into residual mortar for RCA [157] (See Figures 16 and 17).

There is insufficient information available to draw specific conclusions about the
alkali-silica reactivity of RCA concrete. Several studies recommend the use of SCMs to
dilute AAR in recycled and RCI concrete [157].

It is noted that the acid resistance of RCA concrete is similar or slightly lower than
that of NCA concrete [86]. Scientists immersed concrete samples in test baths containing
sulfuric acid at pH = 2 to test the acid degradation rate of RCA concrete. Compared to
NCA concrete, the penetration of acids into RCA concrete was slightly higher. This may be
due to the correlation of acid penetration with high of the porosity and absorption of the
RAC and residual mortar compared to that of natural aggregates in concrete [158]. This
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caused a higher penetration of the acid ions into the concrete, thus caused the dissolution
of calcium hydroxide and the destruction of the gel calcification (CSH) in the concrete
8However, researchers have shown that the acid attack resistance of RCA concrete can
be improved by adding cement supplementary materials. Kazmi et al. demonstrate the
possibility of treating RAC by immersion in the lime with accelerated carbonization and
immersion in acetic acid with friction techniques [92] (See Figure 18). This method can be
used to improve the acid resistance of RAC-containing concrete in chemically aggressive
environments. More studies of RCA concrete under acidic conditions are needed to test
their durability due to the small amount of research.

Figure 14. Relation between carbonation depth and coarse recycled concrete aggregates (%) [155]. Reprinted with permission
from Elsevier [155].

Figure 15. Effect of addition of RCA, FA and MK on concrete carbonation depths an exposure period of 4 weeks [154].
RA0F: without RCA with 30% of FA, RA25F: 25% of RCA with 30%of FA. RA50F: 50% of RCA with 30%FA, RA100F: 100%
of RCA with 30%FA, RA25FM: 25% of RCA with 30% of FA & 10% of MK, RA50FM: 50% of RCA with 30% of FA & 10% of
MK, RA100FM:100% of RCA with 30% of FA & 10% of MK. Reprinted with permission from Elsevier [154].
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Figure 16. Mitigation of AAR expansion of RCA by sucking fine pozzolanic material into residual
mortar [157]. Reprinted with permission from Elsevier [157].

Figure 17. Expansions of RCA with various cementitious material blends [157]. Reprinted with
permission from Elsevier [157].

8.6. Freeze-Thaw Resistance

Various researchers have noted that RCA concrete has sufficient resistance to freeze-
thaw cycles [141,159,160]. There is evidence that repeated recycling of RCA concrete further
improves frost resistance [161]. For RCA concretes, some researchers have reported similar
or slightly reduced frost resistance compared to NCA concretes 10 In addition, concretes
made from dry and water-saturated RCA have a lower resistance to freeze-thaw. RCA
Concretes prepared using water-saturated concretes have shown better results due to
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improved anchoring at joints between pastes and aggregates. Previous studies showed
that the effect of freeze-thaw was greater in mixtures with higher w/b ratio and higher
RCA content. However, the effect of w/b ratio on freeze-thaw through percentage of
weight change is more significant. The increase in the w/b ratio increased the number
and size of the capillary pores as well as the freeze water in the cement paste, causing
mainly the extended internal pressure during freezing. In addition, a strong relationship
was observed between freeze-thaw damage and water absorption of mixtures [159,162]
(See Figures 19–21). However, more research is needed to confirm the effect of RCA on
concrete resistance to freezing and thawing.

Figure 18. Loss in weight of NAC and RAC having untreated and treated RA after acid immersion [92]. Reprinted with
permission from Elsevier [92].

Figure 19. Residual compressive strengths of the mixes after 300 freeze-thaw cycles [159]. FNA:
Fine aggregate, RC: Normal strength concrete, HC: High-strength concrete and HCAE: HC with air
entraining agent. Reprinted with permission from Elsevier [159].
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Figure 20. Relationship between water absorption and weight change percentages of after 300 freeze-
thaw cycles [162]. Reprinted with permission from Elsevier [162].

Figure 21. Weight change percentage after 300 freeze-thaw cycles [162]. Reprinted with permission
from Elsevier [162].

9. Improvement Methods for RCA Concretes

9.1. RCA Quality Improvements and Adjusting the Ratio of Water and Cement

It is tested heat treatment methods to improve RCA quality [71]. It was noted that
RCAs are rationally comparable to the traditional used aggregate removed from the river
after heat treatment at 800 ◦C. It is found that the strength of concrete was adversely
affected by unwashed RCA used in concrete mixes [79]. However, the reduction in strength
was offset by the use of rinsed RCAs. It is reported that the correct adjustment of the water
balance of cement mixes for concrete mixes can increase the strength of RCA concrete [6].
It is have proposed a higher cement content in RCA concrete and a lower water to cement
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ratio than NCA concrete to achieve similar compressive strength [11]. It is similarly noted
that lowering the water-to-cement ratio to certain levels was very beneficial for RCA
concretes to establish an equivalent thaw and freeze resistance to those NCA concretes [43].

9.2. Pozzolanic Materials Integration and Soaking of RCA in Pozzolanic Liquids

The strength and durability of RCA concrete can be increased through the use of
appropriate pozzolanic substances [87,98,99]. It is showed that the use of 65% fine granular
blast furnace slag and 30% pulverized fly ash improved the RCA compressive strength of
concrete to control levels of concrete pouring with clean granite gravel [98]. In addition,
fine-grained blast-furnace slags and pulverized fuel ash have been successful in increasing
the resistance to chloride ion penetration into RCA concrete. Also, silica fumes have been
found to significantly improve chloride permeation resistance for RCA concrete. The RCA
concrete strengths may be boosted by either allowing reclaimed aggregates to soak up parts
of mixing water without or with pozzolanic liquids during mixings or soaking the RCAs in
mixes of pozzolanic liquids such as colloidal silicas or water before mixing of concretes.
The micro-cracks in RCAs are expected to be filled up by the absorbed pozzolanic liquids
or absorbed water with cement gels during pozzolanic reactions or cement hydrations.
Therefore, the RCA concrete strengths can be increased.

9.3. Uses of New Mixing and Curing Techniques

It is used two-phase mixing approaches to obtain better quality RCA concrete (Table 5).
These scientists used reclaimed aggregates treated with pozzolanic powders to improve the
properties of RCA concrete [99]. In addition, the authors [87] have developed a two-phase
mixing technique to ensure high-quality use of RCA concretes. These researchers found
that, compared to NCA concrete, 100% replacement of virgin concrete aggregate is possi-
ble through their mixing approaches to create RCA concrete with suitable characteristics,
although the optimal scenario is with 20% NCA replacement. The results of the determina-
tion of strength and slump showed that the new mixing methods significantly contributed
to the achievement of high values of flexural and compressive strengths, as well as better
workability. In addition, using scanning electron microscopes, interfacial transition zones
between RCA concrete surfaces were realized. The scanning electron microscopes results
established that the new mixing techniques promoted dense microstructures. Internal
leaks in additives can be minimized by mixing techniques. The use of long-term cure in
a humid environment is another approach to improving the performance of RCA con-
crete [54,100,102]. One of the most widely used approaches to reducing the carbonization
rate of RCA concrete is the long-term cure. In RCA concretes, the carbonization depth is
almost half when the concrete is cured with water. It is also reported that the common
assumption that RCA is more sensitive to different curing conditions and therefore removes
another obstacle to its massive use. [163]. Furthermore, Table 6 shows the ratio of RCA
replacement criteria for making structural grades [34].

9.4. Microstructure of RAC

Recycled aggregate used to produce concrete differs from natural aggregate in that it
contains old mortar attached to the surface of the aggregate. The RCA recycling process
often requires crushing of the concrete parts, so the microstructure of the RCA is exposed
to many defects such as micro-cracks, porosity, as well as weakening of the ITZ. Damage to
the aggregate microstructure will damage the engineering properties and durability of the
concrete containing the recycled aggregate.

In fact, all types of aggregate produced of broken concrete are a composite material
consisting of natural aggregate and cement mortar (See Figures 22–26). These broken
parts use to completely or partially replace natural aggregates after crushing to small
particles [164]. The RCA consists of NA and an old cement mortar, so the RAC consists
of three ITZ regions, as follows [164]. First, between NA and old cement matrix, Second,
between NA and the new cement matrix, third, between new and old cement matrix.
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Several studies focus on studying the transition zone and its relationship to concrete
degradation and weakness. The degradation of concrete often depends on the entity of
a filtering path across the interface (See Figures 22–26). The transition region, i.e., the
interface between the particle assembly and the bulk cement matrix [165]. To reduce this
problem, suggestions are made regarding the durability adopted in National Concrete
Standards [165–167] that include limits on the minimum cement content as well as on the
maximum water-to-cement ratio used for structural concrete. Further, it is also reported
that the incorporation of pozzolanic materials, such as silica fume, fly ash and slag, with
different mixing methods and accelerated carbonation can improve the microstructure of
RCA [168].

Table 6. Ratio of RCA replacement criteria for making structural grades [34].

Country Standard
Exposure

Aggregate or
Class

Type 1 (%) Type 2 (%)
Source/Codes
or Standards

Germany DAfStb

XC1 to XC4
[coarse] ≤35 ≤45

DAfStbX0 [coarse] ≤35 ≤45
XA1 [coarse] ≤25 ≤25
XF1 and XF3

[coarse] ≤25 ≤35

[Fine] Not allowed

Type 1 Type 2 Type 3

International RILEM
Fine (<4 mm) Not allowed

RILEM, 1994Coarse (≥4 mm) ≤100% ≤100% ≤20%

Netherlands
NEN 5950:1995 (VBT

1995) (NEN
5950:1995 nl

Fine ≤20%
MEN 5950Coarse ≤20%

Belgium CRIC
Fine Allowed with restriction TRA 550,

2004Coarse ≤100%

Denmark DS 481
Fine ≤20%

DS 481, 1998Coarse ≤100%

UK
BS EN 12620:2002 +

A1 (BS)
Fine Not allowed

BC, 2002Coarse ≤20%

Figure 22. The different types of ITZs contained in concrete prepared with different fine aggregate: (a) NFA (quartz or river
sand), and (b) in concrete with NFA partially replaced by RFA [167]. Reprinted with permission from Elsevier [167].
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Figure 23. A low magnification image showing adhered cement in a RAC [87]. Reprinted with
permission from Elsevier [87].

Figure 24. SEM images for polished section in concrete with RCA [87]. Reprinted with permission
from Elsevier [87].

Figure 25. Sectional view of RCA in concrete including the old and new ITZ [169]. Reprinted with
permission from [169].
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Figure 26. SEM images of interfacial transition zones in RAC [169]. Reprinted with permission from
Elsevier [169].

On the other hand, the micro-pores in the mortar attached to the old rubble can
contribute to retaining additional quantities of water, which may help to provide a self-
treatment that leads to the promotion of filling the pores with moisturizing products
(gel) [170]. Thus RA behaves as an internal curing agent, which also improves the ITZ
between particles of aggregate and cement paste afterwards reduces the size of the pores
within the microstructure of the concrete [171,172] (See Figure 27). This improvement
is caused by a better inter-bond between the cement paste and the aggregate particles
providing cross-linking sites for the cement paste resulting in better cement wetting and
denser ITZ more uniform. The fracture value of aggregate, size, and porosity of ITZ has
paradoxical effects on concrete’s transport properties.

Figure 27. The ITZ between RCA and New Mortar Mixes; (a) 100% natural aggregates and (b) 75% natural aggregates +
25% recycled aggregates [171]. Reprinted with permission from Sadek and El-Attar [171].
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9.5. Treatment of RCA

Due to the varying performance of RCA and its negative impact on most of the
properties and concrete durability, several studies have suggested methods for treating
RCAs in order to improve their properties and promote its application in the concrete
industry safely [172]. The treatment methods depend on several factors, including the
source, type of aggregate, and applications of RCA-containing concrete. The studies have
suggested different approaches.

− Accelerated carbonization This method has been suggested by researchers [173,174].
This method is based on obtaining carbonated recycled aggregates. For this pur-
pose, first, the RCA was stored at 25 ◦C and RH of 50% for 72 h days in order to
provide the RA with a basic RH between 40%–70% that accommodates the acceler-
ated carbonation [174]. After that, the RCA was placed in a sealed chamber under
pressure of −1.0 bar. After the pressure was stabilized, carbon dioxide was applied at
a concentration of 100% with a pressure of +0.8 bar for 24 h [175].

− Immersion in saturated lime water In order to improve the RCA performance through
accelerated carbonization, the reactive components in the old adhesive slurries of
RA play a vital role [174]. So, this method recommends submerging the RCA in
lime-saturated water for 24 h, and then placing it in a room at 25 ◦C and 50% relative
humidity for 72 h. This step aims to introduce some calcium into the pores of the
old mortar attached to the RCA. After this step was completed, the carbonization
process for the RCA treated by immersion in saturated lime water was carried out.
The same accelerated carbonization technique described above was used in order to
obtain recycled aggregates carbonized with lime [175].

− Treatment with acetic acid This method uses acetic acid to remove the old mortar
attached to the RCA. First, the RCAs are washed to remove the dirt and then directly
immersed in a 3% acetic acid solution for 24 h. Next, the RCAs are washed again and
dried to obtain recycled aggregates treated with acetic acid. After that, mechanical
rubbing was performed for 5 minutes using an empty concrete mixer, based on the
previous study [175,176].

− Silica fume impregnation In this method, a solution of raw silica fume was prepared
1 kg per 10 liters of water, and a superplasticizer (1% of the mass of silica fume) was
added to help disperse the silica fume particles and ensure their distribution on the
surface of the RAC [176]. Then, it was placed in a 24 h drying oven, followed by
cooling to room temperature and soaking in a silica fume solution for 24 h. In the final
stage, the saturated RAC was dried again in the oven to ensure proper penetration of
silica fume particles into the surface of the RAC [53].

− Ultrasonic cleaning The crushed concrete was cleaned in an ultrasound bath to remove
residual slurry on the surface of the untreated aggregate. The RAC was immersed in
an ultrasound bath and treated for 10 minutes, after which the water was replaced
with clean water, and the debris was cleaned for an additional 10 minutes. These
operations are repeated several times until a clean RAC was obtained [53].

− Pre-soaking treatment methods This method is based on soaking the RCA in an acidic
environment at about 20 ◦C for 24 h, followed by washing the RCA with distilled
water to remove the acidic solvents. After that, the RCA was soaked in water for 24 h
to ensure the disposal of acids or sticky mortar residues. In this method, three acidic
solvents with a concentration of 0.1 mol can be used, which is an acidic environment
suitable for removing the old mortar attached to the RCA, as it will not reduce the
quality of the RCA. The acids applied in this method are phosphoric acid (H3PO4),
sulfuric acid (H2SO4), or hydrochloric acid (HCl) [177].

10. Practical, Economical, and Environmental Issues of RCA Concretes

Obviously, for the economic feasibility of RCA production, ready-mix concrete plants
can be used to obtain production scale for production. Economic impact assessment is
effective when it is considered that the action of the case does not require additional
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payment. He looks at the recycling of waste concrete in ready-mixed concrete plants as
infrastructure and construction resources. The prototype developed is based on information
obtained from various industrial shops as well as concrete processing shops, which are used
as a scenario study to estimate the additional commercial price of a product. The current
problems facing Thailand, where there are so many landfills for concrete waste as a result of
destruction plans, and inappropriate concrete is being disposed of, will be addressed using
RCA production [72]. The growth in RCA replacement is primarily associated with an
increase in additional unit costs of resources. In particular, the replacement of the cement
content is increased as a result of the increase in the RCA replacement ratio. The increase in
RCA cost is associated with additional quality control and pre-processing costs. However,
upfront costs can be reduced by going directly to a high quality concrete plant.

Compared to a recycling approach where construction waste is used in recycling
plants to obtain new materials, the traditional costs are very high [178]. The first stage of
the recycling process includes construction waste that is disposed of at low cost recycling
facilities. Additional costs include energy consumption and transportation costs. The
second stage is stockpiling, in which lone workers are employed at a rate of $18 an hour.
The third step is sorting with machines, such as a shredder and excavator. Also accrued
are additional costs for equipment maintenance, labor, fuel, fixed indirect costs, working
capital, operating costs, equipment costs, and capital costs [75]. Crushing processes in the
fourth phase include magnetic separation, primary crushing, and secondary crushing. This
includes fuel costs, fixed indirect costs, operating costs, working capital, and capital costs.
With magnetic separation, the process also includes sorting steel scrap and sells for about
$100 per ton. The casting phase includes manual removal processes in which pieces of
paper, wood, and plastic are separated from the grounded concrete. In this process, the
wages are about $18 an hour. The sixth stage involves sitting in the air, watching, and
doing laundry, which is identical to the traditional approach. Recycled fuel and water are
used to deposit dust particles at this stage [178]. The final stages of the refining process
include finished products that sell for between $14 and $22 per ton.

Thus, compared to the traditional approach, RCA has the most cost-effective gain [75].
The financial benefits of recycling concrete lead to longer-term benefits than using natural
concrete. Sensitivity analysis is performed, taking into account the main parameter due to
the expected uncertainties with the main variables used in the model [153]. The purpose of
the analysis is to determine the main variable impact of modification on one unit of output.
The main factors to be taken into account are transport distance, additional costs for RCA
pretreatment, additional cement required to produce RCA, and RCA composition [138].
Due to depleted natural resources, crushed concrete for demolition is produced in large
quantities and must be used in an environmentally friendly and economical manner.
Deterministic values are defined as means because the parameters have normal distribution
characteristics. The range of input variables can be estimated to determine upper and
lower bounds. The RCA price cap range is determined by breaking down changes in the
value of a product by changes in quantities [148].

11. Comments and Further Researches

The literature in this paper is summarized to provide comprehensive insights into the
potential applications of RCA to produce green and sustainable concrete composites that
contribute to environmentally friendly buildings. Therefore, differences in the current state
of knowledge between RCAs and NCAs are highlighted, and some suggestions for future
research are provided. In addition, this study also contributed to uncovering deficiencies
in previous research and studies, which requires further research and investigation into the
following points:

1. Estimating the cost of recycled aggregates based on supply and demand, as well as,
to many different challenges that must be considered.

2. Utilizing recycled aggregates to obtain a regime of self-curing (internal curing) for
concrete, especially for aggregates that have a high pore ratio.
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3. The role of chemical components of cement paste adhering on aggregates in the
stability and soundness of concrete.

4. Study the role of methods for treating recycled aggregates in order to improve the
transport properties of concrete.

5. More understanding of the relationship between microstructures and properties of
concrete containing RCA.

12. Conclusions

Reclaimed destroyed concrete has a significant potential for value-added applications
to maximize environmental and economic benefits. Significant savings can be achieved by
making RCA a valuable resource in the new generation of concrete. In the current study, a
critical analysis of a recycled concrete aggregate for the production of heavy-duty concrete
structures was carried out. The following conclusions were drawn from this article:

1. As a substitute for natural aggregate, RCA are useful for the production of concretes
of standard strength and properties. The main problem with using RCA in new
concretes, however, is their incompatible qualities, especially when they come from
the demolition of old concrete buildings.

2. By complying with standard virgin aggregate specifications, RCA can be effectively
used in new concrete. However, RCA requires new guidelines and specifications.

3. The physical characteristics of RCA strongly influence the properties of hardened and
fresh concrete. The magnitude of crushing, aggregate abrasion, and impact viscosity
affect the strength characteristics of the concrete. In addition, the negative chemical
characteristics of RCA can affect the durability of RCA concrete and, therefore, their
performance in service.

4. Total 100% RCA can produce standard quality concrete. Concretes produced with
RCA generally have about 81% of that of NCA concrete. Insufficiently dense transition
zones between bulk cement pastes and RCA and unfavorable RCA properties cause a
decrease in the strength of RCA concrete.

5. The use of crushed RCA in new concrete mixes requires careful research, since the
reclaimed fines further reduce the strength of the concrete. Replacement of natural
sand with RCAs is usually up to 20%.

6. The performance of RCA concrete can be improved by long-term curing, new mixing
methods, the addition of pozzolanic substances, and changing the ratio of water
to cement.

7. In high quality concretes such as self-compacting, high strength, and high perfor-
mance concretes, RCA can be used with proper mix design and material selection.

8. Concretes having RCA can be properly designed and balanced to reduce the effect
of RCA on its hardened and fresh strength and characteristics, regardless of the
differences in performance between natural concrete aggregates and re-concrete
aggregates. The chemical impurities of RCA must be reduced to advance its use in
the concrete sector.

The following are the summaries of recommendations:

1. The idea of using existing production facilities to produce recycled concrete aggregate
is misplaced as the construction manager may initiate excessive additional costs
as a result of the specific conditions of the halls. Nanotechnology can be used to
advance RCA manufacturing because of its enormous potential to improve production
and quality in high-efficiency apprenticeship manufacturing. In addition, the use
of nanotechnology is aimed at changing the operating mode in construction using
nanomaterials. The examination describes several properties of RCA at the nanoscale
using a variety of state of the art equipment. Therefore, it is worth focusing on
nanosciences, which is critical when investigating the microstructure of RCA. In
addition, the strength characteristics of RCA can be improved through the use of
nanomaterials to obtain greater strength than conventional concretes.
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2. Incorporating high performance pozzolans into recycled concrete aggregate to im-
prove RCA performance is likely to increase its cost of use. However, an assessment
of the cost-benefit of increasing the amount of fly ash shows that this is necessary due
to the increase in strength. Poor quality concrete is one of the problems associated
with using recycled resources.

3. In order to accelerate the implementation of the production of secondary concrete
aggregate, its use should be included in government projects. The integration of
advanced manufacturing technologies that improve quality is essential to reduce the
cost of using recycled concrete aggregate. These technologies can be used through
client funding and government, including incentives that can support this process. To
support this idea, all workers must complete homeschooling programs to facilitate a
process that is likely to improve attention to the environment.
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Abstract: The increase in infrastructure requirement drives people to use all types of soils, including
poor soils. These poor soils, which are weak at construction, must be improved using different
techniques. The extinction of natural resources and the increase in cost of available materials require
us to think of alternate resources. The usage of industry by-products and related methods for
improving the properties of different soils has been studied for several years. Granite dust is an
industrial by-product originating from the primary crushing of aggregates. The production of huge
quantities of granite dust in the industry causes severe problems from the handling to the disposal
stage. Accordingly, in the civil engineering field, the massive utilization of granite dust has been
proposed for various applications to resolve these issues. In this context, the present review provides
precise and valuable content on granite dust characterization, its effect as a stabilizer on the behavior
of different soils, and its interaction mechanisms. The efficacy of the granite dust in replacing
sand in concrete is explored followed by its ability to improve the geotechnical characteristics of
clays of varying plasticity are explored. The review is even extended to study the effect of binary
stabilization on clays with granite dust in the presence of calcium-based binders. The practical
limitations encountered and its efficiency over other stabilizers are also assessed. This review is
further extended to analyze the effect of the granite dust dosage for various field applications.

Keywords: granite dust; stabilizer; particle size; plasticity; unconfined compression strength

1. Introduction

Soil stabilization is a technique used to improve the geotechnical properties of soil,
either physically or chemically. Different types of stabilization methods exist, and each
process varies with the type of additive used. Additives include lime, cement, bitumen
geosynthetics, and some industrial by-products like flyash, slag, coal, and stone dust,
chemicals, reagents, and recycled materials like rubber tire chips, waste plastics, and
crushed glass that follows recent advanced bio-stabilization techniques like microbial-
induced calcite precipitation and enzyme-induced calcite precipitation [1]. Among these
stabilization methods, the most commonly adopted process is the addition of calcium-
based materials like lime, cement, and flyash [2,3]. However, these additives have their
own limitations in terms of carbon emissions [4,5]. Stabilization with lime and cement
also causes a problematic expansion in the presence of sulphate [6]. In silica-rich soils,
adding lime decreases the soil performance beyond its optimum level because the soil
develops silica gel that withholds water and retains the soil plasticity [7]. Expansive semi-
arid soils have been treated with lime and tested for their lime leachability. At 4% lime
content, the lime leachability was minimized with increase in the curing period due to
pozzolanic reactions [8]. The laterite soil when stabilized with lime caused a decrease in
the unconfined compressive strength (UCS) and California bearing ratio (CBR) with the
increase in the delay of compaction in hours [9,10]. High-plastic clays stabilize with lime,
and the UCS and the coefficient of permeability increase with the increase in the delay of
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compaction due to the formation of pozzolanic reactions [11]. The stabilization of sand
with cement induces cohesion, but is not effective in developing interfacial friction [12].
Previous studies have shown that brittleness is associated with cement-stabilized sands [13].
Alkaline materials, such as cement, lime, and gypsum, make the treated soil brittle with
concentration increase and alter the soil pH [14]. Polypropylene fibers and flyash–cement
mixtures are used to improve the unconfined compressive strength of clay. The presence
of composite cement turns the treated soil to brittle; however, due to the presence of
fibers, the treated soil exhibits a plastic behavior upon load application [15]. In order
curb the usage of cement and respective alkaline materials, researchers are working on
disposal wastes that act as a sustainable supplementary cementitious material. Recently,
biopolymer stabilization of plastic and non-plastic fines is gaining attention owing to its
sustainable approach and associated low carbon footprint emissions [16]. Coal gangue is
another sustainable generated from the coal production process. Coal gangue utilization
can reduce ecological issues, but due care should be given to associated leaching of trace
elements [4,5,17]. Enzyme-mediated calcite precipitation is a technique used to improve
the compressive strength of sand. The substitution of magnesium sulphate in enzymes
yields a better improvement compared to conventional calcite precipitation [18,19]. Many
other additives like polypropylene fibers, cement kiln dust, ground-granulated blast-
furnace slag, and slag play a major role in stabilizing specific soils [20]. In the previous
works, every stabilizer has been limited to some aspects (e.g., carbon emission, production
cost, groundwater chemistry, change in soil pH, UV radiation, reactivity, etc.) that drive
sustainable stabilizers. This review explores the potential applications of granite dust,
a waste by-product, as an efficient stabilizer for improving the geotechnical properties
of problematic soils, including Atterberg’s limits, compaction properties, unconfined
compressive strength, permeability, and California bearing ratio, among others. The
mechanisms responsible are described based on the physicochemical characteristics of
granite dust. The optimum dosage of granite dust in various soils for different applications
is proposed to facilitate practical utilization.

Granite dust is an industrial by-product with an ever-increasing demand in the con-
struction industry. It is deposited in huge amounts at quarry sites and crushing indus-
tries [21]. Granite dust is a non-plastic material that exhibits high shear strength with
zero carbon emissions. The fine state of stone dust results in a large specific surface area.
The physical properties, chemical composition, and mineralogy of stone dust vary with
the type of parent rock, but is consistent with the quarry at site [22]. Granite dust is an
industrial by-product originating from the primary crushing stage of aggregates [23]. These
are fine aggregates produced with particle diameters less than 4 mm [24]. The quality
of a stone dust depends on the rock type, origin, and processing method. The global
production of stone dusts from different plants is approximately 1.48 billion tons and pro-
duced by 1430 companies. On an average, a typical rock produces roughly approximately
400–500,000 tons of aggregate every year [25]. Approximately, 20–25% of this goes as
unused material [26]. In India, approximately 200 million tons of quarry by-products is
produced annually [27]. Mined boulders and blasted rocks from quarry sites are hauled
into a crusher bin and fed to crushers [25]. Crushing can be done in three to four stages
(i.e., primary, secondary, tertiary, and quaternary). In the primary and secondary stages,
two major crusher units are fed with quarried rock to produce aggregates of different sizes
determined by demand [25]. An overview of production of quarry fines is described in the
Figure 1. Screening is done in each crushing stage to obtain a usable end product.

Table 1 shows that granite dust is an industrial by-product that has high density and
zero carbon emission and is abundant and chemically inert with water. The specific gravity
of granite dust is greater than the specific gravity of soils [21], which ranges from 2.6 to 2.8.
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Figure 1. An overview of stages involved in the production of quarry fines.

Table 1. Applications of different types of stone dust.

Name of Rock Dust Predominant Constituent Specific Gravity Civil Engineering Applications Reference

Dolomite, metamorphic Calcium magnesium carbonate 2.84 Aggregate, ballast, base material [27]

Limestone, sedimentary Calcium carbonate 2.7 Road base and railroad ballast [28]

Shale, sedimentary Silica 2.62 Fills and embankment [29]

Sandstone, sedimentary Silica 2.5 Replacement of natural sand [30]

Granite, igneous Silica 2.7 Filler, subgrade, replacement of
natural sand and sub-base [31]

Marble, metamorphic Dolomite, quartz, and calcite 2.71 Filler in concrete production [32]
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2. Physical and Chemical Properties of Granite Dust

2.1. Morphology and Mineralogy of Granite Dust

The physical appearance of granite dust changes with topography. The X-ray diffrac-
tion and scanning electron microscopy (SEM) of granite dust show mineralogy and mor-
phological variations. Granite is an intrusive igneous rock formed from magma. It is
predominantly white, pink, or gray in color. These rocks mainly comprise feldspar, quartz,
mica, and amphibole minerals. Dust formed out of granite quarry and aggregate crushing
plants varies in the physical appearance of granite dust relevant to location. Table 2 presents
petrological details of different granite dusts sourced from different parts of the world.

Table 2. Petrological details of granite dust(s) from different regions of the world.

Location Petrographic Description Mineralogy Reference

Thane,
Maharashtra, India Irregular shaped angular particles Quartz from XRD [33]

Local quarry in Kedah,
Malaysia

Granular, irregular and angular
geometry

Quartz, Microcline, Calcium Aluminium
Silicate, Kaolinite, Magnesium Sulphate

Hydrate from XRD
[31]

Quarry dust from local
crushing plants,

Guwahati, Assam, India
Sub-angular to angular Quartz and feldspar [34]

Local marble crushing plants,
Pakistan

Angular and flaky in shape and
bearing rough texture

Quartz, Crystobalite, Zeolite,
Wollastonite from XRD [35]

Garchuk quarry,
Guwahati, Assam, India Sub-angular to angular

Quartz, Feldspar,
Biotite, Muscovite and others from

petrographic analysis from XRD
[36]

Quartz, granite, limestone, dolomite, and sandstone are the major rock types used
by the crushed stone industry. Granite dust is produced from aggregate crushing plants.
Most parts of fines are passing the No. 200 sieve and defined as fine aggregate with a
particle size less than 4 mm in diameter. The chemical composition of granite dust is an
important material characteristic which plays a key role in stabilization. It differs with
location, formation and the type of rock available.

2.2. Granite Dust and Composition

Table 3 provides the composition of a granite dust which give a rough estimate of
various chemical elements in support of the content provided in Table 2.

Table 3. Chemical composition of granite dust (Sourced from [36–39]).

Element Composition Range (%)

SiO2 45–75
Al2O3 15–19
CaO 3–14

Fe2O3 6–17
K2O 3–4.5
MgO 1–3.6
Na2O 0–3.7
P2O3 0–0.02
TiO2 0–2.65

3. Granite Dust as a Sustainable Material

Sand mining is the process of removing sand from the foreshore. Approximately
47 to 59 billion tons of material is mined globally. Sand utilization in construction leads to
unjustifiable sand mining caused by the increment in development activities, which are
unacceptable. The available sources of characteristic sand are draining. High-class sand
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can be moved from a significant distance, causing an economical constraint. Therefore,
the structure quality relies on a partial or complete material replacement. Granite dust
discarded in a huge amount creates a financial and ecological expense to the industry [40].
Granite dust can avoid detrimental effects on the environment, which are caused by the
excessive mining of river sand [41]. Some granite dust applications are in geotechnical
aspects like embankment, backfills, road-paving materials, underground cavity fillers,
barrier wall materials and sub-base.

4. Effect of Granite Dust Addition on the Geotechnical Properties

4.1. Atterberg Limits

Granite dust is a non-plastic material that cannot be influenced by water. Hence,
adding granite dust to plastic soils reduces the plasticity index by breaking the particle–
water–particle bond and the liquid and plastic limits. Works have been performed on red
earth, kaolinite, and sun-dried marine clay, where the Atterberg limits decreased with the
dosage increase [21]. The sun-dried marine clay comparatively gave a better response with
granite dust addition compared to the other two because the marine clay is a high-plastic
soil with a poor gradation curve [21] (Table 4).

Table 4. Response of Atterberg limits with an increase in the dosage of granite dust (Modified after [21]).

Soil Type % Granite Dust Specific Gravity Liquid Limit (%) Plastic Limit (%)

Red earth

0 2.70 40 25
20 2.72 35 Non-plastic
40 2.74 27 -
60 2.76 25 -
80 2.78 24 -

Kaolinite

0 2.6 55 30
20 2.64 47 19
40 2.68 37 Non-plastic
60 2.72 30 -
80 2.76 26 -

Sundried marine clay

0 2.62 73 36
20 2.66 57 28
40 2.69 44 21
60 2.72 35 Non-plastic
80 2.76 27 -

The high plasticity of soil decreased with the increase in the amount of added gran-
ite dust. The liquid limit decreased to 52%, with 60% granite dust addition. Similar
works [42,43] have investigated the low-strength/weak soil and concluded that adding
granite dust to plastic and high-plastic soils decreases the liquid and plastic limits. Work
has also been performed on the granite dust–black cotton soil mixtures and observed the de-
creasing behavior of Atterberg limits with an increase in granite dust addition [44]. Table 5
lists the summary of the attempts made to improve the Atterberg’s limits of different soils
with the addition of granite dust.

Table 5. Summary of the attempts to improve the Atterberg’s limits of different soils with the addition
of granite dust.

Soil Type Outcome Reference

Red earth Decreased gradually [21]

Lithomargic clay Significant decrease of liquid limit
and plastic limit [43]

Black cotton soil Liquid limit is decreased by 42% at
40% addition of granite dust [44]
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Decrease in Atterberg’s limits of the soil is due to the decrease in finer fraction of the
heterogeneous mix. Change in the finer fraction affects the water absorbing capacity of
the soil.

4.2. Compaction Attributes

Maximum dry density (MDD) and optimum moisture content (OMC) are two sig-
nificant parameters used to assess the field capacity of soil. Adding granite dust to soil
increases the MDD and reduces the OMC due to the increase in coarser fraction and the
specific gravity of soil–granite dust mixes [43]. Moreover, the increase in the MDD was
due to the shift in the gradation curve from a poor to a well-graded mix. In a work on
quarry reclamation, granite dust was mixed with silty soil. A decrease in the OMC and
an increase in the MDD were observed with the increments in the presence of granite
dust (Figure 2) [45]. Generally high-plastic silts show an improved MDD and a decreased
OMC with the gradual increase in granite dust substitution [42]. Nwaiwu [43] observed an
increase in the MDD of black cotton soil–granite dust mixes and a decrease in the OMC
at higher granite dust contents. Irrespective of compaction energy adopted, the addition
of granite dust improved OMC and MDD relatively for several soils. Similar observa-
tions [22,46] were identified in the case of clays and red earth soils, where an increase in
the MDD of mixes were observed with a simultaneous reduction in the OMC values at
higher percentages of granite dust dosages was noted. The compaction characteristics of
residual soils improved with the addition of granite dust, which consequently led to an
increase in the compaction energy [37].
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Figure 2. Influence of the granite dust dosage on the compaction characteristics S1: 75% soil + 25%
granite dust; S2: 50% soil + 50% granite dust; and S3: 25% soil + 75% granite dust (Modified after [45]).

The maximum dry density of mixed soils improves because of the substitution of dust
particles in the clay voids and, to some extent, in silts. This will ensure that macro and
micro-voids are minimized at higher compactive efforts. The MDD of marine clay increased
by approximately 88%, which is higher compared to other soils as seen in Figure 3 (Adding
granite dust to soils allows less water to absorb due to the increase in the coarser fraction
compared to fines, which is particularly observed in clays, silts and clayey soils). These
changes in the soil–granite mix help to improve the engineering properties of the soil.
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Figure 3. Variation of MDD of different soils with granite dust (Modified after [42,44]).

The change in compaction characteristics is due to the change in particle size distribu-
tion of the granite dust mixed soil. Formation of a well graded mix offers greater density
and presence of granite dust breaks the water film around the clay particles.

4.3. California Bearing Ratio

To obtain the CBR, a static penetration test is performed to obtain the susceptibility of
soil against wheel load penetration. According to [42], the CBR value recommended by
the RDA is 15% for subgrade in highway construction. In the case of kaolinite, red earth,
and sun-dried marine clay, the CBR values increased with an increase in the percentage
of granite dust [21]. However, the percentage increase in CBR for a particular dosage of
granite dust is more for clay soil due to the change in grain size distribution (Table 6). Soils
with high clay content showed a high improvement with granite dust addition.

Table 6. CBR characteristics of Granite dust amended soils (Modified after [21]).

Soil Type % Granite Dust Soaked CBR (%) Unsoaked CBR (%)

Red earth

0 8.8 9.9
20 9.8 10.5
40 10.8 12.0
60 13.0 14.3
80 14.7 15.5

Kaolinite

0 5.2 7.8
20 6.7 8.8
40 8.8 10.8
60 18.7 20.8
80 20.8 22.8

Sun-dried marine clay

0 3.8 4.7
20 4.3 5.2
40 5.1 6.2
60 8.9 9.4
80 11.2 11.8
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This increase in the CBR value is also influenced by the shear strength of the particular
soil. In spite of the presence of weak soil, stabilization with granite dust brings the CBR
value to the field requirement that helps to reduce the pavement thickness. The increase in
the CBR values with the increase in the percentage of granite dust was observed until 50%
granite dust addition in the case of black cotton soil [44]. The CBR values of the residual
soils increased with an increase in granite dust in soaked and unsoaked conditions [37].
Table 7 shows summary of earlier works related to improvement in CBR characteristics of
different soils.

Table 7. Summary of works to improve the CBR of the soils with granite dust.

Soil Type Outcome Reference

Marine clay Good improvement at less amount of
granite dust [21]

Residual soil Soaked CBR value is comparatively
higher than un soaked [37]

Black cotton soil Significant increase at 50% addition
of granite dust [44]

4.4. Shear Strength

Sun-dried marine clay highly responded to the granite dust addition compared to red
earth. The presence of granite dust in clays filled the voids and developed friction among
the mixed particles [22]. A significant improvement in the shear strength with the increase
in internal friction and a corresponding decrease in the cohesive nature of high-plastic silt
was observed up to 60% addition of granite dust as seen in Figure 4.
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Figure 4. Variation of shear parameters of high-plastic silt with granite dust addition (Modified
after [42]).

4.5. UCS and Permeability

The unconfined compressive strength of lithomargic clay is improved with addition
of granite dust content up to 20% and decreased with a further increase in granite dust
addition. The coefficient of permeability of lithomargic clay proportionally increased with
the addition of granite dust [46].

The wealth of literature summarized reveals that, granite dust enhances the geotech-
nical properties of silts and clays. High-plastic clays and clayey soils hold poor gradation;
thus, the granite dust addition turns the mix into a well-graded complex that yields a high
confinement as seen from Figure 5.
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Figure 5. Change in the particle gradation of clay soil with granite dust addition.

5. Granite Dust as a Substitute for Sand

Kumar [47] worked on different sub-base materials like flyash, coarse sand, granite
dust, and river bed material (RBM). Granite dust was found to have the least resistance to
rutting compared to the other three materials used in this study. The RBM has the maximum
resistance to rutting. The static and resilient moduli were both higher for the RBM, implying
that it had a better performance than the other three materials in the field. The internal
friction angle ranged from 26◦ to 39◦, and the specific gravity was nearly close to the specific
gravity of river sand, which is required for the fractional sand replacement [36]. From
the chemical composition of granite dust, silica/quartz (SiO2) is the predominant mineral
that helps give a high shear strength similar to sand. Therefore, practically, granite dust
can be used as a substitute for sand. Some previous investigation(s) [31,35,48–50] proved
that sand can be partially replaced with granite dust without changing the workability
and durability of concrete. Furthermore, the shear strength of sandy soil increases with
an increase in the percentage of the granite dust content in sand–granite dust mixes to a
certain limit. This work concludes that granite dust is the best source of alternative to save
sand availability.

6. Alternate Treatment Methods

Reinforced Granite Dust

Sand was earlier referred to as the best backfill material because of its shear strength
and permeability characteristics. In view of sustainability, being a cohesion less inert
material that can also be used as a backfill due to its bulk utilization, granite dust is also
the best substitute for sand [33]. A backfill material should not possess any lateral dis-
placement of facia walls and should be able to resist the settlement due to loading. Granite
dust is limited in cohesion property and high density; hence, the concept of granite dust
reinforcement has been explored by certain authors. Among several reinforced materials,
geosynthetics are considered as the best reinforcing materials due to their workability.
Rama Subbarao [51] stated that geo grid reinforcement reduces the shear deformations
of granular materials. Reinforced granite dust exhibits a ductile behavior and improves
apparent cohesion, but is insignificant in the case of friction. The deviatory stress is the
governing factor of shear strength in the case of reinforced stone dust, especially in ductile
reinforcements. The EPS geofoam was introduced in granite dust as the load-reduction key.
Geofoam is more noticeable for gravelly and sandy fills. The interface shear strength of
geofoam–granite dust is highly influenced by normal stress applied [52]. In addition, the
presence of geofoam reduces the backfill weight. Reinforced granite dust could be used
as a backfill material, even at a lower relative density that reduces facia displacement and
vertical settlements [53]. The change in the dimensions of the reinforcement and its location
also greatly influence the backfill behavior. Waste plastic strips serve as a reinforcing
material for improving the penetration resistance of granite dust. Granite dust is highly
influenced by the increase in the density of intruded plastic strips [54]. Earlier works have
stated that approximately 1% of plastic strip addition with an aspect ratio of 3 increases the
soil CBR. The CBR was improved by the particle interlocking in reinforced layers under
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the dry condition (unsoaked) and the sedimentation of fines, in which the coarser particles
to the top led to a confinement in the wet condition(soaked) [51].

Backfills and soil walls are some of the bulk applications in geotechnical engineering.
The reinforced granite dust material is the best substitute for sand. Being a high-density
material, the reinforcement helps reduce the pressure on the facia walls, which conse-
quently leads to the reduction of the horizontal displacement and the vertical settlement
due to the interlocking phenomenon (Figure 6). The concept of reinforced granite dust
also helps improve the penetration resistance due to the development of a confinement
among particles.

Figure 6. Mechanism of reinforced granite dust.

7. Effect of Granite Dust and Stabilizer(s) on Geotechnical Behavior

Importance of the Stabilizer

Granite dust is a non-plastic cohesion less material with a specific gravity greater than
that of soil. Adding granite dust to cohesive soil filled the voids in cohesive soil, which
increases the density and the shear strength. However, in some cases, granite dust alone
will not be sufficient to fulfil the requirements that may cause sudden drawdown or a slip
as seen from Figure 7. The soil-granite mix requires a binding agent to bring an efficient
product to work in the field that can withhold the heterogeneous mass.

Figure 7. Significance of the secondary stabilizer.

When clay soil was stabilized with granite dust, the plastic nature of the soil decreased
with the increase in the granite dust dosage, leading to failure. The presence of a binding
material prevented failure and increased the cohesion which enhanced the engineering
properties. Black cotton soil when amended with lime and granite dust exhibited better
performance compared to untreated scenario [55]. The ettringite formation increased the
strength of the soil–granite dust mix (Figure 8). Granite dust, along with calcium carbide
residue (CCR) in equal amounts, showed a good influence on problematic silty clay in
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terms of the CBR (Figure 9) [26]. The presence of the CCR in silty clay led to pozzolanic
reactions and increased the chemical bonding between particles.

  
(a) (b) 

Figure 8. SEM images (a) of black cotton soil and (b) black cotton soil mixed with 9% lime and
plugged with 25% granite dust (Sourced from [55]).
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Figure 9. Response for the soaked CBR test after 14 days of curing. Case I-Soil + 5% granite dust
+ 5% CCR. Case II-Soil + 10% granite dust + 10% CCR (Modified after [26]).

Some works on foundation soil improvement were performed using granite dust and
cement, where the soil was improved with the incremental addition of granite dust with 4%
cement addition. Granite dust with 10% cement addition improved the shear strength and
the hydraulic properties of lithomargic clay [46]. The presence of cement led to ettringite
formation, which helps in developing additional strength and cohesion. The presence of
cement also helped in decreasing the pore volume. Dutta and Sarda [54] used a waste
plastic strip with granite dust/flyash to improve the kaolinite clay properties. The CBR
variation in the mix was attributed to the strip intrusion and the strip length in granite
dust. The high-plastic silt was added with cement and granite to improve the CBR [42].
Quarry wastes in the form of granite powder and muck could be used as a supplemental
subgrade material when added with lime [56]. The effects of quick lime on compacted
granite dust were also studied, and the bearing capacity was found to improve with quick
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lime addition. Table 8 provides the summary of various earlier works which necessitated
the inclusion of binder to granite dust.

Table 8. A Summary of works to improve the properties of soil mixed with granite dust and a binder.

Soil Type Outcome Reference

Black cotton soil with lime
and granite dust

Cohesion increased. Good
improvement observed in

engineering properties
[55]

Silty clay with CCR and
granite dust

Good chemical bonding appeared.
CBR increased [26]

Lithomargic clay with granite
dust and cement

Strength and cohesion increased.
Pore volume decreased [46]

Kaolinite clay with granite
dust/flyash with waste plastic CBR increased [54]

High plastic silt with cement
and granite dust CBR improved [42]

8. Practical Applications of Granite Dust

An embankment was constructed in Korea using locally available silty material and
granite dust sourced from two different quarry sites (biotite granite quarry from Yangju,
Gyeonggi province; granitic gneiss from Gongju, South Chung cheong province) [45]. The
granite dust is added in multiples of 25% from 0 to 100 and its response to enhancement in
targeted geotechnical properties was determined. This case study revealed the fact that,
an embankment of silty material stabilized with granite dust should attain a gradient of
1:1.8 for 10 m height and 1:1.5 for 15 m height in order to satisfy the stability analysis as per
Korean standards. Up on inclusion of granite dust, the specific gravity of the mix increased
whereas the MDD and shear strength of the mix decreased as seen from Table 9.

Table 9. Effect of granite dust on the shear parameters of a local silty soil (Modified after [45]).

Granite Dust:
Natural Soil

Yangju, Gyeonggi Province Gongju, South Chungcheong

C (t/m2) ϕ C(t/m2) Φ

100:0 0.52 30.2 0.45 29.3
75:25 0.51 30.8 0.51 30.6
50:50 0.48 32.1 0.48 31.5
25:75 0.44 33.4 0.4 34.2

In Jimma town of Ginjo kebele, Ethiopia, an expansive soil (clayey soil) at subgrade
level was stabilized using granite dust [57]. The dosage of granite dust was limited to 50%
(added in increments of 5%). CBR requirements for subgrade were met at 30% to 35% of
granite dust addition as seen in Figure 10. The thickness of the subgrade was found to
reduce by 20.6% compared to an untreated case. Their study concluded that clay-granite
dust soil satisfies the requirements for subgrade layer [57].
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Figure 10. Improvement in the CBR of subgrade soil with addition of granite dust (Modified
after [57]).

9. Conclusions

The current review article dealt with the generation of granite dust and shed light on
its influence on the engineering properties of soils exhibiting different mineralogy. The
workability of granite dust amended soils in the presence of an additional stabilizer is
critically reviewed. The performance of granite dust as a backfill and a pavement material
is discussed. The mechanism behind the improvement of each soil engineering property
with granite dust addition is explained. The major outcomes of this review article are:

• This significant improvement in Atterberg limits and Compaction characteristics is
attributed to the increase in the coarser fraction and specific gravity, followed by a
decrease in the water absorption capacity of the soil.

• The interfacial friction of cohesive soil increased and cohesion value decreased due
to the presence of coarser particles that fills the voids in clays, thereby increasing the
friction component between the soil particles.

• Soaked CBR values are increased due to the improvement in corresponding Maximum
dry density and Shear strength.

• A small amount of additive (calcium-based stabilizers) (<10%) with granite dust
enhances the engineering properties of cohesive soils by causing net reduction in the
pore volume, assisting in the rapid formation of ettringite, and substantially enhancing
the tensile strength.

• Granite dust is a highly recommended material as a replacement of sand in con-
crete and geotechnical applications due to its chemical composition and interfacial
friction angle.

Granite dust is a sustainable and remarkable material exhibiting relatively low em-
bodied energy levels. For a given scenario, when granite dust is amended with native soil,
the amount of CO2 released due to granite dust addition is compensated by the reduced
use of locally available materials. Accordingly, granite dust addition results in reduced
carbon footprint values, and this treatment strategy is close to carbon neutral.

Proposed Research Gaps

• To explore the particle size effect of granite dust on the strength characteristics of
the soil.
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• Dynamic studies on the granite dust stabilized soil can be explored for future rail and
roadway applications.

• The stability of embankments and long-term durability of highways constructed with
granite dust amended soils may be carried out.
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Abstract: The development of alternatives to soil stabilization through mechanical and chemical
stabilization has paved the way for the development of biostabilization methods. Since its devel-
opment, researchers have used different bacteria species for soil treatment. Soil treatment through
bioremediation techniques has been used to understand its effect on strength parameters and contam-
inant remediation. Using a living organism for binding the soil grains to make the soil mass dense
and durable is the basic idea of soil biotreatment. Bacteria and enzymes are commonly utilized in
biostabilization, which is a common method to encourage ureolysis, leading to calcite precipitation in
the soil mass. Microbial-induced calcite precipitation (MICP) and enzyme-induced calcite precipita-
tion (EICP) techniques are emerging trends in soil stabilization. Unlike conventional methods, these
techniques are environmentally friendly and sustainable. This review determines the challenges,
applicability, advantages, and disadvantages of MICP and EICP in soil treatment and their role in
the improvement of the geotechnical and geoenvironmental properties of soil. It further elaborates
on their probable mechanism in improving the soil properties in the natural and lab environments.
Moreover, it looks into the effectiveness of biostabilization as a remediation of soil contamination.
This review intends to present a hands-on adoptable treatment method for in situ implementation
depending on specific site conditions.

Keywords: enzyme-induced calcite precipitation; microbial-induced calcite precipitation; geotechni-
cal engineering; geoenvironmental engineering

1. Introduction

Improving soil properties has become inevitable when finding available places with
soils of considerable strength is difficult. Instead of finding areas with soil of good geotech-
nical properties, soil improvement using soil stabilization techniques in the desired location
seems preferable. Soil stabilization focuses on the improvement of the soil’s bearing capac-
ity and the reduction of settlement and deformation [1–4]. Ground improvement is most
effectively addressed through soil stabilization. Researchers have tested various techniques
of stabilization, and some have been vastly implemented in the field, specifically in the
past four decades. Land with good soil performance is becoming scarce due to popula-
tion growth. Therefore, using techniques to improve the performance of existing soil has
become necessary. Among the soil stabilization methods, mechanical and chemical stabi-
lization are widely acclaimed. Mechanical stabilization involves the process of densifying
the soil mass by expelling air voids with nominal variation in water content for better
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performance, whereas chemical stabilization involves amending the soil with additives to
achieve the desired density, reduce permeability, or improve soil strength [5].

Chemical stabilization utilizes cementitious materials like lime, asphalt, and chemicals
such as silicates and polymers, and Portland cement. These affect the chemical form of the
soil matrix, improving its geotechnical behavior [6]. Chemical stabilization has attracted
greater attention due to its effectiveness in soil improvement using traditional binders
with a calcium base, like lime, fly ash, and cement, or novel stabilizers, like acids, salts,
lignosulfonates, enzymes, petroleum emulsions, resins, and polymers [7]. In this method,
the additives must be mechanically mixed with the soil in its natural state. With the
influence of a specific chemical stabilizer on the site, the additive mixed must be properly
distributed in the soil mass to ensure its effectiveness [8].

Stabilization techniques also include physical methods wherein soil is reinforced to
achieve more strength and reduced settlements using reinforcing bars, strips, grids, fibers,
and sheets [9]. Due to the rapid population growth, the scarcity of land for construction has
increased, leading to construction activities on problematic soils [10]. Using stabilization
techniques for problematic soils ensures the safety of structures built on them by improving
soil performance against loading. Therefore, soil stabilization serves vital purposes in
civil engineering. Apart from increasing the soils’ strength, reducing their permeability,
improving their bearing capacity, and filling voids, contaminant remediation has also been
used to reduce the hazardous effects of pollutants (heavy metals) present in the soils due
to anthropogenic activities. Heavy metal contamination in soils is a threat because heavy
metals intrude in the food chain and cause hazardous effects [11]. Many techniques are
being developed to reduce or recover heavy metals from polluted sites. Physical and
chemical methods are proven to be effective in removing a wide spectrum of pollutants.
However, the process consumes a lot of energy and may require extra effort to reach the
desired level of heavy metal removal [12]. The use of soil stabilization techniques has been
proven to be useful in both geotechnical and geoenvironmental applications.

Biologically mediated soil modification is also an emerging trend in soil stabilization.
Mitchell and Santamarina [13] explored the possibility of using the biological components
of rocks and soils to trigger interests in biological applications in geotechnical engineer-
ing. Dejong et al. [14] considered their work as the first of its kind. They also quoted
the National Research Council of USA [15] regarding the biogeotechnical field being an
important research area in the 21st century. Ants and termites amend soils, making tunnels
water-resistant; this shows that biogeotechnical processes happen naturally [16]. Nature
has always been an inspiration to humans for exploring possibilities of reaping benefits
by replicating natural phenomena. One similar attempt is made in soil stabilization by
domesticating microbes to improve soil performance. Mineralization through microbes
such as bacteria, fungus, and algae is observed in nature [17], and the mineralization
process by using bacteria has various applications in engineering [18]. Bacterial intrusion
called microbial-induced calcite precipitation (MICP) in soil treatment improves soils’
geotechnical properties through the precipitation of calcium carbonate (CaCO3), binding
soil grains together [19]. Soil stabilization through microbes, which precipitate CaCO3,
is applied to different soil types like liquefiable soils [20], sand [21–23], sandy soil [24],
and tropical residual soils [10]; it is used for the remediation of porous media [25] and the
restoration of calcareous stone materials [26]. MICP is even used to seal rock fractures [27],
treat wastewater [28], and reduce beach sand erosion [29].

With the understanding of calcite precipitation in the soil through the bacterial method,
a similar method of precipitation without bacterial intrusion in the soil was attempted by
directly using the urease enzyme, which precipitates calcite. This method of soil stabiliza-
tion through the precipitation of CaCO3 with the use of enzymes instead of microorganisms
is called enzyme-induced calcite precipitation (EICP) [30–33]. This method also has a wide
range of engineering applications for soil treatment such as stabilizing slopes, avoiding
erosion due to wind and water, reducing the scouring of soil, checking the seepage be-
neath levees, improving the bearing capacity of soil, tunnelling, and controlling seismic
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settlement [34] and dust [35]. Further biostabilization of soils has also found its way in
the remediation of contaminants. This review considers the available research studies con-
ducted on the EICP and MICP techniques and discusses their applicability and challenges
in geotechnical and geoenvironmental applications.

2. Overview of the Microbial-Induced Calcite Precipitation (MICP) and
Enzyme-Induced Calcite Precipitation (EICP) Methods

In MICP, precipitates of calcium carbonate are produced by a combination of dissolved
calcium ions and urea produced by the urease bacteria after hydrolysis [36]. Due to the
complexity of the cultivation of urease-producing microorganisms and the uncontrollability
of enzymatic activities, urease activity is incited directly with enzymes, specifically with
urease [37–39]. The enzyme-mediated precipitation of calcite is achieved without any
bacterial activity. The EICP method is used to improvise the geotechnical properties of
soils by using an aqueous chemical solution that precipitates calcite within soil voids. The
precipitates help in roughening and binding soil grains and even in pore filling, thereby
improving the strength and stiffness of the soils. The EICP method is also distinguished
from MICP by its use of free urease instead of bacteria. Enzymes can be derived from
microbes, fungi, and agricultural sources [40,41].

Hydrolysis of Urea

The process before the precipitation of CaCO3 in soil voids in biotreatment starts from
urea hydrolysis initiated by the urease enzyme. During urea hydrolysis, the decomposition
of urea leads to the formation of carbon dioxide and ammonia. The water in the system
helps ammonia to dissolve and form hydroxide and ammonia ions. These ions create an
environment that allows an increase in the solution’s pH. Simultaneously, carbon dioxide
dissolves in water and develops ions of bicarbonates and hydrogen due to the increased
pH of the environment; carbonates are formed due to the reaction between bicarbonate and
hydroxide ions, forming carbonate ions and calcium carbonate in the presence of calcium
ions; the calcium carbonate formed is precipitated because of its low dissolution rate in
water [42]. Urea hydrolysis can be imitated either through the urease produced by bacteria
or directly by using the free urease enzyme. Therefore, the reactions that take place in the
soil is common in both MICP and EICP, but these two methods differ in terms of the source
that initiates the hydrolysis [43]. Equations (1) and (2) show the chemical reactions that
represent urea hydrolysis, leading to the precipitation of CaCO3 [44].

CO(NH2)2 + 2H2O Urease→ 2NH+
4 + CO2−

3 (1)

Ca2+ + CO2−
3 → CaCO3 (2)

Figure 1 presents the EICP and MICP mechanisms. The precipitation of CaCO3 by
microbes was tested with and without urea by Golovkina et al. [45], who inferred that two
metabolic routes—autotrophic and heterotrophic—were responsible for the precipitation of
CaCO3 in the soil. Precipitation with urea was initiated with the usual urea hydrolysis, and
the urea-free medium also successfully precipitated calcite at low pH values with different
bacteria strains.
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Figure 1. Mechanisms of microbial-induced calcite precipitation (MICP) and enzyme-induced calcite
Precipitation (EICP) in the CaCO3 precipitation.

3. Bacterial Precipitation of CaCO3 in Soils

Bacteria can adapt to varying environmental conditions due to their physiology and
genetics, which is because they have existed in nature since three and a half billion years
ago [46]. Some important features of microorganisms are that they bear cells with a simple
structure without an enclosed nucleus. With multiple chromosomes and unique chemical
compositions, microbes are characterized and classified by their cell wall, nutrients, RNA,
DNA, and type of biochemical changes [47,48]. Bacteria are the most widely found microbes
in soils. A bacterial cell has a diameter in the range of 0.5–3.0 μm, with an elongated, spiral,
or spherical shape [49]. The bacterial activity in producing calcite for soil treatment in-
volves various bacteria. Burbank et al. [21] studied CaCO3 precipitation through biological
mediation using indigenous bacteria and found them effective in increasing the liquefaction
resistance of sands. They concluded that using indigenous bacteria is advisable to make soil
biomodification more economically feasible. Lee et al. [50] studied the improvement of soil
properties using organic materials and found a 1.5–2.5 times increase in soil strength when
compared with samples without an organic stabilizer. The stabilizer used was an organic
acid material named Con-α, which was developed by Osaki Corp. in Japan. It allows
microbe proliferation with aging. The importance of using this organic material is to ensure
safety for the environment. pH tests confirmed that the organic acid was eco-friendly. The
tests were conducted by preparing samples mixed with 3% and 6% of the organic biostabi-
lizer by weight of the soil, which were tested for different ages. The authors concluded that
the pores in the soil were filled with matter produced by the microbes, improving the soil’s
strength. Although MICP has potential for soil improvement, upscaling this method, opti-
mization and training/educating the technicians on its effective applications are identified
as challenges in its implementation [51]. To grade the worth of MICP, the rate of CaCO3
precipitation is said to be 60 kg/m3 of soil [52]. MICP is carried out by using bacteria such
as Sporosarcina pasteurii (S. pasteurii)/Bacillus pasteurii [21–25,50,52–57], Idiomarina insulisal-
sae [24], Pseudomonas putida [54], Bacillus cereus [58], Bacillus sphaericus [59], and indigenous
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bacteria [60]. MICP is even used for the improvement of the performance of construction
materials [54], sediment stabilization [61], and reduction of coastal erosion [62].

Soon et al. [10] used MICP for the improvement of the engineering properties of
soils. The species of bacteria used was Bacillus megaterium, combined with other cementing
reagents. They found that the CaCO3 precipitates were effective in soil stabilization, capa-
ble of improving shear strength, and even useful in reducing the hydraulic conductivity of
soil and sand. Proto et al. [63] studied the reduction of the permeability of saturated sand
through the formation of biofilms on the surface of the sand grains, biofilms being the accu-
mulation of cells and extracellular polymeric substances in an organic process. The process
of bioaugmentation was incited by strains of non-native bacteria injected in the sand, and
bacteria already present in the sand contributed to the precipitation. The use of biofilms
resulted in a considerable decrease in the permeability of the soil. Bioaugmentation is a
commonly used method for removing contaminants from soil mass; this process is initiated
by allochtonic or autochtonic microbes against nondegradable organic matter from soil [64].
The transformation of harmful compounds into different forms by using bacteria should
be possible, showing bioaugmentation [65]. The use of additives, along with microbes,
has also been tested for the improvement of soil performance. Zhao et al. [66] used fiber
felt scrap (activated carbon) with the MICP technique to treat sand. They observed that
unconfined compressive strength (UCS) and tensile strength improved, showing the possi-
bility of using a discarded scrap waste material along with MICP treatment to improve
soil strength.

4. Enzyme Usage and Sources for Soil Treatment

The most widely studied enzyme source for soil treatment is the jack bean plant,
technically termed Canavalia ensiformis. This plant is a draught-resistant species classified
in the Fabaceae family [34]. Larsen et al. [67] reported that calcite precipitation increases
ten times with the use of the jack bean meal instead of pure urease. The urease enzyme was
first crystallized in 1926 by James B. Sumner [68–70]. Oliveira et al. [71] conducted a study
on the effect of soil type on the precipitation of calcium carbonate by EICP treatment in the
soil by jack bean urease for its improvement. They found that the precipitation of CaCO3
increased the strength of the soil by 40–106%, but the test proved ineffective for organic soils.
Renjith et al. [5] used a commercially available enzyme-based additive named “Eko soil”
for the construction of unpaved roads in Australia. They found that the treatment methods
could be used for cost-effective and sustainable unpaved roads. They also surveyed other
enzymes that were commercially available or manufactured from fermented matter, which
is converted into a chemical, liquid, or organic form. Javadi et al. [72] used urease enzyme
extracted from watermelon seeds. They found that the theoretical maximum precipitation
of calcite was around 64%, which was considered promising for soil treatment using urease
extracted from watermelon seeds. It is also important to note that using enzymes for soil
stabilization is expensive; the cost of enzymes is equal to 90% of the total cost of materials
used [73,74].

Use of Additives in the Biotreatment

The use of additives, along with the urease enzyme, in the biotreatment has also
been tested to improve the precipitation process for better soil performance. Almajed
et al. [75] used non-fat milk powder as an additive to improve the urease activity and
obtained surprising results wherein the amount of CaCO3 precipitated and the UCS values
were better than those for soils treated with enzyme solutions without non-fat milk pow-
der. It was noted that the amount of calcite precipitated is not regarded as an indicative
factor of increase in strength; rather, the precipitation pattern governs the improvement
in the geotechnical properties of soils; that is, even low carbonate precipitation with a
suitable pattern may lead to higher strength compared to high carbonate precipitation.
The enzyme treatment is performed with an aqueous solution consisting of urea, calcium
chloride, and urease enzyme in deionized water for mixing/injecting in the soil for calcite

63



Crystals 2021, 11, 370

precipitation [76,77]. Hamdan and Kavazanjian [78] also used non-fat milk powder as a
stabilizer, along with urease, in the enzyme solution to test its effectiveness in fugitive
dust control. They observed that the treatment with the enzyme resulted in resistance to
wind erosion. Putra et al. [79] used magnesium chloride as a substitute in the enzyme
treatment to precipitate CaCO3. They found that the ratio of precipitation was 90% of
the theoretical maximum, which was obtained with the addition of a small quantity of
magnesium chloride. The use of magnesium resulted in a lower precipitation rate, resulting
in the higher injectivity of the enzyme solution. It changed the shape of CaCO3 precipitates,
simultaneously precipitating aragonite along with calcite. The use of additives to improve
the efficacy of the enzyme treatment on soils has become an important part of research.
Yuan et al. [39] used soybean urease for silt improvement in flooded areas and with ure-
ase. Additional materials, like glutinous powder of rice, brown sugar, and skim milk in
powdered form were used to reinforce the urease activity. Hommel et al. [80] developed
a numerical model for the EICP method to simulate the outcomes for different dosages
of the enzyme solutions in any experimental setup. They developed a model that could
give qualitative outcomes for the experimental setup modeled in the program. Therefore,
EICP and MICP can be tested for their proposed outcomes using a numerical model before
conducting the experiments physically.

5. Geotechnical Applications of the Biocementation Technique

The use of biostabilization methods wherein CaCO3 precipitation helps in improv-
ing soils has attracted the interest of geotechnical engineers substantially [81–83]. The
biotreatment of soils further needs suitable environmental conditions to achieve the desired
outcomes through the precipitation of CaCO3 [54,84]. However, the use of an enzyme-
based stabilization method depends on factors like type of soil, method of construction,
curing, and temperature, which may result in poor outcomes unless a suitable adjustment
is not made to control the hindrances as per the type of enzymes [5].

5.1. Biotreatment Techniques

Mujah et al. [44] reported that MICP is effectuated by the injection, surface percolation,
and premixing methods. In the injection method, the treatment solution is injected in the
soil. In the premixing method, soils are mixed with the bacterial solution before dumping
the soil in its place to serve the intended purpose. In the surface percolation method, the
cementation solution is made to be absorbed in the soil from the surface. Wiffin et al. [81]
tested the biotreatment through the injection method on a 5 m long column of sandy soil.
They observed that the precipitation of CaCO3 was not even along the length of the column.
Sotoudehfar et al. [85] studied the factors influencing MICP applied through the injection
method. They used a specially designed pump for injecting the cementation fluid into the
soil. They found positive outcomes with their injection method of implementing MICP
on soils. The injection method of the biotreatment was carried out by two phase injection
procedures wherein initial bacterial strains were injected; later, bacterial feed was injected.
Stocks-Fischer et al. [25] reported that injecting bacteria and reagents together may result
in clogging at the injection site, especially when the flow rates of the fluids are low in the
soil. The injection technique may be suitable when the treatment fluid is of low viscosity.
In contrast, injection or biogrouting may need substantial pumping energy to achieve the
desired soil strength [86]. The inoculation of bacterial strains in soils is also practiced for
contaminant removal from soil mass [65].

Almajed et al. [40] studied the EICP treatment through percolation and premixing
methods applied on Ottawa 20–30 sand. They interpreted their findings by comparing
both methods of treatment and found that premixing was not effective in maintaining the
intactness of the sand specimen, whereas the percolation method portrayed better results.
An intact specimen, which could be easily tested for its strength and percolation method,
also provides good interparticle bonding. Neupane et al. [87] used percolation for EICP
on sand. They observed an almost uniform distribution of calcite precipitates in sand
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at 5 ◦C, whereas precipitation was reduced to 5% at a temperature of 23.5 ◦C. It can be
understood that implementation techniques also play a vital role in the biotreatment of
soils, and specific methods of implementation can be devised depending on the soil type
and the environmental conditions.

5.2. Effect of Biotreatment on the Unconfined Compressive Strength (UCS) Test

The biotreatment of soils is well understood for its degree of effectiveness by UCS
values [36,88–90]. Ali et al. [91] stated that the UCS test is most trusted to ascertain the
effectiveness of soil stabilization methods. Sharma and Ramkrishnan [92] studied soils (fine
grained) treated with MICP and observed the improvement in the UCS value of soil. They
also inferred that the particle packing plays an important role in improving soil strength
and even leads to improved bearing capacity, reduced settlement and permeability, and
diminished shrink-swell characteristics of soils. The development of pore pressure can also
be stopped with soil treatment. Strength enhancement in soils treated with biocementation
methods is mainly achieved because of the adhesion of soil grains due to calcite precipitates
in soil voids. Figure 2 shows a comparison of UCS values obtained for the soils before and
after the biotreatment.

Figure 2. Comparison of unconfined compressive strength (UCS) results for soil samples before
and after biotreatment. 1—Sotoudehfar et al. [85], 2—Wani and Mir [93], 3—Wani and Mir [93],
4—Moghal et al. [94], 5—Moghal et al. [94], 6—Xiao et al. [95], 7—Sharma and R [92], 8—Sharma
and R [92], 9—Park et al. [96].

Table 1 shows the UCS test results obtained by researchers for different soils treated
with MICP/EICP techniques. Yasuhara et al. [31] used free enzyme (urease) supplied
by Kishida Chemical to treat sand through CaCO3 precipitation. They found that the
experiments showed the effectiveness of the enzyme treatment on UCS samples and
permeability. Strength gain in the soils depends on the amount of calcite precipitated.
Notably, for the substantial improvement in the stiffness and strength of soils treated with
a biostabilization technique, a minimum of 4% of calcite precipitation per mass of treated
soils is required [96].
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Table 1. Unconfined Compressive Strength (USC) results obtained by different researchers after the biotreatment of soils.

Sl No Bacteria Type Type of Soil
Maximum UCS Value

Obtained after
Treatment (kPa)

UCS Value for
Untreated Soil (kPa)

Reference

1 Sporosarcina pasteurii Poorly graded sand 930 85 [85]

2 Jack Bean Urease Ottawa 20–30 sand 88.8 - [40]

3 Bacillus subtilis
Bacillus pasteurii Dredged soils 735

820 280 [93]

4 Pararhodobacter sp.
Fine grained sand

Coarse sand
Mixed sand

1330
2870
2800

- [97]

5 Jack Bean Urease Silica sand 1745 - [75]

6 Jack Bean Urease Red soil
Black soil

440
226.1

70
13 [94]

8 Sporosarcina pasteurii Fine to medium-grain sand 12,400 - [98]

9 Urease Enzyme Silica sand 380 - [99]

10 Urease Enzyme Sand 1600 - [100]

11 Urease Enzyme Silica sand 600 - [79]

12 Urease enzyme F-60 silica sand
Ottawa 20–30 sand

529
391 - [38]

13 Sporosarcina pasteurii Soft Clay 43.31 17.89 [95]

14 Sporosarcina pasteurii Sand (commercially
available) 14,000 - [101]

15 Sporosarcina pasteurii Fine grained soil (CL)
Fine grained soil (CH)

338.32
219.66

97.08
125.52 [92]

16 Jack Bean Urease Poorly graded silica sand 555 - [102]

17 In-situ soil bacteria Poorly-graded sands 5300 - [103]

18 Urease enzyme from
watermelon seeds Mikawa sand 3000 - [104]

19 Jack-bean extract Nakdong River sand 317 31.7 [96]

20 Jack Bean urease Ottawa sand 1700 - [105]

21 Jack Bean urease Ottawa 20–30 1600 - [106]

22 Terrazyme Clay with low plasticity 1073 - [107]

5.3. Reduction of Hydraulic Conductivity by Biotreatment

The use of biotreatment methods for permeability reduction in soils has led to effective
results [10,63,90,108–112]. One of the reasons that leads to the reduction in soil permeability
is the cementation of soil grains with precipitates of CaCO3, leading to the blockage of
connected pores in the soil mass. Although permeability reduction due to biotreatment
depends on the size of soil grains, finer soils have miniscule flow paths due to the proper
packing of soil grains; even the size of precipitates plays an important role in reducing
permeability. Sometimes, suspended precipitates also get accommodated in the voids of the
soil mass, thereby contributing further in the reduction of flow paths [108,113]. Cuthbert
et al. stated that permeability reduction due to the precipitation of CaCO3 depends on
the quantity of precipitates; that is, with more precipitates, permeability reduction will
be higher [114]. Ferris et al. [115] studied the use of bacterially precipitated calcite as a
plugging material in porous media and proved a permeability reduction in the sand tested.
They concluded that a 40% increase in bacteria paved the way for a 70% reduction in sand
permeability, which can be attributed to greater precipitates from more bacteria, leading to
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a higher percentage of CaCO3 precipitation in the soil mass. Reduced permeability after
the soil treatment by calcite precipitates is also due to the reduction of the pore throat at the
points of contact between the soil grains where precipitation occurs [82]. Gui et al. [116]
used the MICP method in porous media for bioclogging. They found that permeability
reduction was greater than 72%. The main reason they identified for the reduction of
permeability was the formation of biofilms on the sand grain surfaces. Figure 3 shows
the flow paths in a soil mass and the blockage of the flow paths by biofilms on soil grains,
plugging, and sealing of pore throats with calcite after the biotreatment.

 
Figure 3. Schematic representation of soil mass: (a) Flow paths allowing water to percolate through soil mass. (b) Represen-
tation of the blockage of pore throats by calcite precipitation and the formation of calcite biofilms on soil grains, leading to
narrowing/blockage of flow paths and reducing permeability after biotreatment.

Nemati et al. [109] compared the microbial and enzymatic processes applied for
permeability reduction. They found that bacterial precipitation may include a degradable
biomass developed as a plugging agent in soil pores, which may dissolve or decompose
with time or after exposure to moisture, whereas enzymatically precipitated calcite proves
to be a durable plugging agent that contributes to permeability reduction and is, hence,
more convenient for geotechnical applications. Rittmann [117] suggested that reduction
in permeability is possible because of the formation of biofilms, which reduces pore sizes
after coating, clogs flow paths on the units of porous medium, and increases the friction
factor of the porous medium after clogging. Chittoori et al. tested the effect of porosity,
consolidation, and the unit weight of expansive clays. Their study was important in
the wake of soil treatment with microbes because pore size and size of pore throat play
important roles in microbial treatment [118]. Figure 4 shows the maximum reduction
of permeability in percentage achieved by different researchers in their studies after the
biomineralization of soils. It can be inferred from Figure 4 that permeability reduction is
achieved through biocementation, which is also promising in applications like lining the
base of water bodies and seepage control in water retaining structures.
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Figure 4. Maximum permeability reductions in percentage achieved by different researchers in their
studies after soil biomineralization. 1—Yasuhara et al. [100], 2—Whiffin et al. [81], 3—Soon et al. [119],
4—Nemati and Voordouw [32], 5—Moghal et al. [120], 6—Handley-Sidhu et al. [110], 7—Zamani and
Montoya [108], 8—Ferris et al. [115], 9—Gui et al. [116], 10—Proto et al. [63], 11—Ragusa et al. [121],
12—Cunningham et al. [122], 13—Van Paassen [123], 14—Ivanov et al. [124], 15—Al Qabany and
Soga [125], 16—Ivanov and Chu [126].

5.4. Liquefaction Control by Biotreatment

Earthquakes and explosions make soils vulnerable and liquefy them, causing serious
damage to the structures. Poorly graded and saturated sands are potential targets to
liquefaction [127]. Major threats encountered due to the liquefaction of soils are landslides,
damaged underground sewage lines and tunnels, and quicksand effects, although liquefac-
tion helps in preventing seismic waves from reaching the Earth’s surface since it produces
a damping effect to the waves [128]. Liquefaction control is achieved by various techniques.
Densification or compaction of existing soil is also among the methods adopted, but this
method poses a threat to adjacent structures [129]. Biocementation has been proven as
an effective method in controlling liquefaction in soils since calcite precipitation reduces
permeability in soil [115]. Burbunk et al. [20,21] quoted that MICP improved resistance to
liquefaction. Water in the voids of soils develops pressure transmitted through flow paths
and tends to detach the soil grains apart or facilitate in the possible space in the vicinity.
This pore water pressure contributes to the factors leading to the liquefaction of soils. Soil
grains, when gelled together after biocementation, are less prone to liquefaction because of
the disruption of flow paths and, later, due to permeability reduction and reduced pore
water pressure [130]. Zamani and Montoya [131] tested the use of MICP on the permeabil-
ity and shear of sand with silt and found a reduction in permeability depending on the
amount of fines in the sample. Figure 5 shows the development of pore pressure in soil
voids due to pore water and the development of resistance to the pore pressure through
precipitates of calcite.
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Figure 5. Representation of pore pressure in soil void: (a) Pore pressure developed by pore water
pushing soil grains away from each other, leading to the loosening of the soil mass. (b) Cementation
of soil grains by bioprecipitated calcite offering resistance to pore pressure.

6. Biotreatment of Soils for Geoenvironmental Applications

Bacterially precipitated CaCO3 has also been used for capturing heavy metal con-
taminants to reduce their hazardous effects by converting the heavy metal traces into
carbonates [12,132–135]. Bioremediation through urease in soil is effective for contaminant
remediation [136]. Although natural calcite is used as an adsorbent for removing ions of
heavy metal from contaminated water [137,138], the use of calcium for remediating heavy
metal contaminants in soil is also practiced by researchers [139–141]. Natural calcite used
as an adsorbent is very rare, and even the quality of naturally available calcite is not feasible
for adsorption. Therefore, calcite precipitated by microbes was tested for the purpose of
adsorption [142]. Kulczycki et al. [143] used bacterial ferrihydrite for the sorption of cad-
mium and lead and found that the precipitates of ferrihydrite were effective in providing
sites for the heavy metal ions to sorb. Pan et al. [144] studied the microbial strategy for lead
remediation. They inferred from their study that use of microbes was cost-efficient and
environmentally-friendly as a lead remediation method. Velmurugan et al. [145] studied
the kinetics of lead absorption by Penicillium sp. MRF-1 in a contaminated mining site
in South Korea. Their study covered the use of this metal-resistant fungus stain for the
remediation of Pb(II) within the dimensions of time of exposure, pH, and temperature.
They concluded that Penicillium sp. MRF-1 was an inexpensive and conveniently cultivable
fungus for the removal of Pb from contaminated solutions. Moghal et al. [94,120] used
the enzyme treatment for adsorption and desorption studies for cadmium, nickel, and
lead contaminants and found that the urease enzyme was effective in precipitating the
carbonates of cadmium, nickel, and lead. They also obtained encouraging results in the
level of desorption of heavy metals even after washing the contaminated soils with harsh
extractants like ethylene diamine tetra-acetic acid (EDTA) and citric acid. The sorption
studies, on the other hand, depicted better results in providing the sites on the soil grains
to sorb. Sorption and desorption studies were conducted for individuals and for cocktail
solutions of contaminants. These studies obtained appreciable results, encouraging the
application of these techniques in situ. Nathan et al. [146] used the EICP method for heavy
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metal remediation in paper pulp deinking. They found that the enzymatic bioremediation
is effective in reducing the hazardous effects of heavy metals. It also established that the
urease enzyme is a nickel-based enzyme [147] and suggested that calcite precipitates by
urease enzyme are active in showing affinity to the nickel contaminant, encapsulating them
in the precipitates, and converting them into nickel carbonates [94].

Lauchnor et al. [148] studied the co-precipitation of strontium (Sr) in the porous media
along with calcite precipitated by the MICP technique. They inferred that Sr precipitation
was effective, thereby indicating the effective implementation of this method on site for the
remediation of Sr. Mitchell and Ferris [149] tested the use of calcite precipitated with the
MICP method to coprecipitate Sr in contaminated water and found that calcite precipitated
by the MICP technique was exceptionally effective in the remediation of groundwater. Sr
was also remediated by the formation of SrCO3 in microenvironments of soil mass, leading
to the reduced effect of radio nucleoids [150]. Wang et al. [151] studied the effect CaCO3
on immobilizing heavy metals and observed that CaCO3 was successful in serving the
purpose. Precipitates of calcite in the soil mass contributing to heavy metal immobilization
can also be attributed to the number of heavy metal ions in the soil mass. If there are fewer
heavy metal ions, then the sites for the ions to settle down will be sufficient, leading to
better results in terms of the immobilization of heavy metals. Varenya et al. [152] studied
lead retention using the MICP method and found that the precipitates of CaCO3 could
be effective in the remediation of lead. They concluded that the MICP method has the
potential to be applied in arid areas where phytoremediation cannot be used to remove
heavy metals. The MICP method can be effective in reducing the hazardous effects caused
by heavy metals like arsenic, cadmium, chromium, copper, and lead [153]. Therefore, the
effectiveness of the biomineralization method can be well understood. The bioremediation
of contaminants is a promising technique to reduce adverse effects caused by heavy metals.
Table 2 shows a brief list of heavy metals remediated by the biostabilization method.

Table 2. List of contaminants remediated by the biostabilization method.

Applied On Bacteria Used Reference

Toxic metals Sporosarcina luteola [154]

Lead-contaminated mine wastes Pararhodobacter sp. [97]

Lead Bacillus (pumilus and cereus) [155]

Lead (II) Rhodococcus opacus [156]

Zn(II), Ni(II) and Cr(VI) Trichoderma viride [157]

Cobalt and copper Lyngbya putealis [158]

AA 6061 nuclear alloy Bacillus cereus RE 10 [159]

Au(III) Bacillus subtilis [160]

Lead Pseudomonas aeruginosa [161]

Cd, Ni and Pb Urease Enzyme [94,120]

Cr6+ Rhodococcus erythropolis [162]

Cu and Pb
Comamonas testosterone,

Enterobacter ludwigii
and Zoogloea ramigerais

[163]

Copper Stenotrophomonas maltophilia [164]

Nickel Lysinibacillus sp. [165]

Pb and Cu Bacillus thioparans [166]

Cr(VI) Bacillus cereus [167]

Cr(VI) Cellulosimicrobium funkei [168]

Cd(II) Bacillus cereus RC-1 [169]

Polycyclic aromatic hydrocarbons (PAHs) Pseudomonas plecoglossicida J26 [170]

Cadmium Exiguobacterium undae [171]
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Effect of Biotreatment on Mine Tailings/Dust Control

The various applications of the biotreatment of soils include the control of permeability,
improvement of the bearing capacity, strength and stiffness development, and the control
of dust due to erosion [172]. The air quality in the majority of cities worldwide is becoming
a grave concern due to the increase in population and urbanization [173,174]. In this
scenario, measures to curb the deterioration of air quality are developed to safeguard the
environment. Dust contributes to the deterioration of air quality. According to Watson
et al. [175], the major sources of air pollution in the major cities of the U.S. are vehicular
emissions and dust from roads. With dust’s severe impact on the air quality, methods
to reduce dust emission are employed. These methods include using dust suppressants,
spraying water, and providing wind shield walls against dust emission [176]. Chang
et al. [177] reported that water spraying to control dust serves the purpose for a maximum
duration of 4 h. Using water for dust suppression impacts water reserves, since water
offers a temporary remedy and needs repeated application. Additionally, chemically
activated suppressants for dust control are highly corrosive and hamper the environment.
Sustainable and eco-friendly dust control techniques are on high demand [176]. Dust
control using biotreatment can be achieved in the same way that sand solidification in
the desert can be carried out; potential dust sources with dust particles can be dealt with
through biocementation [178].

Sun et al. [176] conducted a study on dust near a quarry site in China by developing a
simulation of rainfall erosion and by conducting field tests. Their test methods involved
ascertaining surface strength, which is most vulnerable to wind erosion. Surface hardening
was obtained by spraying biotreatment solutions on the surface; after spraying a thin and
hard calcite on the surface, a crust of soil was formed. They confirmed that the cementation
of dust particles using CaCO3 precipitates through the enzyme treatment reduced dust
pollution and that implementing EICP for dust control could be efficient during sandstorm
and rainfall. Meyer et al. [56] used Sporosarcina pasteurii to treat two soil types to control air
pollution due to dust. The treated soils were made to pass through a wind tunnel, and the
amount of reduction in soil mass after exposure in the wind tunnel was observed to express
the amount of wind erosion. The results obtained from this work showed that microbially
precipitated calcite was very much effective in controlling soil erosion, as proven by wind
tunnel experiments. Naeimi and Chu [179] compared the effectiveness of dust control
through the biotreatment method and conventional techniques. Sporosarcina pasteurii was
used in their study to treat sand against dust emission. The comparison was done on the
same sand treated with calcium lignosulfonate, water, and calcium chloride. Their results
showed that the biotreatment of soil exposed to wind in the wind tunnel improved erosion
resistance, and only 1.5% mass loss was observed. Other treatment methods showed
greater loss in mass after wind tunnel testing; hence, the use of biomediated soils was
the best treatment method used in their study. Table 3 provides different bio-stabilizers
adopted for dust control in different non-plastic materials.

Table 3. Bio-stabilizers adopted for dust control in different non-plastic materials.

Specimen Tested Bio-Stabilizer Reference

Coal dust MICP (Urease microbes) [180]

Coal dust MICP (Staphylococcus succinus) [181]

Desert soil MICP (Indigenous bacteria) [182]

Sand MICP (Sporosarcina pasteurii) [179]

Sand (well-graded) MICP (Sporosarcina pasteurii) [56]

F60 silica sand EICP (Urease enzyme) [183]

Ottawa F-60 fine grained uniform silica sand
Well graded silty fine sand

Mine tailings
EICP (Urease enzyme) [78]
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The erosion of deposits of mine tailings caused by wind erosion is one of the most
serious environmental concerns [184,185]. Wind carrying mine tailings poses a threat to
water bodies nearby and deteriorates air quality, which means serious risks to human and
animal health [186]. Controlling dust by suppressants sprayed on the deposits is a common
method. Dust suppressants agglomerate the fine particles and check the possibility of
dust/finer mine tailings escaping with the wind movement; agglomerated dust particles
form dense deposits on the ground, trapping dust sources beneath [187]. Chen et al. [188]
conducted a study on the reduction of dust from mine tailings with a biopolymer coating on
deposits. They found that the biopolymer coating was effective in mitigating mine tailing
dust. Govarthanan et al. [189] used bacteria for the mineralization of lead contaminants
found in mine tailing. They found that precipitates of calcium carbonate mineralized by
bacteria were effective in lead bioremediation. Bacteria used in their study were effective
in changing nitrates of lead to silicon oxides and sulfides of lead, thereby reducing the
severity of lead on the atmosphere. Zamani et al. [190] studied the effect of MICP on mine
tailing stability and found that microbial precipitates of CaCO3 were effective in improving
the stability of slopes of mine tailing materials. It can be observed from the literature that
the remediation of heavy metals and dust control from mine tailings are well addressed by
the biocementation process.

7. Limitations of Biocementation Techniques

Miftah et al. [43] reviewed the effectiveness of the MICP and EICP techniques in soil
improvement and expressed that these methods could be effective in many geotechnical
applications. However, certain concerns limit the effectiveness of these techniques. In the
MICP method, concerns such as the type of soil, environmental issues, and the uniform
treatment of soil mass are factors that create problems for its application. In the EICP
method, the cost of enzymes happens to be too high since 57–98% of the cost of enzyme
solutions is incurred on the urease enzyme. The soil type also plays an important role
in governing the effectiveness of the biotreatment. The MICP method is restricted to
the subsoil, and other regions of the soil may not provide a feasible environment to the
bacterial growth. MICP does not show good results when used on very fine soils because
comparatively larger sizes of bacteria cannot be accommodated in the pores of fine soils.
On the other hand, EICP does not pose any hindrance in its application due to its size.
Miftah et al. [43] also discussed the environmental concerns related to the use of MICP.
This technique leaves microbes in soils after treatment, which means that it may require the
permission of the concerned authorities and regular inspection to ensure that the energy
of microbes is not hazardous to the surroundings. Furthermore, the release of ammonia
through MICP is dangerous to people and the ecology of the area where it is applied,
especially to the air and water. Additionally, the increase in pH may develop potential
corrosion, and further contamination of groundwater due to chloride may be possible after
the precipitation of CaCO3. On the other hand, urease used in the EICP technique may not
have a long-term impact on the environment because it becomes degraded after a certain
time period. The use of microbes for soil treatment needs a specific environment in the soil
mass for their cultivation, and the storage of bacterial strains is an expensive process. With
these limitations in the use of alternate means for calcite precipitation, EICP seems to be
better than MICP [191,192]. It has also been observed that high concentrations of calcium
chloride and urea hinder the bacterial activity, reducing the amount of calcite precipitation.
Conversely, using enzymes can very well be possible with high concentrations of calcium
chloride and urea, which paves the way for a greater amount of calcite precipitation [109].
Therefore, the EICP technique is preferable over MICP. Yasuhara et al. [100] mentioned
that maintaining bacteria for their cultivation requires technical expertise. Controlling
bacterial activity also poses a challenge in the MICP method; the EICP technique is free of
this constraint.
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8. Conclusions

Biostabilization of the soil is an emerging trend with relatively simple onsite applica-
tions; the application of the stabilizer of a particular type onsite is carried out by injecting
the stabilizer in the work area. Biostabilization of soils through EICP and MICP have the
potential to meet the ever-growing demands of setting new infrastructure and remediating
contaminants in the soils. Furthermore, the challenge of reducing environmental pollution
and developing sustainable techniques can be achieved by the implementation of these
techniques. The development of precipitates in the voids of the soil is helpful in reducing
hydraulic conductivity. The application of MICP/EICP has stretched to the extent that
ponds can be created in regions with soils of high permeability by relying on CaCO3
precipitates. Salient observations made from the existing literature are summarized below.

• The development of biostabilization methods has been proven to be sustainable, eco-
friendly, and effective in soil treatment, leading to the improvement in the geotechnical
performance of soils such as reduced permeability, reduced porosity of soil mass,
improved bearing capacity, control of soil erosion/dust, mitigated liquefaction of soils,
seepage control, stabilized slopes, and contaminant remediation.

• The possibility of the intrusion of bacteria in soils for calcite precipitation is limited due
to their sizes. Soil pores with sizes less than 0.5 μ cannot accommodate the microbes
for the process of calcite precipitation since sizes of microns range from 0.5 μm to 3 μm.
Enzyme particulates have sizes of about 12 nm, which can make the precipitation of
calcite more convenient, even in finer clays.

• Soil treatment with MICP/EICP may increase chloride and ammonium ion (formed
during hydrolysis) concentrations in the groundwater due to the precipitates of CaCO3.
It even causes an increase in the pH of the surrounding groundwater, triggering cor-
rosion for structures built on them. The applicability of these techniques also pose
challenges such as thee type of soil to be treated and the associated costs. Further stud-
ies on biotreatment can address these issues and aid in developing better application
methods of biotreatment.

• Between the two methods, EICP is preferred over MICP as it requires less monitoring.
The literature suggests that precipitates developed through MICP are vulnerable to
moisture and may dissolve. MICP requires the environment to be maintained for
proper bacterial growth and the production of urease enzymes. On the other hand, in
EICP, the use of free urease is more promising for the calcite precipitation in the voids
of soil grains. It provides a convenient approach to soil treatment because of its ease
of application and lower maintenance in comparison to the MICP method.
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Abstract: In the present investigation, the physical, mechanical and durability properties of six
concrete mixtures were evaluated, one of conventional concrete (CC) with 100% Portland cement (PC)
and five mixtures of Ecofriendly Ternary Concrete (ETC) made with partial replacement of Portland
Cement by combinations of sugar cane bagasse ash (SCBA) and silica fume (SF) at percentages of 10,
20, 30, 40 and 50%. The physical properties of slump, temperature, and unit weight were determined,
as well as compressive strength, rebound number, and electrical resistivity as a durability parameter.
All tests were carried out according to the ASTM and ONNCCE standards. The obtained results
show that the physical properties of ETC concretes are very similar to those of conventional concrete,
complying with the corresponding regulations. Compressive strength results of all ETC mixtures
showed favorable performances, increasing with aging, presenting values similar to CC at 90 days and
greater values at 180 days in the ETC-20 and ETC-30 mixtures. Electrical resistivity results indicated
that the five ETC mixtures performed better than conventional concrete throughout the entire
monitoring period, increasing in durability almost proportionally to the percentage of substitution of
Portland cement by the SCBA–SF combination; the ETC mixture made with 40% replacement had
the highest resistivity value, which represents the longest durability. The present electrical resistivity
indicates that the durability of the five ETC concretes was greater than conventional concrete. The
results show that it is feasible to use ETC, because it meets the standards of quality, mechanical
resistance and durability, and offers a very significant and beneficial contribution to the environment
due to the use of agro-industrial and industrial waste as partial substitutes up to 50% of CPC, which
contributes to reduction in CO2 emissions due to the production of Portland cement, responsible for
8% of total emissions worldwide.

Keywords: properties; mechanical; electrical resistivity; durability; ecofriendly ternary concrete;
SCBA; SF

1. Introduction

Concrete is the most widely used construction material worldwide, due to its great
mechanical and physical properties, with a demand that grows every year due to the
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need for the development of civil infrastructure across all countries in the world [1–8].
Even though concrete is durable, it is compromised when exposed to aggressive media
where chloride and sulfate ions may be present, which are considered to be the main
responsible agents for the premature deterioration of reinforced concrete structures, in
which the main problem is the corrosion of reinforcing steel [9–14]. This compromises
sustainable development by not complying with the useful lifetime for which the structures
were designed; additionally, it is known that the manufacture of Portland cement, the main
component for the development of concrete, is responsible for around 5 to 8% of total CO2
emissions worldwide [15–17]. This has led the scientific community to look for options
to reduce the environmental impact due to the use of concrete, of which the addition of
supplementary materials to Portland cement is a very favorable option. These materials
are industrial wastes, of which Fly ash is a waste material in the power generation industry,
and reusing this highly active pozzolan in the construction industry may bring about
several advantages [18]; silica fume (SF) is a byproduct from the production of silicon
alloys such as ferro-chromium, ferro-manganese, calcium silicon, etc., which also creates
environmental pollution and health hazards [19]; blast furnace slag is a waste product of
the steel manufacturing process [20]; and among agro-industrial wastes, the most used as
alternative materials to Portland cement are rice husk ash [21] and sugar cane bagasse ash
(SCBA) [22–24].

Lua et al. found that fly ash (FA) and blast furnace slag (BFS) with various contents
(cement replacement ratio at 0, 20, and 40%) significantly affected the autogenous self-
healing ability of early age cracks. The self-healing efficiency of early age cracks decreased
with increases in FA and BFS content. BFS mortars exhibited greater recovery in relation
to water penetration resistance compared to the reference and FA mortars [25]. Likewise,
Anandan et al. determined that the mechanical properties of processed fly ash based
concrete with 50% OPC replacement had equal or better strength gain at later ages than
unprocessed fly ash based concrete with 25% OPC replacement [26], and in another research
work it was shown that binary concretes with 20% fly ash reinforced with AISI 304 Steel
presented a higher corrosion resistance than AISI 1018 steel when exposed to a simulated
marine environment [27].

Atis et al. showed that the compressive strength of silica fume concrete cured at
65% RH was easier to influence than that of Portland cement concrete. It was found
that the compressive strength of silica fume concrete cured at 65% RH was, on average,
13% lower than silica fume concrete cured at 100% RH in concretes with three different
water/cement ratios and SF percentages of 10, 15 and 20% [28]. Bhanja et al., based on
findings of compressive and tensile strength increases with silica fume incorporation,
determined that the optimum replacement percentage is not a constant one but depends
on the water–cementitious material (w/cm) ratio of the mix [29]. Ozcan et al. concluded
that inclusion of silica fume in concrete increased the compressive strength between 20%
and 50% compared to control PC concrete and there was an optimum replacement ratio of
silica fume, which could be predicted using artificial neural networks (ANN) and fuzzy
logic (FL) [30]. Landa et al. determined that sustainable binary concretes made with 10%
SF provided high corrosion resistance to AISI 1018 steel when exposed to sulfates for more
than 300 days [31].

Fly ash, silica fume and SCBA have been used in various investigations as supple-
mentary materials to cement with excellent results, such as from Srinivasan et al. who in
their studies showed that SCBA in blended concrete had significantly higher compressive
strength, tensile strength, and flexural strength compared to concrete without SCBA. It was
found that the cement could be advantageously replaced with SCBA up to a maximum
limit of 10% [32]. Another study showed that green concretes with substitution of 20% of
Portland cement for with SCBA presented a great resistance to corrosion when reinforced
with stainless steel [33]. Kawade et al. obtained results showing that SCBA concrete
had significantly higher compressive strength compared to concrete without SCBA. The
optimal level of SCBA content was achieved with 15.0% replacement and the partial re-
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placement of cement by SCBA increased workability of fresh concrete; therefore, use of
super plasticizer was not essential [34]. Castaldelli et al. evaluated different BFS/SCBA
mixtures, replacing part of the BFS with SCBA from 0 to 40% by weight; the results of
the mechanical resistance values were approximately 60 MPa of compressive strength for
BFS/SCBA systems after 270 days of curing at 20 ◦C. This demonstrated that sugar cane
bagasse ash is an interesting source for preparing alkali-activated binders [35]. There are
several studies of sustainable concretes, including SCBA, that have shown that corrosion
resistance increased compared to that of reinforcing steel when exposed to sulfated media
or marine media [22,36–39], and some research has also been reported on the use of SCBA
for green road construction [40,41].

Despite the fact that a large number of studies have been carried out worldwide on
the benefits of the inclusion of SCBA for the preparation of concretes and mortars, there is
still no standardized process for its commercial use as there is for fly ash and silica fume.

When using alternative materials to Portland cement, there are three very important
impacts on development in the construction field. The first is the improvement in physical,
mechanical and durability properties of the concretes. The second is the reduction in
CO2 emissions when making concrete to build civil infrastructure (bridges, houses, dams,
hospitals, roads) by reducing the amount of Portland cement per cubic meter of concrete.
The decrease is proportional to the amount in which the Pozzolanic material replaces
Portland cement, so that the more volume of Portland cement is replaced, the greater the
impact on the environment will be, in accordance with the findings of Dong et al.: when
50% of the cement content was replaced by FA, the embodied CO2 emissions for the UHPC
mixture were reduced by approximately 50% as compared to the CO2 emissions calculated
from conventional normal-strength concrete [42]. The third is the impact on the culture
of recycling waste materials. In first-world countries, the use of fly ash and silica fume is
already significant compared to emerging countries, such as Mexico, where at the moment
there does not exist civil infrastructure where concrete has been used with replacement in
large volumes by this type of material.

Therefore, in this research work, physical, mechanical and durability tests were carried
out on Ecological Ternary Concretes (ETC), made with substitution of Portland cement
in 10, 20, 30, 40 and 50% of combinations of SCBA and SF, in order to determine the most
suitable substitution percentage for the fabrication of ETC that provides better performance
than a conventional mixture. Six concrete mixes were produced with a water–cement
ratio of 0.65. The physical properties of the concrete in the fresh state, such as slump,
volumetric weight, and temperature, were determined according to ASTM and ONNCCE
standards. For the mechanical properties, compressive strength tests were carried out as
well as rebound number tests, and for the durability parameter of all the study mixtures,
the electrical resistivity was determined.

2. Materials and Methods

2.1. Materials

For the elaboration of the study specimens, Portland cement type CPC 30R was used
according to the NMX-C-414-ONNCCE standard [43], sugar cane bagasse ash (SCBA)
was obtained from a sugar mill located in the town of Mahuixtlán, Veracruz, México, and
silica fume (SF) was acquired commercially. Six concrete mixtures were made for the
present research, the first of conventional concrete, denoted the control mix (MC), and
the remaining five of Ecofriendly Ternary Concrete (ETC), made by substituting the CPC
30R for combinations of SCBA and SF at percentages of 10, 20, 30, 40 and 50%. SCBA
and SF were used because they are agro-industrial and industrial wastes with pozzolanic
properties due to their chemical composition. The results of the chemical characterization
of the cementitious materials used, obtained by X-ray fluorescence (XRF) analysis, are
presented in Table 1.
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Table 1. Chemical composition of the cementitious materials obtained by XRF.

Chemical Composition (% by Mass)

Fe2O3 Al2O3 SiO2 CaO Na2O K2O MgO SO3

Cement Portland 3.872 5.478 21.187 63.346 0.564 0.83 2.068 2.157
Sugar Cane Bagasse Ash 5.105 3.150 77.739 3.995 0.569 6.672 0.563 0.406

Silica Fume 1.574 0.792 92.261 0.436 0.383 1.314 0.292 0.335

The coarse and fine aggregates used for the preparation of the study mixtures were
from banks of the Xalapa region. Table 2 summarizes the physical characteristics of the
materials used; the tests were carried out according to ASTM standards [44–47].

Table 2. Physical characteristics of the aggregates.

Aggregates
Relative Density
(Specific Gravity)

Bulk Density (“Unit Weight”)
(kg/m3)

Absorption
(%)

Fineness
Modulus

Maximum Aggregate
Size (mm)

Coarse (Gravel) 2.38 1381 5.10 - 19
Fine (Sand) 2.60 1764 1.56 3.40 -

2.2. Proportioning of the Mixtures MC and ETC

For the design and proportioning of the concrete mixtures, the ACI 211.1 method [48]
was used; a water/cement ratio = 0.65 and a slump of 10 cm were measured for all concrete
mixes. Table 3 presents the dosing of the six studied mixtures, the control mix (MC) and
the five Ecofriendly Ternary Concrete (ETC) mixtures made with substitution of CPC 30
with combinations of SCBA-SF at 10, 20, 30, 40 and 50% (ETC-10, ETC-20, ETC-30, ETC-40,
ETC-50).

Table 3. Dosage of ternary concrete mixtures (Kg/m3).

Mixture CPC 30R SCBA SF Water Aggregate Fine Aggregate Coarse

MC 315.00 - - 205.00 746.00 881.00
ETC-10 283.50 15.75 15.75 205.00 746.00 881.00
ETC-20 252.00 31.50 31.50 205.00 746.00 881.00
ETC-30 220.5 47.25 47.25 205.00 746.00 881.00
ETC-40 189.00 63.00 63.00 205.00 746.00 881.00
ETC-50 157.50 78.75 78.75 205.00 746.00 881.00

2.3. Physical Properties of Concrete Mixtures

To determine the physical properties of the six studied mixtures (MC, ETC-10, ETC-20,
ETC-30, ETC-40, ETC-50), slump, temperature and unit weight tests were carried out. All
tests were carried out in accordance with the ASTM and ONNCCE.

According to the NMX-C-156-ONNCCE-2010 standard [49] for determining slump,
a truncated conical mold was used where the fresh concrete was poured and compacted.
The mold was placed over a base and raised upwards. The measure of the consistency
or workability of the concrete was provided by the amount of concrete slumped and the
distance slumped, see Figure 1a.

The temperature was determined according to the ASTM C 1064/C1064M-08 stan-
dard [50], which indicates that the concrete must be placed in a non-absorbent container
with at least 75 mm of concrete in all directions from the temperature sensor, which must
have a resolution of ±1.0 ◦C or smaller with an interval of 0 ◦C to 50 ◦C. The thermometer
was submerged in fresh concrete to a minimum depth of 75 mm, leaving it for over 2 min
until the reading was established (see Figure 1b). The unitary mixture was calculated
according to the NMX-C-162-ONNCCE-2014 standard [51]; the equipment used for this
test was a balance with a precision of 50 gr., maze of gum, ruler plate, verification plate,
measuring container and compaction rod. The concrete was placed in three layers inside
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the container, and each one was compacted via 25 penetrations with the compaction rod.
When compression was complete, the mold was made flush with the ruler plate; finally,
the container with the compacted concrete was weighed (see Figure 1c,d).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Tests of (a) Slump, (b) Temperature, (c,d) Unit weight.

2.4. Mechanical and Durability Properties of Eco-Friendly Ternary Concrete Mixtures
2.4.1. Compressive Strength

Compressive strength is the parameter or property of the mechanical behavior of
hydraulic concrete most necessary for the structural design of civil infrastructure built on
the basis of reinforced concrete. Compressive strength testing was carried out according to
the NMX-C-083 ONNCCE standard [52], for which specimens were manufactured using
cylindrical steel molds of 100 × 200 mm. After 24 h they were removed from the molds and
placed in a curing tank according to the NMX-C-ONNCCE standard [53]. The specimens of
the six study mixtures were tested at the ages of 7, 14, 28, 90 and 180 days using a loading
rate of 0.3 MPa/s (see Figure 2). The compressive strength values analyzed in the results
section are the average of the values of three specimens of each mix of concrete.

 
Figure 2. Compressive Strength Test.

85



Crystals 2021, 11, 1012

2.4.2. Rebound Number

To determine the rebound number of specimens of the six concrete mixtures used in
this study, tests were carried out according to the NMX-C-192-ONNCCE-2018 standard [54],
in which a procedure is established to determine the rebound index for hardened concrete
using a device known as a sclerometer or rebound hammer, to evaluate the compressive
strength as well as the surface uniformity of the concrete. The results are considered relative
rather than absolute values, but the test has the advantages of being non-destructive and
widely used worldwide, and is used for evaluating the compressive strength of in-situ
concrete [55] and in conjunction with the UPV test to predict the compressive strength
of concrete in studies according to the findings of Amine et al. [56]. A rebound hammer,
abrasive stone, spatula, flannel and brush were used to carry out the test. The test surface
preparation was at least 150 mm in diameter and 100 mm thick. The surface was free of
any layer other than concrete (see Figure 3).

 
Figure 3. Rebound Number test.

2.4.3. Electrical Resistivity

Electrical resistivity tests were carried out on the six concrete mixtures MC, ETC-10,
ETC-20, ETC-30, ETC-40 and ETC-50. Electrical resistivity is considered a very important
physical property to determine the quality and durability of concrete [57,58]. Several inves-
tigations have shown that the level of corrosion or resistance to corrosion of reinforcing steel
in concrete exposed to aggressive media can be determined by electrical resistivity [59,60].

The electrical resistivity test was carried out according to the ASTM G57-07 stan-
dard [61], according to the specified equipment requirements and procedures for the
measurement of resistivity in the laboratory and on site. The DURAR Network manual [62]
indicates the criteria for interpretation of the resistivity results obtained and their relation-
ship with the risk of corrosion of the reinforced concrete, which are presented in Table 4.
The tests were carried out at 7, 14, 28, 90 and 180 days. Figure 4 shows the arrangement to
carry out the electrical resistivity test.

Table 4. Electrical resistivity in concrete and risk of corrosion [20].

Electrical Resistivity Risk of Corrosion in Reinforced Concrete

ρ > 200 kΩ-cm Low Corrosion Risk
200 > ρ > 10 kΩ-cm Moderate Corrosion Risk

ρ < 10 kΩ-cm High Corrosion Risk
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Figure 4. Characteristics of the electrical resistivity test.

3. Results and Discussion

3.1. Slump

Figure 5 shows the slumps in cm of the six study mixes, the control mix (MC)
and the five Eco-friendly Ternary Concrete mixtures (ETC-10, ETC-20, ETC-30, ETC-40,
ETC-50ETC).

Figure 5. Slump of study mixtures (cm).

A decrease in workability or slump was observed in the five ETC mixtures; however,
the ETC-10 mixture presented only a 7% decrease (0.5 cm) with respect to the control
mixture (MC), with a value of 6.5 cm, which is considered an acceptable workability slump.
With an increase to 20% in the percentage of substitution of CPC 30R with the combination
of SCBA-SF, the slump showed a decrease of 50% (3.5 cm) with respect to the control mix
(MC); this decrease in workability is attributed to the demand or absorption in excess of
water due to pozzolanic materials [63,64], as is the case for SCBA and SF. For the ETC-30
mixture the slump was similar to that of the ETC-20 mixture, reaching a slump of 3 cm,
which indicates a decrease of about 60% compared with the control mixture. In the case
of the ETC-40 and ETC-50 mixtures, the effect of substituting CPC 30R by 40% and 50%
respectively had a decisive effect in reducing the workability of these mixtures compared
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to the control mixture, with a decrease in slump of 80% for the ETC-40 mixture and 85%
for the ETC-50. This behavior is due to excess water absorption by the supplementary
materials used; therefore, in several investigations where concretes with large volumes
of pozzolanic materials such as blast furnace slag or fly ash were used, water-reducing or
super fluidizers additives were used to obtain slumps greater than 10 cm, which allowed
adequate workability of the concrete mixtures [65,66].

3.2. Temperature

Figure 6 presents the behavior of the temperatures of the six studied concretes. It is
observed that five mixtures presented a temperature of 25 ◦C and the ETC-50 mixture
presented a temperature of 26 ◦C. The reported temperature values are within the specifi-
cations of the ASTM C 1064/C1064M-08 standard.

Figure 6. Temperatures of the studied concretes in fresh states.

3.3. Unit Weight

Figure 7 presents the unit weight results of the six study mixtures. There was minimal
variation between the MC mixture and the ETC mixtures, and all of the unit weight values
were within the specifications for the use of concrete in structural elements of civil works
according to the NMX-C-155-ONNCCE-2014 standard, which indicates that hydraulic
concretes for structural use must have a normal unit weight in fresh condition between
1900 kg/m3 and 2400 kg/m3 [67]. The lowest unit weight obtained was that of the ETC-50
mixture with 2149 kg/m3, with a decrease of 5% compared to the unit mass of the MC
mixture; the highest unit weight was presented by the ETC-30 mixture with a value of
2288 kg/m3, 1.5% higher than the control mix. Khawaja et al. who evaluated concrete with
Portland cement substitution in 5, 10, 15, 20, and 25% by SCBA, recorded an increase in
unit weight of 3.13%, associated with the adhesive property of particles which reduced the
concentration of induced air bubbles and consequently generated a stiffer matrix [68].

3.4. Mechanical and Durability Properties
3.4.1. Compressive Strength

Figure 8 shows the compressive strength results of each of the mixtures, which were
tested at the ages of 7, 14, 28, 90 and 180 days. After 7 days, the concrete ETC hadlower
compressive strength values than the control mixture, of 11.32, 7.66, 30.92, 44.55 and 75.31%
respectively for the ETC-10, ETC-20, ETC-30, ETC-40 and ETC-50 mixtures; this negative
effect was due to the presence of alternative pozzolanic materials to cement SCBA and SF,
and is in agreement with Wu et al., who showed that FA had a negative effect on strength
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at early ages, but significantly enhanced the later-age strength [69]. In other studies a
similar behavior has been shown even when the specimens of concrete were exposed to an
aggressive medium such as sulfates [70]. At 14 days, increases in the resistance of the ETC
concretes were observed, and this increase in compressive strength over time continued
to 28 days, when the ETC-10 and ETC-20 concretes had 90% of the compressive strength
values of the MC, with values of 28 and 29 MPa respectively, while for the ETC-30 and
ETC-40 concretes the values were 22 and 23 MPa, and the ETC-50 mixture presenting the
lowest compressive strength value with 13 MPa. These compressive strength values in
the first 28 days coincide with the findings of various studies, where it has been shown
that at 28 days sustainable or ecological concretes that substitute 20% of the CPC with
supplementary materials obtain the best performance in compressive strength testing, as
demonstrated by Mohamed [71], who found that a ternary concrete mixture made with
the substitution of 10% FA + 10% silica fume for Portland Cement presented the highest
resistance to compression in a study that covered substitutions from 10% to 50% of fly ash
and silica fume for the fabrication of ternary and binary concretes exposed to different types
of curing. Arif et al. found that sugar cane bagasse ash used as filler in concretes provided
substantial improvements to compressive strength at substitution percentages of up to
≈20% [72]. In other studies, it has been shown that concretes with high FA contents—30%,
40% or higher—presented higher compressive strength values than the control mix, but
this was due to the use of superfluidifiers and concretes with a low w/c ratio, equal to or
less than 0.40 [73,74].

Figure 7. Unit weight of the studied concretes.

At 90 days the differences between the MC and the ETC-10, ETC-20 and ETC-30
concretes were minimal; however, lower values were observed for the specimens of the
ETC-40 and ETC-50 mixtures. In percentages, the difference in compressive strength
compared to the MC at 90 days was 7.22, 3.24, 1.07, 21.42 and 38.41% for the ETC-10,
ETC-20, ETC-30, ETC-40, and ETC-50 mixtures respectively, with the ETC-30 mixture
presenting the best performance. This result matches the findings of Le et al. [75], who
concluded in their study that the compressive strength of a sample substituting OPC
with 30% SCBA and 30% BFS was comparable to that of the control after 91 days [75].
At 180 days, the ETC-30, ETC-20 and ETC-40 specimens had a higher compressive strength
than the specimen made with the MC control mixture; these results coincide with the
literature, which indicates that at late ages the high amorphous silica content in the SCBA

89



Crystals 2021, 11, 1012

reacts with the calcium hydroxide product of the cement hydration process, giving rise to
the formation of additional hydrated calcium hydroxide (C-S-H), which contributes to the
increase in compressive strength over time [76]. In another investigation it was found that
a concrete mix made with 25% of cement replaced with processed slag, which presented
the highest SiO2 content, obtained a superior compressive strength performance, reaching
a value greater than 70 MPa at 90 days, which confirms the contribution to the increase
in compressive strength due to pozzolanic material. A high content of SiO2 presents
a high capacity to yield tobermorite (calcium hydrosilicates (C–S–H)) by reacting with
portlandite (a product of concrete mineral hydration) [77]. With the results of compressive
strength at 180 days, it can be concluded that the optimal percentage of substitution of CPC
with a combination of SCBA-SF is 30%, followed by 20%, with increases in compressive
strength of 7.13 and 5.58% respectively compared to the MC, and in third place the ETC-40
mixture, which presented a compressive strength equal to the MC. Only the mixture of
Ecofriendly Ternary Concrete with 50% substitution of SCBA-SF (ETC-50) failed to develop
a mechanical resistance close to that of the control mix, reaching a resistance of 20.09 MPa
at 90 days.

Figure 8. Compressive strength of the studied concretes.

3.4.2. Rebound Number

Figure 9 shows the results obtained from the rebound number tests to determine the
compressive strength. It can be seen that the values obtained for the MC are similar to
those presented in Figure 8: at the age of 28 days the control had an approximate value
of 33 MPa for both simple compressive strength and rebound number tests. In the 7 day
test, the ETC concretes reported compressive strength values lower than the MC by higher
percentages than those reported in Figure 8, while over time these values increased in the
five ETC mixtures, with this behavior likely being due to the effect of using materials with
pozzolanic characteristics such as SCBA and SF. Unlike the compressive strength test using
the cylinder, the values reported using the sclerometer for the five ETC concrete mixtures
at the ages of 28, 90 and 180 days were always lower for the five ETC mixtures than for the
MC; however, the mixtures with the best performances were still ETC20 and ETC30, which
confirms the behavior in the compression test reported in Figure 8, where it was shown
ETC20 and ETC30 were the best ETC mixtures at 90 and 180 days. The results obtained
with the non-destructive rebound number test coincide with those reported in the literature
on the use of said test to approximate the mechanical resistance of concrete elements in
situ or in the laboratory, as reference values of resistance which must be supported by
compressive strength tests of the evaluated concretes [78,79].
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Figure 9. Compressive strength according to the rebound number.

3.4.3. Electrical Resistivity of Concrete Mixtures

Figure 10 shows the results obtained from the Electrical Resistivity test of the six
concrete mixtures in this study. The tests were carried out at the ages of 7, 14, 28, 90 and
180 days. In Table 4 it can be seen that at the age of 7 days, almost all mixtures were found
to have high corrosion risk, with values less than 10 kΩ-cm for the specimens of the MC,
ETC-10, ETC-20, ETC-30 and ETC-40, mixtures. These values coincide with findings from
the literature, where at early ages resistivity values are lower [80]. The only specimen that
presented a higher value was the ETC50 mixture, reporting a resistivity of 13.45 kΩ-cm
after 7 days, which indicates a moderate risk of corrosion. At the age of 14 days, all
concretes showed a minimal increase in Electrical Resistivity, but both the ETC-40 and
ETC-50 mixtures presented electrical resistivity values greater than 10 kΩ-cm, representing
a moderate corrosion risk. At the age of 28 days, the benefit of the combination of the SCBA
and the SF as pozzolanic materials was observed, as the durability of the ETC-20, ETC-30,
ETC-40 and ETC-50 mixtures increased, with increases in the electrical resistivity values
correlating with the percentage of substitution, with values that placed all of them in the
moderate corrosion risk zone. ETC-20 and ETC-30 possessed electrical resistivities of 13.43
and 20.03 kΩ-cm while ETC-40 and ETC-50 presented the best performance with values of
47.5 and 51.4 kΩ-cm respectively. This is in agreement with the results of Bagheri et al.,
who evaluated concretes with different percentages of substitution of Portland cement with
FA and SF, and found that the concretes with 20% and 30% FA and SF possessed electrical
resistivity values at 28 days two times greater than that of the control mix [81]. At the
age of 90 days, all Ecological Ternary Concretes (ETC-10, ETC-20, ETC-30, ETC-40, ETC-
50ETC) reached the stage of moderate corrosion risk. The ETC-40 and ETC-50 concretes
continued to present the best performances, with electrical resistivity values of 179.56 and
170.24 kΩ-cm respectively.

Finally, at the age of 180 days, the concretes that presented low electrical resistivity
were the control mixture MC with a value of 10.88 kΩ-cm, followed by the concretes
ETC-10 and ETC-20 with values of 12.74 and 54.39 kΩ-cm respectively. The concretes that
presented the best performances were the ETC-30, ETC-40 and ETC-50 specimens, with
values of 143.53, 191.44 and 156.20 kΩ-cm respectively. As can be seen, the Ecofriendly
Ternary Concrete with 40% substitution of the SCBA-SF combination for Portland cement,
mixture ETC-40, showed the best performance; this increase in electrical resistivity agrees
with the results of Sadrmomtazi et al. [82], showing that including silica fume has positive
effects on the fiber–matrix transition zone structure while increasing mechanical strength
and specific electrical resistivity by up to 20 times compared to controls, due to the produc-
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tion of pozzolanic reactions and decreased concentration of portlandite, which increases
uniformity and density as well as bond quality. It is observed that all ETC mixtures per-
formed better in the electrical resistance test compared to the compression resistance test,
and this behavior coincides with a report in the literature and is associated with the fact
that the total volume of concrete pores is not reduced by pozzolanic reactions, but the pore
structure becomes more discrete [83].

Figure 10. Electrical resistivity of the study concretes.

4. Conclusions

In all ETC mixtures there was a decrease in workability, which is attributed to the
demand or absorption in excess of water due to pozzolanic materials. However, there
were no significant variations in temperature or unit weight in the fresh state compared to
the control mixture. The tested slump, temperature and unit weight of the ETC mixtures
in their fresh state met requirements for the construction of civil works, such as bridges,
pavements, buildings, dams, etc.

The results of compressive strength at 180 days indicated that the optimal percentage
of substitution of CPC by combination of SCBA-SF was 30% followed by 20%, due to their
increases in compressive strength of 7.13 and 5.58% respectively compared with the MC.
The ETC-40 mixture also presented a compression resistance equal to that of the MC.

The rebound number test is a non-destructive test that can be used to evaluate the
compressive strength of ETC concretes in the laboratory and on site, with the reservation
that they are not considered as definitive values but rather as approximations, and it is
always recommended to supplement rebound number tests with simple compression tests
on cylinders and cubes.

All ETC mixtures presented better results in the electrical resistance test compared to
the compression resistance test, suggesting that the ETC concretes were more durable and
had a higher resistance to corrosion compared to the control mixture.

The Eco-friendly Ternary Concrete with 50% substitution of SCBA-SF (ETC-50) dis-
played a resistance of 20.09 MPa at 180 days, sufficient for the construction of minor works.

The use of ETC concretes has a very significant sustainability impact by contributing to
the reduction of CO2 emissions caused by Portland cement, replacing up to 50% of it with
SCBA and SF waste and generating a culture of recycling in countries such as Mexico for
the use of waste that, like SCBA, has lacked a defined use and previously been discarded
as garbage.
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Abstract: Protecting the built cultural heritage is one of the most important tasks in architectural
practice. The process of repair is time-consuming, weather-dependent, and sensitive to materials
applied. Introducing new materials in historic building repair in order to decrease the time needed
for repair, brings some risk in the preservation process. The most common material for masonry
repair is lime mortar. Adding cement to lime mortar can improve the mechanical properties of mortar
and speed up the repair process. The high amount of cement may increase the strength, but decrease
ductility and permeability of mortar, causing damages to protected buildings. An increase in strength
with the smallest amounts of cement demands optimization of water content in the mixture. Tests
were performed to investigate the influence of the water/binder (w/b = water/(lime + cement)
ratio on mortar strength and water permeability. An air-entraining agent (AEG) was introduced
to improve permeability. Results confirmed that adding small amounts of cement to lime (20% by
weight) and decreasing of w/b ratio, improves the strength, with almost negligible influence on
water permeability. The addition of very small amounts of AEG did not decrease the strength, nor
the permeability.

Keywords: lime-cement mortar; compressive strength; air-entrained agent; heritage conservation;
reconstruction and restoration of historical buildings

1. Introduction

Historical buildings have cultural significance, witness to architectural history, but
also preserve information about structural systems, materials applied and building tech-
niques used [1]. Until the end of the 18th century, the use of lime mortar was considered as
an element of continuity of architectural heritage, whether it was applied for rendering
or as a structural component. The oldest data, from 6000 BC (before Christ) regarding
the application of lime in Serbia, is located in Lepenski Vir, an archaeological site from
the Neolithic era on the banks of the Danube River, where the lime mortar floor, made
with quicklime, was found [2]. The process of lime mortars hardening, i.e. transforma-
tion of Ca(OH)2, into CaCO3 as a carrier of strength, occurs in the presence of carbon
dioxide. According to Van Balen [3], diffusion of CO2 is roughly 10,000 times lower in
water than in air [4,5]. Literature review [6–10], has shown that after 180 days from the
production day, lime mortar reaches approximately the final values of its compressive
strength. Elongated setting and requirements for dry environmental conditions, slow and
undetermined carbonation, low mechanical properties, and internal cohesion, were the
main reasons for the introduction of Portland Cement (PC) into conservation practice. Lime
and alumina silicates in cement develop crystalline substances during hydration which
improves the strength of mortar and its adhesion to the brick and stone. [11]. Nevertheless,
as conservation of historic structures is quite complex and its accomplishment lies in the
adequate interaction between the inherited structure and a new one, the rapid diffusion of
PC was stopped because of its incompatibility with the original structure. A high concen-
tration of soluble salts found in PC could cause damage to the original materials as salt
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crystallization occurs. Moreover, higher mechanical strengths of the PC than of the original
mortar, as well as low deformability, appeared to be the source of degradation of historical
heritage. International organizations, such as International Council on Monuments and
Sites (ICOMOS) or International Centre for the Study of the Preservation and Restoration
of Cultural Property (ICCROM), prefer practitioners to use the same or materials similar to
originals, both in composition and characteristics, for the restoration works [7,12].

Research problems in the area of mechanical characteristics of lime-based mortars are var-
ious, moving from deeper exploration and understanding of carbonation process [3,8,13,14],
different factors affecting it [15–17], to studies focusing on mechanical characteristics of
the final product with different variables [7,18–28]. However, the addition of cement to
lime-based mortars is still a common practice in most conservation works in order to
increase the hardening reaction by cement hydration [29].

Long-term exposure to environmental loads damage and decay the walls of the
historical buildings. Mortar for the restoration of the walls of historical monuments should
bind the masonry elements (stone, brick) into a sound structure providing load-bearing
capacity in the shortest possible time, while its compressive and tensile strengths must
not be higher than those of the stone or brick, so that future environmental loads should
damage restored mortar first, instead of the stone or brick that we want to protect. The
adhesion of mortar should be lower than the tensile strength of the base material, to ensure
the separation of the mortar from stone and brick instead of the crushing and falling stone
or brick pieces together with the binder.

Figure 1 shows the retaining wall of a 14th-century fortification in the south of Serbia.
Figure 1a was taken before the reconstruction in 2012 and shows the condition of the
damaged wall: after several hundred years, the stones show no visible signs of damage; the
white lime mortar that it had been built with collapsed because it had weaker mechanical
properties. The wall was repaired with mortar containing a large amount of ordinary
grey Portland cement (OPC). After hardening, this mortar had an inappropriate colour (as
the white colour was requested by Heritage Protection Authorities), became significantly
stronger and more impermeable than stone. The idea that stronger mortar will better
strengthen the wall proved to be completely wrong. Figure 1b, taken in 2021, less than
nine years after the reconstruction, shows the consequences of the application of the
inappropriate mortar: the stone is damaged and the surface layer, few centimetres thick,
fell off. Significantly reduced permeability of the mortar caused the transport of water
vapour and moisture through the stone material instead of through the mortar and resulted
in accelerated deterioration of the stone wall.

Figure 1. Malpractice of introducing cement-lime mortar in Serbia (a) before July 2012; (b) nine years after repair of the
wall—July 2021).
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Many researchers are trying to define an adequate proportion of cement, to improve
lime mortar properties, keeping its compatibility with historic structures. Nevertheless, it
has been found that by blending cement with the lime, it is possible to reduce cracking, to
quicken the application and hardening of the mortar, thus providing protection from the
rain before carbonation has been completed, and to ensure reliability and predictability
of its properties [30]. Literature review regarding the issue of adding PC to lime mortars
shows that there are no clear recommendations. Some studies promote the use of PC
to a significant extent of a minimum of 20% of lime weight, justifying it by high initial
strengths [11,19]. Other studies promote the use of PC in smaller amounts, referencing
unchanged water absorption with regard to lime mortars with no additives [31], significant
reduction of porosity due to the increase of cement content [29], or loss of elastoplas-
tic behaviour or mortar mixtures, which makes them able to adapt to movements and
deformation under critical stress in the masonry [32].

It is notable, that the information available regarding this topic is diversified, with
no unique attitude concerning the optimum amount of Portland cement in lime-based
mortars. Literature review showed that criteria of water/binder ratio in lime mortars with
the addition of cement, is quite neglected, therefore, this paper aims at discussing early
mechanical properties (up to 28 days) of the abovementioned mixtures. It is well known
that the water/binder ratio in cement mortars has a strong influence on the mechanical
characteristics of the hardened material. However, this rule is not applicable to lime mortars,
due to smaller particle size. Research made by Lawrence and Walker [33], demonstrates
that the water/binder ratio has almost no influence at all on the mechanical properties of
lime mortars. On the other hand, according to Lanas and Alvarez [7], a higher water/binder
ratio results in greater porosity, which enables better diffusion of CO2, a key component
in the process of carbonation. Hence, the main hypothesis of this paper is that with
an adequate determination of water/binder ratio in lime mortars with the addition of
White Portland Cement (WPC), higher initial mechanical strengths could be acquired with
amounts of cement, up to 20% of the lime weight. Use of the WPC is mandatory, as heritage
protection requirements demand the white colour of the mortar.

The literature reviews also showed different studies of lime mortars with incomparable
mixtures. Some mixture proportions are determined by weight, others by volume; some
use hydrated lime in powder, others, lime putty. However, the water content of the
mixtures is determined arbitrarily: “on the basis of masonry experience”, “adequate for
common workability”, by volume or by weight of binder (regardless of the lime/cement
ratio), etc. Such determination of water content is especially inadequate when cement is
added. Excessive water may prevent the expected cement hardening. The mechanical
characteristics of cement-based mortars and concrete crucially depend on the W/C factor.
It is, therefore, necessary to precisely define the amount of water in lime mortar with the
addition of cement. This study shows that it is necessary to keep the same consistency of the
lime-cement mortars mixtures, in order to adequately compare their mechanical properties.

2. Materials and Methods

2.1. Composition of Mortar Mixtures

Mortars were made by using the following components:

• Hydrated lime CL90-S (EN 459-1, produced by Ingram, Bosnia, and Herzegovina).
• Calcium carbonate aggregate produced by OMYA (Venčac, Serbia); it was used in two

grades (0.0–0.8 mm and 0.8–2.0 mm), equally dosed.
• Lime/Aggregate ratio was defined among the commonest dosages described in the

literature, as 1:3.
• WPC CEM I 52.5 N was used (EN 197-1, produced by CRH Slovakia). Different

amounts of WPC were added, as shown in Table 1.
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Table 1. Mortar mixtures and properties of fresh mortars.

Series
Specimen

Code
w/b

Ratio
WPC

Lime/WPC
(by Weight)

AEG/WPC
(by Weight)

Slump Flow (mm) Slump (mm)

1 E 0.875 - - - 68.0 5
1 C5 0.875 WPC 5% - 80.0 10
1 C10 0.875 WPC 10% - 87.5 16
1 C20 0.875 WPC 20% - 91.0 17

2 KC5 0.845 WPC 5% - 71.5 9
2 KC10 0.8125 WPC 10% - 70.0 9
2 KC20 0.755 WPC 20% - 68.0 9

3 AC5 0.845 WPC 5% 0.4% 75.5 10
3 AC10 0.8125 WPC 10% 0.4% 75.0 10
3 AC20 0.755 WPC 20% 0.4% 78.5 11

Table 1 shows mixture proportions and properties of one reference (E) and nine
different mixtures in three series (C, KC, and AC) that were made. Six specimens of each
mixture were casted (three for testing after 7 and three for testing after 28 days).

• Series 1, with w/b ratio at fixed value (0.875);
• Series 2, with w/b ratio at three different values, but same workability (slump);
• Series 3, with the same workability (slump), but with the added air-entraining agent

(AEG-Chryso Air G 100, 0.4% by weight of cement).

The amount of water added (w/l = 0.875) for the reference lime mortar (E) was based
on experience. The first series of samples were casted with the same water/binder ratio,
which increased the slump. In order to obtain the same slump, in series 2 and 3, the
water/binder ratio was decreased.

Mixtures were prepared following European standard EN 196-1. Binders were mixed
with water for 1 min, the aggregate was added, and mixed for 2 minutes. Afterwards, the
prepared paste was casted in moulds, dimensions 40 × 40 × 160 mm, and covered with
absorbent paper in order to decrease evaporation.

The specimens were cured under dry environment conditions (T = 20 ± 5 ◦C,
RH = 65 ± 5%), removed from moulds after 5 days (as reference samples did not gain
sufficient strength to be removed earlier), and tested on the 7th and 28th day.

2.2. Methods for Measurement of Properties of Hardened Mortars
2.2.1. Compressive Strength

Compressive strength was measured in accordance with European standard EN 1015-
11 using CONTROLS Pilot Pro Multipurpose 500/15 kN Cement Compression and Flexural
Machine, with a loading rate of 40 N/s.

2.2.2. Flexural Strength

A three-point flexural test was performed using CONTROLS Pilot Pro Multipurpose
500/15 kN Cement Compression and Flexural Machine, with the loading rate of 1 N/s.

2.2.3. Carbonation Depth

A carbonation depth test was performed using phenolphthalein on the broken sur-
faces of the specimens, immediately after the flexural test. Phenolphthalein indicated the
development of carbonation, as it changed the colour from colourless to purple at pH > 9,
in the presence of OH– ions. This method, although not very precise, was chosen as the
fastest and easily visible. Other more precise methods for measuring the carbonation depth
(X-ray Diffraction Analysis, Fourier Transform Infrared Spectroscopy, Thermo-gravimetric
Analysis and Loss on Ignition, Dust digestion [34] required special equipment and trained
professionals for the application, to which the authors had no access.
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2.2.4. Capillary Absorption

The capillary absorption tests were conducted in accordance with European standard
EN 1015-18, by placing the specimens in shallow water, around 3 mm depth. The weight of
specimens was taken in different time intervals, at 1, 3, 5, 10, 15, 20, 30, 45, 60, 90, 120, and
150 min, until the absorption reached an asymptotic value.

3. Results

Results of compressive and flexural strength testing after 7 and 28 days are shown
in Table 2. Values in Table 2 are average values of three specimens for flexure, and six
specimens for compressive strength. It shows that the addition of WPC in the range of 20%
(specimens C20, KC20, and AC20) improves compressive strength in comparison to the
reference mortar (E).

Table 2. Average compressive (fc) and flexural strength (ff), at 7 and 28 days, with their corresponding standard deviation (σ).

Series Specimen Code

Compressive Strength, fc (MPa) Flexural Strength, ff (MPa)

7 Days 28 Days 7 Days 28 Days

fc,7 σ fc,28 σ ff,7 σ ff,28 σ

1 E 0.580 0.056 1.515 0.131 0.145 0.022 0.300 0.029
1 C5 0.430 0.032 1.125 0.051 0.160 0.024 0.335 0.060
1 C10 0.540 0.079 1.315 0.065 0.185 0.029 0.340 0.062
1 C20 0.940 0.028 1.705 0.109 0.325 0.051 0.525 0.041

2 KC5 0.910 0.050 1.425 0.094 0.130 0.017 0.460 0.037
2 KC10 0.940 0.038 1.100 0.131 0.130 0.021 0.505 0.029
2 KC20 1.430 0.071 2.020 0.112 0.145 0.021 0.535 0.037

3 AC5 0.795 0.051 1.415 0.061 0.150 0.140 0.465 0.027
3 AC10 0.820 0.056 1.620 0.140 0.185 0.190 0.510 0.037
3 AC20 1.345 0.063 2.135 0.093 0.455 0.310 0.520 0.036

3.1. Compressive Strength

The testing of specimens from Series 1 (Figure 2), with a constant water/binder ratio,
shows that the addition of 5% of WPC reduces compressive strength by 27%, whilst the
addition of 10% of WPC reduces it by 36%. Significant change occurs with the addition
of WPC of 20%, where the increase is more than 120% for the initial, 7-day compressive
strength, comparing to the reference specimen (E) without WPC. This trend of insignificant
change of mechanical strengths with smaller additions of WPC (5% and 10%), can be noted
throughout results from all series. This observation is in accordance with results obtained
from previous studies [11,19].

When it comes to water/binder ratio, by comparing results obtained from Series 1
(Figure 2) and Series 2 (Figure 3), it can be concluded that decreasing of water content in
lime mortars with the addition of WPC, can have a major impact on the initial mechanical
strengths. In order for the mixtures with the addition of cement to have the same consis-
tency as the reference mixture (mixture E), it was necessary to reduce the total amount
of water with the increase in the amount of added cement. This is notable for both 7th
day and 28th-day strengths. In relation to results from Series 1, results from Series 2 show
higher strengths, increasing as the amount of WPC increases, which was expected. It can
be concluded that the addition of 20% of WPC, with a water binder ratio of 0.775, increases
compressive strength by 90% in the first 7 days, and by 60% on the 28th day. The test results
of KC10 samples with 10% WPC, showed an unexpected decrease in strength, which may
be due to internal defects.
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Figure 2. Development of compressive strength from 7–28 days in Series 1 (same w/b ratio, different percentage of WPC).

Figure 3. Development of compressive strength from 7–28 days in Series 2 (varied w/b ratio and percentage of WPC).

The main idea behind the addition of air-entraining agents (AEG) in the amount of
0.4% of WPC amount, was an increase of porosity as the addition of WPC decreases it.
As the addition of AEG was the only variable between Series 2 and Series 3 specimens, it
was expected that this addition would reduce mechanical strengths, but the result showed
that this mixture gave almost the same results as the previous ones (Figure 4). The highest
28th-day compressive strength (2.135 MPa) was for a specimen named AC20, with 20%
WPC and 0.4% of AEG by weight of WPC. Concluding from the experiment, the addition of
AEG does not reduce the compressive strength of lime mortars with the addition of WPC.
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Figure 4. Development of compressive strength from 7–28 days in Series 3 (varied w/b ratio and percentage of WPC, 0.4%
AEG agents added).

3.2. Flexural Strength

It is noticeable that the addition of 5–10% of WPC to lime mortar slightly improves the
flexural strength compared to the reference mortar (E) (results in Table 2). Regarding the
specimens from Series 1 (Figure 5), with a constant water/binder ratio, it can be observed
that the addition of 5% of WPC increases flexural strength by 28%, whilst the addition
of 10% of WPC, increases it by 48%. Significant change occurs with the addition of WPC
of 20%, where the increase is more than 250% for the initial 7-day compressive strength,
regarding the reference specimen with no WPC added. The abovementioned trend, of
a slight change of mechanical strengths with the addition of WPC between 5–10%, is
diagnosed for flexural strength, as well.

Figure 5. Development of flexural strength from 7–28 days in Series 1 (same w/b ratio, different percentage of WPC).
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With regard to water/binder ratio, comparing results obtained from Series 1 and
Series 2 (Figure 6), it can be concluded that decreasing of water content in lime mortars
with the addition of WPC, had a small influence only on 28th-day strengths, but did not
improve the 7th-day strengths. It can be noted that an increase in the amount of WPC,
slightly increases the flexural strengths of specimens.

Figure 6. Development of flexural strength from 7–28 days in Series 2 (varied w/b ratio and percentage of WPC).

As for the specimens from Series 3 (Figure 7), the same trend can be noticed. The
addition of AEG actually had no impact on flexural strengths, in comparison to the mixtures
with no AEG added (Series 2).

Figure 7. Development of flexural strength from 7–28 days in Series 3 (varied w/b ratio and percentage of WPC, 0.4% AEG
agents added).
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3.3. Carbonation Depth

Carbonation depth, determined by the phenolphthalein test after 28 days, showed that
carbonation progressed from exterior to interior, but the measurement showed negligible
differences between different specimens. For specimens with the addition of WPC, harden-
ing is a result of two processes, carbonation of lime and hydration of cement. The result
of these two processes can be seen by comparing specimens KC5, KC10, KC20 (Figure 8),
where the increase of WPC amount decreases the carbonation depth.

Figure 8. Phenolphthalein test specimens in Series 2 (varied w/b ratio and percentage of WPC).

With the decrease of WPC, the effect of both the carbonation and hydration process is
apparent. It is expected that carbonation will proceed gradually until the 180th day of the
porosity. Results from specimens with the addition of AEG show different patterns, with
gradual carbonation in the core, as well as by the edges (Figure 9).

Figure 9. Phenolphthalein test, AC20 specimen (varied w/b ratio and percentage of WPC, 0.4% AEG
agent added).

3.4. Capillary Absorption

Measured values of capillary absorption are shown in Table 3. It is commonly observed
that the addition of WPC decreases the capillary absorption coefficient as a result of the
changed pore structure. Results obtained from this research shows an insignificant change
in capillary water absorption between different mixtures.

Although a test of porosity was not a part of this research, capillary water absorption
results indicated that small amounts of WPC did not change capillary pore structure, as
the absorption coefficient did not change significantly. For specimens with a constant
water/binder ratio, the percentage of water absorbed was slightly increased. This is
probably due to the fact that excess water in these mixtures resulted in greater porosity
than for mixtures with constant consistency, where less water was used, thus, lower
porosity was obtained. Results are shown in Figures 10 and 11.
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Table 3. Capillary water absorption: mass of the specimens (m), mass of the absorbed water (Δm), and its corresponding
standard deviation (σ).

Series Specimen Code m (g) Δm (g) σ t (min) A (kg/m2 × √
h) U (%)

1 E 222.01 35.24 1.16 150 13.93 15.87
1 C5 230.18 35.92 3.40 120 15.87 15.60
1 C10 226.17 37.50 1.37 150 14.82 16.58
1 C20 223.09 38.30 0.30 150 15.14 17.17

2 KC5 220.14 32.96 0.91 150 13.03 14.97
2 KC10 225.40 37.51 1.79 120 16.58 16.64
2 KC20 224.85 37.57 0.88 050 14.85 16.71

3 AC5 226.71 31.61 0.12 90 16.13 13.94
3 AC10 224.35 32.98 1.36 90 16.83 14.70
3 AC20 236.96 34.64 0.68 120 15.31 14.62

Figure 10. Capillary water absorption in Series 1 (same w/b ratio, different percentage of WPC).

Figure 11. Capillary water absorption in Series 2 (varied w/b ratio and percentage of WPC).
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Specimens from Series 3 (Figure 12), with the addition of AEG, did not show any
significant difference. It was expected that due to increased porosity, the capillary water
absorption coefficient would become higher. Hence, results obtained show different
situations, referring authors to the assumption from compressive strength tests, as well. It
is assumed that AEG actually did not change porosity, i.e., did not react with WPC, but
with lime, resulting in greater calcification of specimens.

Figure 12. Capillary water absorption in Series 3 (varied w/b ratio and percentage of WPC, 0.4% AEG agents added).

4. Discussion

The addition of WPC makes some difference in regard to the mechanical characteristics
of specimens tested. Comparison of the results obtained from the specimens in Series 1 and
2, where the only variable is water/binder ratio, shows that adequate dosing of water can
have a major impact on the initial mechanical strengths of lime mortars with the addition
of WPC. In order to maintain the same slump, the w/b ratio was reduced as the amount
of WPC was increased. This is due to the well-known fact that the strength of cement
mortar is inversely proportional to the water/cement ratio [8], which is not applicable to
the lime mortars due to their fine particles content. Analysing the w/b ratio used, it could
be numerically presented that this ratio is a composition of a water/lime ratio as of the
reference specimen (0.875), and a standard water/cement ratio of 0.5. Concerning this
and the amount of WPC added to each specimen, the final w/b ratio was as presented in
Table 2. Results from Series 2, in regard to results from Series 1, show higher strengths as
the amount of WPC increases, which was expected. It can be concluded that the addition
of 20% of WPC, with a water binder ratio of 0.775, increases compressive strength by 90%
in the first 7 days, and 60% on the 28th day.

As for the specimens from Series 3, with a constant w/b ratio and the addition of AEG
of 0.4% to the weight of WPC added, unexpected observations occurred. AEG, as small
bubbles of oxygen, was added to cement in order to improve its freeze-thaw behaviour
by reducing initial stresses in the structure of the material. On the other hand, by adding
AEG, the porosity is reduced. The initial idea behind Series 3 composition was to increase
the porosity for specimens with WPC added, as its addition significantly reduces porosity.
However, the obtained results point out different assumptions. This situation may be
due to the fact that air lime mortar, as it is commonly known, hardened as a result of the
transition from hydroxide Ca(OH)2, to carbonate CaCO3, in the presence of CO2. The
obtained results indicate the possibility of reaction between AEG and lime mortar, as AEG
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are CO2 carriers. As the amount of AEG depended on the amount of WPC, AEG/lime
ratio was increasing from specimen AC5 to AC20. The assumption obtained from this part
of the research is that regardless of the decrease of porosity with adding AEG, its reaction
with Ca(OH)2 actually promotes carbonation inside the specimen.

When it comes to flexural strength results, it is shown that adding WPC has a slightly
positive impact as the final value is increasing with the addition of WPC. That increase
is almost insignificant, so the obtained results in this research are in accordance with
Arandigoyen and Alvarez [32], who concluded that 40% (by volume, approximately 26%
by weight) of cement was the lower limit for improvement of flexural mechanical charac-
teristics of lime-cement mortars. Values of flexural strength, moving from 0.125–0.455 MPa
for 7-day tests and from 0.3–0.535 MPa for 28-day tests, are in accordance with the results
of previous studies [29,35]. It can be noted that absolute values of flexural strengths are
low, these values increase faster than those of compressive strength, which is in accordance
with Ramesh, Azenha and Lourenco [36].

When it comes to capillary absorption, it can be observed that the addition of 5, 10,
and 20% of WPC, does not significantly change capillary absorption capacity. It is evident
from the obtained results that these results are almost the same for all mixtures, moving
from 13.94% to 17.17%, which is believed not to be a significant factor of different water
and steam permeability.

5. Conclusions

In this paper, different amounts of WPC were used in order to understand how
and if this addition has an influence on the mechanical and physical characteristics of
lime mortars. Throughout this research, some assumptions were confirmed, whilst some
findings motivated new research questions. The main findings of this research are:

• The addition of WPC to air lime mortars, of 5–10% of lime, has almost no influence
on the mechanical characteristics of these mixtures. For compressive strength, results
show that these small amounts actually degrade the material. Significant change
happens with the addition of 20% of WPC, where both compressive and flexural
strength increase. Further research should examine the mixtures with higher cement
content in order to determine the optimal quantity of cement, to achieve higher
strengths while maintaining the vapour permeability.

• The w/b ratio has an important influence on the initial mechanical strengths of lime
mortars with the addition of WPC. To achieve the same workability, the w/b ratio
decreased with the increasing amounts of additional cement. The excess of water
prevents cement from gaining expected mechanical strengths, thus decreasing the
overall strength of blended lime. Future research should examine the possibility
of further reduction of the w/b ratio while maintaining the required consistency
using superplasticizers.

• The addition of AEG in lime mixtures, as a function of the weight of WPC, was ex-
pected to decrease mechanical strengths as a result of increased porosity. Nevertheless,
this addition increased mechanical strengths, while, as authors assume, changing
porosity slightly. This conclusion was reached from capillary water absorption results,
as the absorption coefficient remained almost the same as of the reference mixture.
The main assumption is that AEG while introducing the CO2 in the structure of the
material, improves calcification and consequently increases mechanical properties
of mortars, does not change porosity significantly. Different types of air-entraining
agents, possible increase of the amount of AEG, and the consequence of such increase
to the early strengths of the cement-blended lime mortars should be studied.

• Future research should test the adhesion of the cement-blended lime mortars to ma-
sonry units, as well as the porosity of the samples using mercury intrusion porosimetry.
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Abstract: The autogenous healing potential of cement-based materials is affected by multiple factors,
such as mix composition, crack width, pre-cracking age and external environmental conditions.
In this study, the effects of curing conditions and supplementary cementitious materials (SCMs)
on autogenous self-healing of early age cracks in cement mortar were investigated. Three curing
conditions, i.e., standard curing, wet–dry cycles and incubated in water, and two SCMs, i.e., fly
ash (FA) and blast furnace slag (BFS) with various contents (cement replacement ratio at 0%, 20%,
and 40%) were examined. A single early age crack (pre-cracking age of 3 days) with a width of
200~300 μm was generated in cylindrical mortar specimens. Autogenous crack self-healing efficiency
of mortar specimens was evaluated by performing a visual observation and a water permeability
test. Moreover, microstructure analysis (XRD, SEM and TG/DTG) was utilized to characterize the
healing products. The results indicated that the presence of water was essential for the autogenous
self-healing of early age cracks in cement mortar. The efficiency of self-healing cracks was highest in
specimens incubated in water. However, no significant self-healing occurred in specimens exposed
to standard curing. For wet–dry cycles, a longer healing time was needed to obtain good self-
healing compared to samples incubated in water. SCMs type and content significantly affected the
autogenous self-healing ability of early age cracks. The self-healing efficiency of early age cracks
decreased with increases in FA and BFS content. BFS mortars exhibited greater recovery in relation to
water penetration resistance compared to the reference and FA mortars. Almost the same regain of
water tightness and a lower crack-healing ratio after healing of 28 days in FA mortars were observed
compared to the reference. The major healing product in the surface cracks of specimens with and
without SCMs was micron-sized calcite crystals with a typical rhombohedral morphology.

Keywords: crack; autogenous self-healing; cement mortar; curing conditions; supplementary cemen-
titious materials (SCMs)

1. Introduction

The presence of cracks is inevitable in concrete structures and may reduce concrete’s
durability due to the easy ingress of aggressive substances [1–4]. Fortunately, an autoge-
nous crack-healing phenomenon has been found under the right conditions in concrete,
which is mainly due to the ongoing hydration of unhydrated cement particles and the
formation of calcium carbonate precipitation [5–7]. However, the autogenous healing
capacity of concrete itself is limited in most instances [8,9]. Therefore, in recent years,
enhancing the self-healing ability of concrete has received increasing attention.
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In reported studies, various methods have been proposed to promote the self-healing
efficiency of concrete [10]. These methods can be divided broadly into two categories [9].
The first method, defined as autonomic healing, promotes self-healing efficiency by adding
additional self-healing agents into a concrete matrix, such as microcapsules containing
adhesives [11], bacteria [12–15] and active mineral additives [16,17]. The second method,
defined as autogenic or autogenous healing, relies on the self-healing ability of a concrete
matrix itself by optimally designing the mix composition [18], creating suitable environ-
mental conditions [19] and using fibers to constrain the width of potential cracks [20,21].
Despite lower healing efficiency compared to autonomic healing, autogenous healing
exhibits advantages in terms of cost and compatibility, as no other components that usually
are not found in concrete are introduced. Therefore, it is important to develop cement-based
materials with robust autogenous healing.

Fly ash (FA) and blast furnace slag (BFS) are widely utilized as supplementary cementi-
tious materials (SCMs) in modern concrete [22,23]. The partial replacement of cement with
SCMs can save costs, decrease CO2 emissions and improve the performance of concrete.
Recently, several studies [18,24–30] have reported that incorporating SCMs could improve
the autogenous crack healing of concrete. Van Tittelboom et al. [18] concluded that cement
replacement by blast furnace slag or fly ash improved autogenous healing by enhancing
further hydration, and blast furnace slag showed a better effect than fly ash. Sahmaran
et al. [24] also found that the type of supplementary cementitious materials greatly affected
the self-healing capability of cementitious composites. Huang et al. [25] reported that slag
cement paste exhibited higher autogenous healing potential compared to Portland cement
paste. Qiu et al. [26] investigated the effect of slag content (0%, 30% and 60% cement
replacement) on the autogenous healing behavior of engineered cementitious composite
(ECC) at a pre-cracking age of 40 days. The results indicated that replacing cement with
blast furnace slag at 30% exhibited a better crack width reduction compared to the 0% and
60% replacement. Şahmaran et al. [28] and Termkhajornkit et al. [29] pointed out that the
self-healing ability of cement-based materials increased with fly ash content.

It is notable that, in the above reported studies, most of specimens used to evaluate
autogenous healing potential were pre-cracked at an age of 28 days or later. Consider-
ing that cement-based materials easily crack at an early age, more information is needed
regarding the autogenous self-healing of early age cracks in cement-based materials con-
taining supplementary cementitious materials. Therefore, in this study, so as to better
understand the self-healing behavior of cement-based materials containing supplementary
cementitious materials, the effects of various supplementary cementitious materials (FA
and BFS) on the autogenous self-healing of early age cracks (pre-cracking age of 3 days) in
cement mortar were investigated. Moreover, autogenous healing is also greatly influenced
by exposure to environmental conditions [31–33]. The influence of curing conditions on
autogenous self-healing was also investigated. Three curing conditions (standard curing,
wet–dry cycles and incubated in water) that are common exposure environments in the
field of engineering were considered. The best one among the three curing conditions for
autogenous healing was used for subsequent research in cement mortar containing supple-
mentary cementitious material. Autogenous crack self-healing efficiency was evaluated by
performing a visual observation and a water permeability test. Moreover, X-ray diffraction
(XRD), scanning electron microscopy (SEM) and thermogravimetry (TG/DTG) were uti-
lized to characterize the healing products. The effect mechanisms of curing conditions, as
well as the influence of supplementary cementitious material, on autogenous self-healing
were further addressed.

2. Materials and Methods

2.1. Materials and Specimen Preparation

Portland cement, river sand (fineness modulus of 2.1) and tap water were mixed
to prepare mortar mixtures. The water-to-cement ratio (W/C) was 0.5 and the sand-to-
cement mass ratio was 3. Two cement types (P·O 42.5 and P·I 42.5) were used. For mortar
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specimens used to investigate the effect of curing conditions on autogenous crack self-
healing, P·O 42.5 cement was used. For mortar specimens used to investigate the effect of
supplementary cementitious material on autogenous crack self-healing, P·I 42.5 cement,
which only contains Portland clinker, was used to avoid the influence of supplementary
cementitious materials in the cement itself. Although some research results [18] show
that the types of cement may affect the degree of hydration and self-healing ability, they
do not affect the discussion of test results in the paper because curing conditions and
supplementary cementitious materials were the main factors considered in this study.
Portland cement was partially replaced by fly ash (FA) or blast furnace slag (BFS), and two
SCMs (FA and BFS) with various contents (cement replacement ratio at 0%, 20% and 40%)
were considered. The mixing proportions of the specimens are shown in Table 1. Chemical
compositions of Portland cement, fly ash (FA) and blast furnace slag (BFS) are shown in
Table 2. The polypropylene fibers with a diameter of 31 μm and a length of 12 mm were
utilized to keep the specimens intact after being pre-cracked. The mixtures were poured
into cylindrical molds with a diameter of 10cm and a height of 2.5 cm. The specimens were
unmolded after 24 h and subsequently stored in a standard curing room (20 ± 2 ◦C and
>95% RH) for further curing.

Table 1. Mixing proportions of cement mortars (FA and BFS are short for fly ash and blast furnace
slag, respectively).

Mix. Cement (g) FA (g) BFS (g) Sand (g) Water (g)

Reference 450 / / 1350 225
20FA 360 90 / 1350 225
40FA 270 180 / 1350 225
20BFS 360 / 90 1350 225
40BFS 270 / 180 1350 225

Table 2. Chemical compositions of Portland cement, fly ash (FA) and blast furnace slag (BFS).

Components (wt.%) P·O 42.5 P·I 42.5 FA BFS

SiO2 22.94 17.56 55.81 29.51
CaO 59.77 68.80 4.48 42.55

Al2O3 6.95 3.41 27.31 12.21
SO3 3.24 2.69 1.07 2.24

Fe2O3 3.98 3.64 5.81 0.30
MgO 1.89 2.46 0.91 11.23

Others 1.23 1.44 3.93 1.91

2.2. Creation of Crack

Before evaluating the autogenous crack self-healing efficiency of the mortar specimen,
it was necessary to make cracks that met the test requirements. In this study, a new crack
production method was developed; with this method, it is easy to control crack width
and shape (Figure 1). At 3 days of age, the cylindrical mortar specimen was taken out
from the curing room and tightly wrapped along the side of the specimen by the steel hose
clamp. Then, the splitting tensile strength test (Figure 1) was used to generated cracks in
the specimens. Crack width was controlled at 200~300 μm by adjusting the tightness of the
hose clamp.
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Figure 1. Creation of crack in mortar specimen.

2.3. Self-Healing Curing Conditions

To investigate the effect of curing conditions on autogenous crack self-healing in the
cement mortar specimens, pre-cracked specimens were placed in three curing conditions:
(a) standard curing (>95% RH); (b) wet–dry cycles (for each cycle, the cracked specimen
was incubated in water for 12 h and then taken out to air dry for 12 h); (c) submerged in
water. After healing for 0, 3, 14, 28 and 56 days, crack-healing quantification of specimens
was conducted by a stereo optical microscope and a water permeability test. To investigate
the effect of supplementary cementitious material on autogenous crack self-healing, all
pre-cracked specimens were submerged in water for crack-healing quantification.

2.4. Crack-Healing Quantification
2.4.1. The Crack-Healing Ratio

The closure of surface cracks on the specimen during the self-healing process was
observed by a stereo optical microscope (LIOO, Attendorn, Germany). Crack self-healing
efficiency was evaluated based on the change in crack area before and after healing. Crack
area was measured based on the number of pixels in the recorded images through Image-J
software. The crack-healing ratio is defined as the Equation (1), where A0 and At represent
the crack area before and after healing for time t, respectively. For more details, see our
earlier papers [14,34].

The crack healing ratio =
A0 − At

A0
× 100% (1)

2.4.2. Water Permeability Test

A constant water head permeability test (Figure 2) was carried out to obtain the initial
water permeability coefficient of the specimens k0 (cm/s), as well as the water permeability
coefficient of the specimens after healing for a certain time kt (cm/s). For the detailed
calculation of the water permeability coefficient, please refer to our previous research [34].
In addition, the relative permeability coefficient was calculated to evaluate the self-healing
efficiency of mortar specimens according to Equation (2).

The relative permeability coefficient =
kt

k0
(2)
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Figure 2. Setup of water permeability test.

2.5. Characterization of Reaction Products of Self-Healing Formed in Early Age Cracks

After crack-healing quantification, the healing products that formed at the surface
cracks of the mortar specimens were collected and analyzed with XRD, SEM and TG/DTG,
respectively. XRD analyses adopted the D8-Advance X-ray diffractometer produced by the
Bruker-AXS company (Karlsruhe, Germany). Powder samples were scanned at diffraction
angle 2θ from 5◦ to 90◦. For TG/DTG analysis, powder samples were heated from room
temperature to 800 ◦C at a rate of 10 ◦C/min in an N2 atmosphere.

3. Results and Discussion

3.1. Crack-Healing Quantification under Different Curing Conditions
3.1.1. The Crack-Healing Ratio

Figure 3 shows that the closure of surface cracks in mortar specimens under different
curing conditions and after different healing times. It can be seen that no visual healing
was observed in specimens exposed to standard curing, even after a healing period of
56 days. However, complete crack sealing was found in specimens incubated in water for
14 days. For specimens under wet–dry cycles, only partial crack filling was showed.

0 d 3 d 14 d 28 d 56 d 
(a) 

0 d 3 d 14 d 28 d 56 d 
(b) 

Figure 3. Cont.
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0 d 3 d 14 d 28 d 56 d 
(c) 

Figure 3. The closure of surface cracks in specimens under different curing conditions after different healing times:
(a) standard curing (>95% RH); (b) wet–dry cycles; (c) submerged in water (d denotes days).

To quantitatively assess self-healing efficiency, the images of surface cracks in mortar
specimens monitored by a stereo optical microscope were processed using Image-J software
(National Institutes of Health, Bethesda, MD, America) (Figure 4); the crack-healing ratio
was obtained according to Equation (1), as shown in Figure 5. The crack-healing ratio was
highest in specimens incubated in water, followed by wet–dry cycles; standard curing was
the lowest ratio. It was noted that the crack-healing ratio of specimens under wet–dry
cycles gradually increased with the extension of healing time, although these exhibited a
lower crack-healing ratio than those specimens incubated in water. The autogenous self-
healing of cracks is mainly attributable to the hydration of unhydrated cement particles and
the precipitation of calcium carbonate. In the opening of the crack, the main mechanism of
self-healing may be attributable to the precipitation of calcium carbonate. Inside the crack,
the ongoing hydration of unreacted cement may be dominant because the carbonization
process is limited; this is because carbon dioxide struggles to enter deep into the crack,
especially in the specimens incubated in water. For specimens incubated in water, adequate
water supply is beneficial to the further hydration of unhydrated cement particles and
the precipitation of calcium carbonate in the surface crack due to more Ca2+ dissolution
emanating from said crack. Carbon dioxide from the air can dissolve in water to form
carbonates and produce calcium carbonate precipitations when in contact with calcium
ions in the mouth of the crack. For specimens under wet–dry cycles, in each cycle, the
cracked specimen was incubated in water for 12 h and then taken out to air dry for 12 h.
More carbonate ions can be formed because carbon dioxide is more likely to reach the crack
opening while being air dried. However, less hydration of cement particles occurred and
there was less Ca2+ supply at the same healing time. The crack-healing ratio for wet–dry
cycle specimens depends on the combined result of the above two aspects. Therefore,
although curing in water may inhibit carbon dioxide supply, specimens submerged in
water exhibited a higher crack-healing ratio than that of specimens under wet–dry cycles
(Figure 5). No significant self-healing (less than 10% of crack-healing ratio) occurred in
specimens exposed to standard curing due to lack of water. Calcium carbonate precipitation
struggles to form, and the healing of the cracks can only be attributed to the ongoing
hydration of partial unreacted cement particles in high humidity conditions.
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0 d 3 d 14 d 28 d 56 d 
(a) 

0 d 3 d 14 d 28 d 56 d 
(b) 

0 d 3 d 14 d 28 d 56 d 
(c) 

Figure 4. Binarization images of surface cracks in specimens under different curing conditions after
different healing times: (a) standard curing (>95% RH); (b) wet–dry cycles; (c) submerged in water (d
denotes days).

−

 

Figure 5. Crack-healing ratio of specimens under different curing conditions after different healing
times (d denotes days).
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3.1.2. Water Permeability Test

The measurements of crack width, crack area and water permeability were widely
used to characterize the healing effect [9,14,31,32]. In Section 3.1.1, the crack-healing
ratio based on a reduction in crack area was used to visualize the self-healing of surface
cracks, but it could not reflect the internal healing effect. Therefore, the water permeability
test, which is not only related to the sealing of surface cracks but also to the healing of
internal cracks, was conducted to further evaluate the self-healing efficiency of the cracks.
Figure 6 shows the change in relative permeability of specimens under different curing
conditions and healing times. The result is consistent with that of the crack-healing ratio.
The specimens incubated in water and under wet–dry cycles exhibited a better recovery
in water penetration resistance compared to specimens exposed to standard curing. An
obvious decline in relative permeability was observed in specimens incubated in water
and under wet–dry cycles, which indicated that the presence of water is essential for the
autogenous self-healing of early age cracks in cement mortar. In addition, it is worth noting
that, although the crack-healing ratio for wet–dry cycles specimens was obviously inferior
to that of specimens incubated in water, the change in relative permeability coefficient for
wet–dry cycle specimens was similar to that of specimens incubated in water. This may be
attributed to more healing products being formed in internal cracks for specimens under
wet–dry cycles.

−

 

Figure 6. Relative permeability coefficient changes with healing time under different curing condi-
tions (d denotes days).

3.2. Crack-Healing Quantification under Different Supplementary Cementitious Materials
3.2.1. The Crack-Healing Ratio

The crack-healing ratios of mortar specimens containing different SCMs with vari-
ous content are shown in Figure 7. As can be seen, the addition of SCMs changed the
autogenous self-healing behavior of surface cracks in mortar specimens. The influence of
SCMs on the crack-healing ratio is related to their type and content. For BFS specimens, the
crack-healing ratio decreased with the increase in BFS content. Moreover, 20BFS exhibited
a higher crack-healing ratio compared to the reference; however, 40BFS showed a lower
crack-healing ratio compared to the reference. For FA specimens, the crack-healing ratio
also decreased with the increase in FA content. However, both 20FA and 40FA showed a
lower crack-healing ratio compared to the reference after a healing period of 28 days. In
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general, it is not beneficial to replace cement with FA or BFS for the self-healing of early age
surface cracks (pre-cracking age of 3 days) in mortar specimens (except 20BFS specimen).
Comparing FA with BFS, at a given content of 20%, BFS specimens exhibited a higher
crack-healing ratio compared to FA specimens. However, FA specimens showed a higher
crack-healing ratio compared to BFS specimens when the content was increased to 40%.

 

Figure 7. Crack-healing ratio of specimens containing different SCMs with various content (d denotes
days).

The autogenous self-healing of surface cracks is mainly attributable to two mecha-
nisms: (1) ongoing hydration of unreacted cement or SCMs particles; (2) formation of
calcium carbonate precipitation. The crack-healing ratio of specimens with SCMs depends
on the coupled effect of the abovementioned two aspects. In this study, early age cracks
(pre-cracking age of 3 days) were generated. After cracking, specimens with SCMs had
more unreacted binder particles due to slower hydration of FA or BFS. The ongoing hy-
dration of unreacted binder particles is beneficial to promote self-healing of the crack.
However, the ongoing hydration of FA or BFS needs to be activated by Ca(OH)2, which is
mainly attributed to cement hydration. In specimens with SCMs, the portlandite content
is lower than that of the referenced specimens due to less cement composition and the
partial consumption of portlandite by the hydration reaction of FA or BFS [18,27]. The
reduction in Ca(OH)2 greatly influenced the formation of calcium carbonate precipita-
tions and ongoing hydration of FA or BFS at the surface cracks. When the formation of
calcium carbonate precipitation is the main mechanism, FA or BFS may not be good for
the autogenous self-healing of surface cracks. It was noted that 20BFS exhibited a higher
crack-healing ratio compared to the reference. This is because that there are still large
amounts of unhydrated cement particles in early cracking specimens when the BFS content
is low; further hydration of unreacted cement particles provides additional Ca(OH)2 to
promote the hydration of BFS and the formation of calcium carbonate precipitation at the
crack’s surface. The 40FA specimen exhibited a higher crack-healing ratio compared to the
40BFS specimens, which may be attributed to the lower hydration activity of FA, resulting
in more Ca(OH)2 for calcium carbonate formation.
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3.2.2. Water Permeability Test

Figure 8 shows the change in relative permeability of specimens containing different
SCMs with various content over different healing times. The changing trend of regaining
water tightness is different from that of the crack-healing ratio. This is because regaining
the water tightness of the pre-cracked mortar specimens is not only related to the sealing
of surface crack but also to the healing of internal cracks. For BFS mortars, both 20BFS
and 40BFS showed better regaining abilities of water tightness compared to the reference
specimens. Although a lower crack-healing ratio after healing for 28 days was observed for
40BFS mortar compared to the reference, the higher regaining capacity for water tightness
may be attributed to more healing products being formed in internal cracks due to the
ongoing hydration of more unreacted BFS particles. As for FA mortars, the regaining of
water tightness declined with the increasing FA content. This is because that the hydration
activity of FA is low and not enough calcium hydroxide can be utilized to activate the
hydration of unreacted FA particles in internal cracks for mortars with a high content of
FA. Moreover, it was noted that 20FA and 40FA exhibited a lower decline in the relative
permeability coefficient after healing for 3 days compared to the reference, but almost the
same decline in the relative permeability coefficient after healing for 28 days was observed
compared to the reference. This is because unreacted FA particles in the crack cannot be
activated in the early healing process but can be activated as the healing time increases. It
also can be found that BFS mortars exhibited a better regaining of water tightness compared
to FA mortars; this is due to their higher hydration activity and CaO content for slag.

 

Figure 8. Relative permeability coefficient of specimens containing different SCMs with various
content (d denotes days).

3.3. Mineralogy of Reaction Products of Self-Healing in Early Age Cracks

After crack-healing quantification, XRD, SEM and TG/DTG were conducted on the
healing products scraped from the healed surface cracks of the referenced specimens,
as well as the specimens that contained different supplementary cementitious materials
(SCMs). Figure 9 shows the XRD patterns of the healing products formed in mortar
specimens containing different supplementary cementitious materials (SCMs) compared to
the reference. No significant differences were found for the diffraction peaks of all samples.
Calcite was detected as the major crystal healing product for all samples. SEM observations
indicated that micron-sized calcite crystals with a typical rhombohedral morphology were
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closely packed together, as shown in Figure 10. In addition, the TG/DTG curves of the
healing products in the crack mouth are shown in Figure 11. An obvious weight loss in the
range of 600–800 ◦C was found, and the corresponding peaks related to the decomposition
of calcium carbonate at about 750 ◦C were observed in all samples. The weight losses
between 600 and 800 ◦C of reference, 20FA and 20BFS were 41.12%, 40.93% and 40.45%,
respectively. According to the thermal decomposition equation of calcium carbonate, the
percentages of calcium carbonate in the healing products from reference, 20FA and 20BFS
were calculated as 93.46%, 93.03%, and 91.94%. The results of TG analysis were consistent
with XRD and SEM, indicating that the major healing product from the healed surface
cracks of the referenced specimens and the specimens containing different supplementary
cementitious materials (SCMs) was calcium carbonate.

 

Figure 9. X-ray diffraction (XRD) patterns of the healing products in the mouths of the cracks.

   
(a)  (b)  (c)  

Calcite Calcite Calcite 

Figure 10. Scanning electron microscopic (SEM) observations of the healing products in the mouths of the cracks:
(a) Reference; (b) 20FA; (c) 20BFS.
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(a)  (b)  

Figure 11. Thermogravimetric (TG/DTG) curves of the healing products in the mouths of the cracks: (a) TG curves; (b)
DTG curves.

4. Conclusions

The effects of curing conditions and supplementary cementitious materials on the
autogenous self-healing of early age cracks in cement mortar were investigated. Three
curing conditions (standard curing, wet–dry cycles and incubated in water) and two SCMs
(FA and BFS) with various contents (cement replacement ratio at 0%, 20%, and 40%) were
considered. Autogenous crack self-healing efficiency of mortar specimens was evaluated by
performing a visual observation and a water permeability test. Moreover, XRD, SEM and
TG/DTG were conducted to characterize the healing products. Based on the experimental
results, the following conclusions can be drawn:

(1) The presence of water is essential for autogenous self-healing of early age cracks
in cement mortar. Crack self-healing efficiency was highest in specimens incubated in
water. However, no significant self-healing occurred in specimens exposed to standard
curing. For wet–dry cycles, a longer healing time was needed to obtain good self-healing
compared to those samples incubated in water.

(2) SCMs type and content significantly affected the autogenous self-healing ability
of early age cracks. Crack self-healing efficiency for early age cracks decreased with the
increase in FA and BFS content. BFS mortars exhibited better recovery of water penetration
resistance compared to the reference and FA mortars. Almost the same regaining of water
tightness and a lower crack-healing ratio after healing for 28 days in FA mortars were
observed in comparison to the reference.

(3) The major healing product in surface cracks of specimens with and without SCMs
was micron-sized calcite crystals with a typical rhombohedral morphology.
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Abstract: An end-of-Life Tyre (ELT) is a type of waste that can generate negative social and environ-
mental impacts due to its disposal. Considering that rubber can improve concrete properties and
the massive use of concrete as construction material, the addition of ELT rubber in concrete mixes
is attractive. However, concrete mechanical properties are negatively affected due to the rubber-
cementitious matrix interaction. Although rubber treatments have been developed to minimise the
negative effects, the geo-dependency of the mix makes necessary to find cost-effective and practical
solutions that will allow a real use of the ELT waste. Therefore, the objective of the present study
is to characterise the properties of cement mortars with the addition of ELT rubber under three
surface treatments: hydration, oxidation-sulphonation, and hydrogen peroxide. The results show
that hydration is the most favourable treatment from a technical, practical, and economical point
of view. In fact, with this treatment, it is possible to add up to 5% ELT rubber, with respect to the
aggregate weight, and still exceed the design strength without adding more cement or additives as
other investigations. The use of Portland Pozzolana Cement, with local fly ash waste, contributes as
well to the promissory results obtained.

Keywords: cement mortar; End-of-Life Tyre; waste; surface treatment; compressive strength; flexural
strength; workability; fly ash

1. Introduction

The end-of-life tyre (ELT) is a type of waste that has become an environmental and
social problem. In effect, the accumulation of ELT produces concentration of rats, larvae,
mice, insects, and it increases the risk of fires difficult to extinguish [1].

Moreover, globally, 1000 million tonnes of ELTs are generated annually, with more
than 50% destined to landfills or left as untreated garbage [2]. In Chile, for instance, more
than 145,000 tonnes of ELT were generated in 2019 and only 17% was recycled [3,4]. In
this regard, efforts have been made to improve the management of this waste through
Law N◦20920, which establishes the framework for waste management, extends producer
responsibility, and the promotion of recycling in Chile [5]. Although, in this law, tyres are
defined as priority products, there is no special provision for the management of ELTs.
Therefore, the problems associated with ELT disposal remain.

On the other hand, concrete is a relatively inexpensive material, with the ability
to develop high strengths and different shapes, which makes it suitable for multiple
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applications. In fact, concrete is the most widely used material in the construction industry
worldwide, producing approximately 25 billion tonnes annually [6].

However, the concrete manufacturing process requires large amounts of energy, raw
materials, and has a large impact on the environment. Therefore, alternatives have been
developed to reduce these impacts through the use of non-conventional materials, such
as recycled waste. Among the alternatives developed, the behaviour of concrete with
added rubber has been studied by different authors [7–12]. These studies report that the
inclusion of rubber can improve properties of the concrete, such as energy absorption
capacity, ductility, thermal insulation, resistance to lead cycles, post-cracking behaviour,
and durability [7–10,13]. Considering these possibilities of improvement and the massive
use of concrete, the study of the incorporation of ELT in the concrete material is very
attractive as a solution for reusing this waste.

However, although the potential benefits of adding ELT rubber into the concrete, there
are challenges related to the weak rubber-cementitious matrix interaction, which results
in basic mechanical concrete properties negatively affected [9,11,12]. Furthermore, the
dependence of the concrete properties on the individual components, which vary from
region-to-region [14], makes local studies on the impact of incorporating ELT in concrete
mixes necessary. For instance, evaluations of fresh concrete mixes indicate an increase in
workability [15,16], while others report reductions in this property [17–19], and even cases
of no appreciable change [20,21]. Moreover, studies show that it has not been possible to
find a relationship between replacement percentage and grain size of ELT with the mix
workability [22]. However, other studies report such relationships. For instance, the results
of Su et al. [23] indicate that concretes with larger rubber show better workability than those
with smaller rubber particles. Additionally, the case of concrete with continuous rubber
granulometry offers better workability and strength to water permeability compared to
concretes with single rubber size.

Additionally, different investigations conclude that rubber incorporation can have a
negative impact on the basic mechanical concrete properties, i.e., the flexural and compres-
sive strength [7–9,13,24–27]. Indeed, Liu et al. [28] studied the performance of rubber-based
concretes at replacement percentages of 5%, 10%, and 15% with respect to fine aggregate
volume. The results indicate that, compared to standard concrete specimens, the rubber-
incorporated specimens decrease the compressive and flexural strength. Moreover, the re-
ported decrease in compressive strength is twice the reduction in flexural strength. However,
in general, the experimental results show a significant improvement in the cracking behaviour
of the material, together with a higher resistance to load cycles and higher toughness.

Yu and Zhu [24] report that rubber content and size can affect the porosity structures
of cement mortars. Actually, they state that the reasons behind the reduced strength are the
combined changes in rubber content and porosity structures.

In order to minimise the reduction of the mechanical properties of cementitious
materials, the application of rubber treatments before the addition to the mix has been
evaluated [25–27]. For instance, Mohammad et al. [26] developed a treatment consisting
of soaking ELT rubber in water for 24 h, before adding it to the rest of the concrete
components. This treatment reduces the amount of air trapped on the surface of the
material, which, after the hydration time, produces a decrease in the amount of air bubbles
around the material. The result is a relatively minor concrete strength reduction, being
more favourable the results of compressive strength than flexural strength. Furthermore,
samples with replacement less than 20% showed improvements of the fatigue strength
under load cycles [26].

Another treatment developed consists of an oxidation process using a solution of
potassium permanganate (KMnO4) and sulphonated with sodium bisulphite (NaHSO3),
at different concentrations and contact times. The results showed that the treatment
modified the rubber surface, decreasing the contact angle of the rubber with water and
significantly improving the interaction between the cementitious matrix and the rubber
particles. Therefore, properties, such as compressive strength and impact resistance, were
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also positively affected. The strength improvements of rubber modified concrete as a
function of the rubber percentage was evident and accentuated at around 4% rubber
content, with an improvement close to 10 MPa [27].

However, the properties of concrete mixes with rubber are locally dependent due
to differences in cement manufacture and components, aggregate characteristics, and
ELT properties.

In fact, geo-dependency is one of the characteristics that help to explain the massive
use of concrete. Geo-dependency as well is crucial when dealing with waste materials
and concrete, especially because the alternative solutions must be practical and feasible to
implement in order to effectively reuse the waste [29].

The work presented in this article is part of a wider investigation on the effects of ELT
rubber in the concrete material. In particular, and considering factors as geo-dependency
and the complexity of rubber treatments, this stage focuses on evaluating traditional
properties of mortars with ELT rubber using Chilean cements. More specifically, the
objective of the present study is to characterise the properties of cement mortars with
the addition of ELT rubber under three surface treatments. The study considers different
variables to define the substitution percentages and the appropriate rubber granulometries
according to the performance of mortar properties in the fresh and hardened state. In
this way, it is expected to define mortar mixes with the best mechanical performance
considering technical, practical, and economic aspects.

2. Materials and Methods

2.1. Materials
2.1.1. Cement

Two commercial brands of cement available in the local market were used in this
research: Bío Bío Especial (C1) and Polpaico Especial (C2). This choice was based in
the necessity of proposing practical and sustainable alternatives for the effective use of
ELT rubber.

According to the standard NCh 148, based on ASTM C150/C150M-20, C1 and C2
cements were classified as standard grade Portland pozzolanic cement [30]. The properties
of the cements used in this study are presented in Table 1.

Table 1. Cement characterization.

Properties
Bío Bío Especial

(C1)
Polpaico

Especial (C2)
Requirements

NCh 148

Specific gravity (g/cm3) 2.8 2.7–3.2 -
Autoclave expansion (%) 0.1 0.1 <1.0

Initial setting (h:m) 2:40 1:30 >01:00
Final setting (h:m) 3:40 5:50 <12:00

Compressive
Strength (kg/cm2)

7 d 320 187 >180
28 d 410 275 >250

One way to chemically characterize the cement is in terms of its oxide’s composition,
which is directly related to the final properties that a mortar or concrete can develop.
Tapia [31] performed a chemical analysis in terms of the oxide components of the cements,
including the two cements used in this research (Table 2). Calcium oxide (CaO) and silicon
oxide (SiO2) are the most important for this research, since, from them, dicalcium silicate
(C2S) and tricalcium silicate (C3S) are formed, which are the main components of the
clinker and they are responsible for the strength of the hydrated cement paste.
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Table 2. Oxide components of cements, in percentage [31].

Oxides Cement C1 Cement C2

CaO 35.0 32.7
SiO2 24.2 19.3

Al2O3 12.6 9.0
Fe2O3 4.3 4.8
MgO 2.5 3.0
SO3 2.4 2.8
K2O 1.2 0.7

Na2O 1.8 2.2
TiO2 0.6 0.1

Furthermore, Tapia [31] made a SEM–EDX analysis where the presence of fly ash in
the cement C1 was evidenced, the fly ash being an agent known for the increment of the
concrete strength on time.

2.1.2. Sand

Sand consists of a stone material composed of hard particles with a stable shape
and size that pass through the 4.75 mm aperture sieve and it is retained on the 0.075 mm
sieve [32]. In the present study, Bío Bío sand, available at the Concrete Laboratory, Universi-
dad de Concepción, was used. Bío Bío sand is the typical fine aggregate for making concrete
in the local market. The sand properties according to the standards NCh 1239:2009 [33],
based on ISO 7033:1987, and NCh 165:2009 [34] based on ISO/DIS 20290-1, are presented
in Table 3.

Table 3. Sand characterization.

Properties

Relative Density (kg/m3) 2668.2
Relative Density SSD (kg/m3) 2728.5

Apparent Relative Density (kg/m3) 2839.3
Water Absorption (%) 2.3

Fineness Modulus 2.7

2.1.3. Water

The water used was from the public water supply that complied with NCh 409/1, and
was not contaminated prior to use [35].

2.1.4. Rubber

The rubber was provided by the company Polambiente, which recycles ELT from
truck and car tyres. Once received, it was sieved in order to obtain three different sizes,
which are presented in Table 4.

Table 4. Rubber particle sizes.

Sizes Range (mm)

T1 2.36–4.75
T2 1.18–2.36
T3 0.3–1.18

Each of these sizes was characterised using the Chilean regulations associated with
fine aggregate [32,33], which is shown in Table 5.
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Table 5. Rubber properties.

Properties T1 T2 T3

Relative Density (kg/m3) 1099.4 1020.9 1004.1
Relative Density SSD (kg/m3) 1127.1 1047.1 1029.9

Apparent Relative Density (kg/m3) 1130.8 1048.4 1030.7
Water Absorption (%) 2.5 2.6 2.6

Fineness Modulus 5.0 4.0 2.8

2.2. ELT Modification

In the search for improving the adhesion and interaction between the cementitious
matrix and the ELT rubber aggregate, three methods were applied to the surface of the ELT
grains before the incorporation in the cement mortar mix.

2.2.1. Treatment 1: Hydration (R1)

Treatment 1 is the simplest of the three treatments applied. The method is based on the
work by Mohammadi et al. [26], and consists of soaking the rubber in water for 24 h before
incorporating it into the mortar mix. This treatment reduces the amount of air trapped on
the surface of the material after the hydration time, which improves the interaction with
the cement paste.

2.2.2. Treatment 2: Oxidation–Sulphonation (R2)

Treatment 2 is based on the work by He et al. [27]. It consists of an immersion of the
rubber in a 15% sodium hydroxide solution stirring at 150 rpm for 45 h at room temperature.
After washing and filtering, the sample is put in contact with a 7% KMnO4 solution. This
solution is adjusted to pH 2 and stirred at 150 rpm for 2 h at 70 ◦C. The product is then
transferred to a saturated NaHSO3 solution, which is reacted at 150 rpm for another 2 h at
70 ◦C. After washing and filtering, the sample is dried for 12 h at 50 ◦C. By this means, polar
groups, such as carbonyl, hydroxyl, and sulfonic groups, are introduced on the surface of
the rubber, which increases the hydrophilicity.

2.2.3. Treatment 3: Contact with Hydrogen Peroxide (R3)

This method is based on the study by Shatanawi et al. [25] originally developed to
incorporate rubber into asphalt mixes. The treatment consists of contacting the rubber with
a hydrogen peroxide solution at a concentration of 50% at a temperature of 60 ◦C, for a
time of 60 min, where a Fenton reaction is subsequently provoked, using a concentration
of Fe2+ 12 mM and H2O2 600 mM at pH 3–4. These reactions produce homolytic cleavage
of single C–C bonds to produce terminal hydroxyls.

2.3. Experimental Program

Due to the large number of combinations, and in order to reduce the uncertainty
of the results, the evaluation was divided into three stages. The variables considered in
each phase were the type of cement, the size of the rubber grains, the surface treatment
applied to the rubber, and the test age to which the samples were subjected. Moreover, the
percentage of rubber replacement varies from a range of 0% (control samples) to 12.5%,
with respect to the weight of the fine aggregate.

The first stage aimed to make a fast characterization of the samples in order to take
useful decisions for the next phases. For that, samples with the addition of untreated rubber,
at early test ages of 7 and 14 days, with two cements, were included in the experimental
analysis. Furthermore, two replacement percentages were considered, a minimum of 2.5%
and a maximum of 12.5%, with respect to the weight of the fine aggregate and with three
rubber grain sizes (T1, T2, and T3). Figure 1 presents the details of stage 1.
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Figure 1. Experimental plan description of stage 1.

Based on the results obtained in the first stage, the second stage is developed (Figure 2).
This phase contemplates substitution percentages with rubber of 5% and 7.5% with respect
to the weight of the fine aggregate in conditions without treatment and with treatment R1,
and test ages up to 28 days. This, in order to have more information on the properties of the
samples studied, maintaining the two cements and the three sizes of rubber as variables.

Figure 2. Experimental plan description of stage 2.

Due to the technical complexity of applying the R2 and R3 treatments, stage 3 is based
on the previous results in order to optimize the number of samples evaluated. Therefore,
in this stage, the best results obtained in the previous stages are considered in the analysis.
Figure 3 presents the details of stage 3.

Figure 3. Experimental plan description of stage 3.

In the three stages, the tests were conducted on specimens with dimensions
40 × 40 × 160 mm according to the Réunion Internationale des Laboratoires et Experts des
Maté-riaux, systèmes de construction et ouvrages (RILEM) [36]. The workability of each
mixture was evaluated according to the NCh 2257/3 standard [37], based on ISO 1920-2:
2016, using the reduced cone method. Additionally, the flexural and compressive strengths
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were evaluated according to the standard NCh 158 [38], whose international equivalent
corresponds to the UNE-EN 196-1: 2018 standard. In order to determine the density, the
weight and size measurements of the samples were performed at the hardened state in
accordance to NCh 158 [38]. In addition to the macro-characterisation of the samples, i.e.,
the fresh and hardened mechanical behaviour of cement mortars, a micro-level analysis of
the rubber grains under the treatments was performed. The micro-characterisation consists
of the measurement of the contact angle between the rubber samples and the water, in
addition to the analysis of the SEM (Scanning Electron Microscopy) images. The aim of
this approach is to have a better understanding of the macro behaviour of the cement
mortar samples.

2.4. Cement Mortar Mix Dosage

For the mix dosage, the Mortar Manual developed by the Chilean Institute of Cement
and Concrete was applied. This manual establishes generalities, properties and dosage
methods for cement mortars [39]. The procedure based on compliance with workability
and compressive strength, modified due to the partial replacement of the aggregate by ELT
rubber, was applied.

The reference compressive strength used in this study corresponds to 300 kg/cm2, which,
according to the applied design method [39], implies a design strength of 350 [kg/cm2], with a
medium workability, which means a drop of between 3 and 8 cm measured by the reduced
cone method. The mix dosage is presented in Table 6.

Table 6. Mix dosage to produce 1 m3 of mortar.

Material C1 (kg) C2 (kg)

Cement 662.2 662.2
Fine aggregate 1206.5 1239.3

Water 291.3 291.3
Total 2160.0 2192.8

3. Results

3.1. Stage 1
3.1.1. Workability

The results of the reduced cone test for the samples with untreated rubber addition
are presented in Figure 4. With respect to the control mortar, without rubber addition,
there is an important variation in the workability of the mix with high dependence on
the percentage of replacement. With larger amounts of rubber, although all the results
are within the design range [38], the samples with smaller rubber size have a much lower
workability compared to the others. This is explained due to the higher specific surface
area of the smaller rubber particles, causing a greater friction with the rest of the mixture,
resulting in a lower cone slump.
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Figure 4. Mortar cone slump with addition of untreated rubber 2.5% and 12.5% replacement: (a) cement C1; (b) cement C2.

3.1.2. Density

The results of the densities for the samples with the addition of untreated rubber are
presented in Figure 5. The error bars correspond to the standard deviation for the two
cements used; the measured densities are similar, with minimal differences of around 2%
in the case of the control mortar, being generally higher in samples with cement C1. Due to
the lower density of the ELT rubber with respect to the aggregate, an inverse relationship
is observed between the amount of rubber added and the mortar density. Regarding the
size of the rubber aggregate, it is not possible to establish a relationship between this and
the density since the results do not show a trend in this respect.

 
(a) (b) 

Figure 5. Density of mortar with addition of untreated rubber 2.5% and 12.5% replacement: (a) cement C1; (b) cement C2.

3.1.3. Flexural Strength

The results of the flexural strength for the samples with the addition of untreated
rubber are presented in Figure 6. The control mortar has practically equal strengths with
both cements at 7 days. This changes at 14 days, where the samples with cement C1 have
higher strengths. It is observed that, as the percentage of ELT rubber increases, the strength
of the samples decreases.

At a test age of 14 days, when the cement used is C1, the average strength reduction
(considering the three rubber sizes) for replacement percentages of 2.5% and 12.5% is 20%
and 39%, respectively, with respect to the control mortar. In the case of mortars made with
C2 cement, the reduction in strength for both replacement percentages reaches 15% and
38%, respectively.
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Figure 6. Flexural strength of mortar samples with addition of untreated rubber at 2.5% and 12.5% replacement, after 7 and
14 days: (a) cement C1; (b) cement C2.

3.1.4. Compressive Strength

Figure 7 presents the results of the compressive strength tests for the samples with
untreated rubber addition. Similar to the results previously shown, a strength reduction
is observed as the amount of rubber added increases. In general, the strength reduction
is greater than in the case of flexural strength, which is in agreement with what is found
in the literature [23]. At a test age of 14 days, when the cement used is C1, the average
strength reduction (considering the three rubber sizes) for replacement percentages of 2.5%
and 12.5% is 18% and 45%, respectively, with respect to the control mortar. In the case of
mortars made with C2 cement, the reduction in strength for both replacement percentages
reaches 19% and 48%, respectively.

Figure 7. Compressive strength of mortar samples with untreated rubber addition at 2.5% and 12.5% replacement, after
7 days and 14 days: (a) cement C1; (b) cement C2.

From the results, is possible to conclude that the 12.5% replacement is not recom-
mended. In the case of cement C2, for example, the reduction of compressive strength is
approximately 50% with this replacement.
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3.2. Stage 2
3.2.1. Workability

Figures 8 and 9 show the slump measurements of mortar samples with untreated rub-
ber and under treatment R1 (hydration), respectively. When untreated rubber is added to
the mix, the trend is similar with both cements, i.e., the workability tends to be maintained
or increase with larger rubber sizes. For the T3 size, the workability decreases as more
rubber is added. Again, it should be noted that, in all cases, the workability remains within
the design range [39] and the general relationship is that the larger the rubber size, the
higher the workability.

Figure 8. Mortar cone slump with addition of untreated rubber, at 5% and 7.5% replacement: (a) cement C1; (b) cement C2.

Figure 9. Rubber-added mortar cone slump under treatment R1, at 5% and 7.5% replacement: (a) cement C1; (b) cement C2.

When rubber is added to the mortar under hydration treatment, workability tends
to decrease as the amount of ELT added increases. When the replacement percentage
is 5%, considering both cements, workability tends to be maintained for samples with
larger rubber grain sizes. For samples with rubber size T3 (0.3–1.18 mm), the workability
decreases drastically. In the case of 7.5% replacement, this behaviour is repeated and the
reduction of workability is accentuated with rubber size T3, reaching the minimum of the
design range of 3 cm [39].
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3.2.2. Density

The densities for the samples with untreated rubber are presented in Figure 10. The
results for the samples with cement C1 show that with rubber incorporated at 5% and 7.5%,
the density decreases by 2% and 8%, respectively. Similarly, in samples with cement C2
under the same conditions, the density decreases by 3% and 10%, respectively. This fact
shows an inverse relationship between the amount of rubber added and the density of the
mortar. Regarding the size of the incorporated rubber, in the case of cement C1 mortars, the
densities are higher when the rubber used is larger (T1). In the case of cement C2 mortars,
medium size rubber mortars (T2) have slightly higher densities.

 
(a) (b) 

Figure 10. Density of mortar with addition of untreated rubber at 5% and 7.5% replacement, after 14 days: (a) cement C1;
(b) cement C2.

In the case of mortars with rubber addition under treatment R1, it is observed that the
smaller the rubber size produces lower densities (Figure 11). For the samples of cement
C1 with percentages of 5% and 7.5% of rubber incorporated, the density reductions are on
average 3% and 5%, respectively. For the same percentages of incorporated rubber, but
with cement C2 samples, the density reductions are 5% and 7% respectively.

Figure 11. Density of rubber-added mortar under treatment R1 at 5% and 7.5% replacement, after 14 days: (a) cement C1;
(b) cement C2.
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3.2.3. Flexural Strength

The results of the flexural strength tests for the samples with untreated rubber addition
and under treatment R1 are presented in Figures 12 and 13, respectively. When comparing
the samples without rubber, at early ages, the strength is similar for both cements. However,
as the test age advances, the difference increases, with the samples of cement C1 having
higher strength.

(a) (b) 

Figure 12. Flexural strength of mortar samples with addition of untreated rubber at 5% and 7.5% replacement, after 7, 14,
and 28 days: (a) cement C1; (b) cement C2.

Figure 13. Flexural strength of rubber-added mortar samples under treatment R1 at 5% and 7.5% replacement, after 7, 14,
and 28 days: (a) cement C1; (b) cement C2.

In the samples with untreated rubber, there is no clear trend about the rubber size
giving the best results. However, for samples with cement C1, the T1 size shows similar or
slightly higher strengths than the other grain sizes. In the case of cement C2, the T3 and T1
sizes showed the highest strengths.

At a test age of 14 days, when the cement used is C1, the average strength reduction
(considering the three rubber sizes) for replacement percentages of 5% and 7.5% is 23%
and 30%, respectively, with respect to the control mortar. In the case of mortars made with
C2 cement, the reduction in strength for both replacement percentages reaches 19% and
29%, respectively. Although the strength reduction of samples with cement C2 is smaller
compared to the results of samples with C1, in absolute terms, the strength of these last
samples is higher in all cases.
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The flexural strength of the mortars with rubber under R1 treatment has a similar
behaviour to the one observed in stage 1, i.e., a slight improvement in strength with respect
to the samples with untreated rubber. This fact is observed to a greater extent in the
samples with cement C1. In this case, at a test age of 14 days, when the cement C1 is
used, the average strength reduction (considering the three rubber sizes) for replacement
percentages of 5% and 7.5% is 13% and 21%, respectively, with respect to the control mortar.
In the case of mortars made with C2 cement, the reduction in strength for both replacement
percentages reaches 19% and 22%, respectively.

3.2.4. Compressive Strength

The results of the compressive strength tests for the samples with untreated rubber
addition and under treatment R1 (hydration) are shown in Figures 14 and 15, respectively.
At a test age of 14 days, when the cement used is C1, the average reduction in strength
(considering the three rubber sizes) for replacement percentages of 5% and 7.5% is 18% and
31%, respectively, with respect to the control mortar. In the case of mortars made with C2
cement, the reduction in strength for both replacement percentages reaches 34% and 39%,
respectively. There is a clear difference between the results of the two cements, being the
samples made with cement C1, the ones with the highest strength at 28 days. In all cases, it
is observed that the strength of the samples containing untreated rubber is higher when
cement C1 is used. In addition, the only case of samples containing ELT and fulfilling the
design strength of 350 (kg/cm2) is with 5% replacement ELT and size T1.

The results of rubber samples made with cement C1, and under treatment R1, indicate
a slight increase in strength compared to the untreated rubber samples. This does not
occur in the samples made with cement C2. In this case, at a test age of 14 days, when the
cement used is C1, the average strength reduction (considering the three rubber sizes) for
replacement percentages of 5% and 7.5% is 9% and 23%, respectively, with respect to the
control mortar. In the case of mortars made with C2 cement, the reduction in strength for
both replacement percentages reaches 30% and 39%, respectively.

Figure 14. Compressive strength of rubber-added mortar samples with addition of untreated rubber at 5% and 7.5%
replacement, aged 7, 14, and 28 days: (a) cement C1; (b) cement C2.

The results show very significant differences between the strengths obtained at 28 days
with C1 and C2 when ELT rubber is added (untreated and with R1 treatment). In a similar
way to the previous case, when untreated ELT is added, the design strength is only fulfil
with 5% replacement, in this occasion with sizes T1 and T2. For 7.5% replacement, only the
average result with size T1 reaches the design strength, but not all the individual samples,
as it is shown by the standard deviation. The results evidence a trend of better technical
performance associated with T1 size. However, other relevant factors allow considering
the T1 size for the last stage of the study. In effect, considering the characteristics of the
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ELT rubber, the largest size (T1) is easier to handle, less expensive to produce, and requires
less energy to manufacture it.

Figure 15. Compressive strength of rubber-added mortar samples under treatment R1 at 5% and 7.5% replacement, after 7,
14, and 28 days: (a) cement C1; (b) cement C2.

Tapia [31] analysed the composition of three brands of cement, including the two
used in this work. Similar results were found in that study in terms of the difference
in compressive strength when comparing control mortars made with both cements (C1
and C2). This difference can be attributed to the direct relationship between concrete
strength and the presence of dicalcium silicate (C2S) and tricalcium silicate (C3S) in the
cement composition, which in the case of cement C1 is greater than in cement C2. Another
reason found is the presence of fly ash in cement C1, which is not present in cement
C2 [39] and which, in the long term, causes concretes with this compound to continue
acquiring strength.

The lower reduction in compressive strength observed in rubber-based mortars with
cement C1 can be explained by the presence of fly ash. Indeed, this component has
been used in other investigations to improve the interaction between the rubber and the
cementitious matrix, showing adequate efficacy in mitigating the reduction of concrete
strength [40–42].

For these reasons, C1 cement was chosen to continue with the last stage of the study.

3.3. Stage 3
3.3.1. Workability

Figure 16 shows the cone slump of the rubber-added mortar samples under the three
treatments applied. The figure shows as well, the results with untreated rubber, under
the same conditions, i.e., 5% substitution rate, grain size T1 (2.36–4.75 mm) and use of
cement C1.

With respect to the control mortar, treatment 2 (oxidation–sulphonation) and treatment
3 (hydrogen peroxide), show slightly greater cone slumps, with the greatest corresponding
to treatment R2. However, these slump values are always lower than the results of the
mortars with untreated rubber. Furthermore, in all cases, the results are within the design
range [39].
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Figure 16. Cone slumps of cement mortars with 5% replacement rubber, grain size T1, using
cement C1.

3.3.2. Density

Figure 17 shows the densities of mortars with rubber addition under the three treat-
ments used, and furthermore, shows the results with untreated rubber, under the same
conditions, i.e., 5% substitution rate, grain size T1 (2.36–4.75 mm) and use of cement C1.

Figure 17. Density of mortars with addition of rubber at 5% replacement, grain size T1, using cement
C1. ns = non-significant.

With respect to the control mortar, the samples present slightly lower densities due
to the lower density of the rubber used, but when compared to the samples containing
untreated rubber, they are higher, which is attributable to a lower presence of air in the mix,
which in turn is due to the treatments that reduce the hydrophobicity of the rubber. This
effect is mostly visible in the mortars under treatment R2 (oxidation–sulphonation), where
the density decrease is insignificant compared to control mortar.

Using one-way analysis of variance (ANOVA) with Dunnett’s post hoc, it is possible
to observe that there is no statistically significant difference (ns) between the samples
containing ELT, either untreated or with any of the three treatments, compared to the
control mortar.

3.3.3. Flexural Strength

The results of the flexural strength tests for the rubber added samples under the three
treatments are presented in Figure 18. This figure shows as well, the results with untreated
rubber, under the same conditions, i.e., 5% substitution rate, grain size T1 (2.36–4.75 mm),
and use of cement C1.
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Figure 18. Flexural strength of mortars with addition of rubber at 5%, grain size T1, using cement C1,
after 28 days. * (p < 0.05).

When comparing the treatments with untreated rubber, both treatments, R1 (hydra-
tion), and treatment R2 (oxidation–sulphonation), present mortars with better results. Only
in the case of treatment R3 (contact with hydrogen peroxide) the strength of the mortars is
lower. Compared to control mortar, in all cases the flexural strength is lower, decreasing by
21% in the case of mortar with untreated rubber, 17% for rubber with treatment R1, 17%
for rubber with treatment R2, and 24% in the case of rubber with treatment R3.

Through one-way ANOVA, it was determined that there is a statistically significant
difference between the control mortar and the samples containing ELT rubber—untreated
or under any of the three treatments. Statistical significance is designated with *, p < 0.05.

3.3.4. Compressive Strength

The results of the compressive strength tests for the rubber added samples under
three treatments are presented in Figure 19. Furthermore, the figure shows the results
with untreated rubber, under the same conditions, i.e., 5% substitution rate, grain size T1
(2.36–4.75 mm), and cement C1.

Figure 19. Compressive strength of mortars with 5% replacement rubber addition, grain size T1,
using cement C1, after 28 days. *** (p < 0.001); **** (p < 0.0001).

Compared to the control mortar, in all cases, the compressive strength is lower, with a
loss of 29% in the case of mortars with untreated rubber, 24% when the rubber is under
treatment R1 (hydration), 24% under treatment R2 (oxidation–sulphonation), and 26% in
the case of treatment R3 (contact with hydrogen peroxide). While it is true that the average
result of the untreated ELT samples fulfil the design strength, which is not necessarily valid
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for all samples as it is shown by the standard deviation. On the contrary, when the ELT
rubber is treated, the design strength of 350 (kg/cm2) is always fulfilled, including the
standard error. This is valid for the three treatments, but with better results for treatments
R1 and R2, similar to the case of flexural strength.

Using one-way analysis of variance (ANOVA) with Dunnett’s post hoc, it is possible to
visualize that there is a statistically significant difference between the results of the control
samples and the ones with ELT rubber, either untreated or with any of the three treatments.
However, in terms of statistical significance, those differences are less for treatments R1
and R2 (*** p < 0.001) than for treatment R3 and the untreated samples (**** p < 0.0001).

In addition to the technical performance related with the compressive strength, it is
important to consider, as well, the economical, practical, and environmental aspects of the
treatments. In this sense, the R1 treatment clearly has advantages over the R2 one, as the
ELT rubber hydration is a very economical and practical procedure, which uses only water,
i.e., an eco-friendly alternative.

3.3.5. Contact Angle

• Treatment R1

The contact angle tests were performed in order to observe the variation of the angle
formed by the water on the modified and original rubber particle; thus, evaluating the
hydrophilicity of the rubber surface by means of the angle value. Figure 20 shows that the
unmodified rubber and the rubber modified with the first treatment have an angle value of
161.4◦, and 131.3◦, respectively, demonstrating that the adhesion between the rubber and
the water increases slightly.

 
(a) (b) 

Figure 20. Contact angle: (a) unmodified rubber 161.4◦, (b) rubber under treatment R1, 131.3◦.

• Treatment R2

Figure 21 shows the contact angle of the rubber under the second treatment. There
is a lower contact angle value compared to the unmodified rubber because the adhesion
forces are larger compared to the cohesive forces. This results in the liquid being attracted
to the solid and spread out; therefore, it is possible to conclude that this method increases
the hydrophilic character of the ELT rubber surface.
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Figure 21. Rubber contact angle under the second treatment (R2), 120.3◦.

• Treatment R3

Figure 22 shows that the rubber modified with the third treatment has an angle value
of 145.9◦. Therefore, it has a low wettability due to the fact that the forces of attraction are
lower and the surface tends to repel the liquid. The contact angle value is also affected by
the surface roughness, as the rubber particle has small protuberances and the water droplet
rests between their peaks, resulting in less contact and, thus, a larger contact angle.

Figure 22. Rubber contact angle under the third treatment (R3), 145.9◦.

3.3.6. Scanning Electron Microscope (SEM) Analysis

• Treatment R1

Using the SEM technique, it was possible to obtain images of the surface of the rubber
hydrated with water (Figure 23). Differences in the surface can be observed, as the surface
of the unmodified rubber is rough and has many pores, while the surface of the modified
rubber is smooth and less porous.

Figure 23. Rubber surface: (a) unmodified, (b) under treatment R1.
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• Treatment R2

Figure 24 characterises the morphological aspects of the modified rubber surface
under the second treatment, showing a surface with some roughness and pores, but still
less than the unmodified rubber.

Figure 24. Rubber surface under treatment R2.

• Treatment R3

Figure 25 shows the modified surface for experiment 3, with a rough surface composed
of small cavities.

Figure 25. Rubber surface under treatment R3.

When comparing the surfaces of the unmodified rubber with respect to the three
treatments, it is possible to observe that these last surfaces are slightly smoother and with
fewer pores, especially regarding to the first and second treatment. The wettability of the
surfaces not only depends on their materiality, but on their surface at the micro level as
well. In this way, the more irregular the surface, the more hydrophobic it is due to the
interaction surface-water [43]. Thus, under these treatments, the surface irregularity at
the micro level decreases the hydrophobicity of the rubber, allowing a better interaction
between the rubber and the cementitious matrix. The contact angle measurements present
trends in the same direction. Although the contact angle is not greatly reduced, under
the first (R1) and second treatment (R2) it decreases more than R3, which shows a slight
improvement in the interaction with water with respect to the untreated rubber. This is
more clearly observed with the treatment R2, where the contact angle decreases by more
than 30◦ and is the one with the best result, in terms of mechanical resistance, together
with the treatment R1.

Hence, the analysis at the micro level with the contact angle and the SEM images,
provide further explanation to the macro performance observed in the cement mortar
samples. In this way, the better behaviour of treatments R1 and R2 is confirmed.
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4. Discussion

The results indicate that the addition of ELT recycled rubber modifies the behaviour of
the cement mortar. The changes include a reduction of compressive and flexural strength
as the rubber is added to the mix. Although this effect is undesirable, it is possible to
minimise its impact with the application of rubber treatments, such as those shown in
this work.

Although the percentage of rubber added in the concrete mix is low, the large quanti-
ties of concrete required in the construction industry can lead to a high total volume of ELT
rubber used. For that is important to fulfil the strength design, which is the case presented
in this work, without adding, as other investigations, a higher amount of cement [44] or
additives [45,46] that reduce the loss of strength. Actually, in this paper, only a treatment
on the surface of the rubber that is practical, easy to apply, effective, and economically
feasible is proposed. In effect, the results of this study show that is possible to use this
waste material while maintaining the design strength requirements, which is different from
other investigations, where adding ELT rubber decreases the strength under the designed
one [44,47]. Considering the importance of the concrete strength, the promissory results
presented in this article open the way to numerous real applications in opposition to the
limitations found in other investigations [48,49].

Therefore, although two of the treatments may present similar results in terms of
mortar strength, when comparing various factors, such as duration, difficulty of application,
and costs, the R1 treatment is more favourable. Particularly, this last aspect is fundamental
to develop cost-effective alternatives due to the fact that, although adding ELT rubber can
improve different concrete properties, there is also a related cost involved.

Although there is a trend in favour of the T1 ELT rubber size, its election is comple-
mented by other aspects, such as the energy and costs required for the grains production,
the smaller the size, the longer the crushing time, which implies higher costs and energy.
Another important aspect is the ease with which the rubber grain to be treated can be
processed. In the laboratory, when the R1 treatment was applied, the smallest rubber
grains did not submerge in the water, as was the case with most of the larger grains at
the end of the contact time. Hence, the smallest grain sizes have difficulties to receive the
hydration treatment.

This stage of the research focusses in cement mortars, which are a particular case of
the concrete material. This allows considering a large number of cases, including different
relevant variables, as rubber size, percentage of substitution, rubber treatments, and types
of cements, and their influences in fundamental properties as the compressive and flexural
strength. This is related with an effective and realistic use of the waste end-of-life tyres,
which is part of the motivation of this article. Actually, the composite mortar-waste can
have excellent behaviour in other properties, but if the composite material strength is
significantly reduced, the practical possibilities to be massively used can be very limited.
Considering the promissory results obtained in the present phase of the research, it is
recommended to continue investigating other composite properties as ductility, long-term
durability, and behaviour at elevated temperatures, among others.

Finally, if the final purpose is to effectively use waste, it is important to consider
the geo-dependency of the concrete material [29]. This is particularly evident in the case
of cement C1, which is abundant in the Chilean market at a similar cost of cement C2.
However, cement C1 is capable of delivering mortars that, despite the strength reduction,
they can satisfy the design requirements. Furthermore, cement C1 includes fly ash, which
reduces the amount of clinker whilst is reusing a local industrial waste. In this sense, the
results obtained in this investigation can be useful for other regions as well. For instance,
where it is possible to replace part of the cement by fly ash (produced or imported), or
other cement substitute, producing similar results. If the substitute is a waste as the fly ash,
it will be important not only from a technical perspective, but also as a contribution to a
sustainable development.
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5. Conclusions

The properties and behaviour of mortars are modified when recycled rubber is used
as partial replacement of the aggregate. The tests and measurements carried out show that
is possible to add ELT rubber up to 5% with respect to the weight of the aggregate. Of the
three treatments analysed, the hydration of the rubber is the best option from a technical,
practical, and economic point of view. Regarding to the three rubber sizes evaluated, the
T1 (2.36–4.75 mm), which is close to the maximum aggregate size, is recommended. This
is due to the favourable results in terms of strength, handling, and less energy involved
in crushing the ELT. Additionally, cement C1 offers the best mortar results due to its
composition, which includes another waste as the fly ash, one of the main responsible for
the strength differences at 28 days. In effect, cement C1 not only gives higher compressive
strength than C2, but also allows fulfilling the designed strength with the addition of
ELT rubber.

In the fresh state, the workability of the mixture depends on the amount and size
of rubber added, as well as the surface treatment applied. In general, with larger grain
sizes, the workability tends to remain the same or increase, as the amount of rubber
increases. However, it is important to highlight that this workability changes remain in the
design range.

As expected, the density of the samples with the addition of ELT recycled rubber
decreases as the rubber content increases, due to the lower density of ELT recycled rubber
with respect to the aggregate. This behaviour depends as well on the size of the rubber
grains, due to the specific surface. Indeed, considering the low compatibility between
rubber and water, higher presence of entrapped air in the mix is expected due to a larger
and irregular surface area generated when the grain size decreases.

The mechanical strength of the samples studied decreases as the percentage of ELT
rubber replacement increases. At early age (7 days), the comparative results between
mortars made with both cements and untreated ELT rubber are slightly similar. The results
are different at 14 and 28 days, where the behaviour of the mortars with cement C1 are
always better. For this reason, the third stage of optimization, only considers the cement C1.

Although the three applied treatments modify the hydrophobic nature of rubber,
the best results are obtained with treatment R1 (hydration) and treatment R2 (oxidation–
sulphonation). The behaviours at macro level can be explained at the micro level, due to
the contact angle measurements and SEM images analysis. These results indicate that the
treatments are able to alter the surface roughness and the contact angle between surface
and water, improving the interaction between the ELT rubber and the cementitious matrix.
This is particularly relevant on treatments R1 and R2, which is coherent with the macro
results obtained of the cement mortar samples.

Treatments R1 and R2 provide the best results, being these ones very similar between
them. However, treatment R1 is much less difficult to apply in practice, due to the fact
that R1 uses elements and substances easily accessible at lower cost. Hence, in addition to
the technical performance mainly related with the compressive strength is important to
consider, as well, the economical, practical, and environmental aspects of the treatments.
In this sense, the R1 treatment clearly has advantages over the R2 one, as the ELT rubber
hydration is a very economical and practical procedure, which uses only water, i.e., an
eco-friendly alternative.

Finally, when C1 cement in conjunction with the R1 treatment are used, the resulting
cement mortars with ELT rubber are capable of exceeding the designed strength without
adding, as other investigations, more cement, or using additives to reduce loss of strength.
Considering the importance of the concrete strength, the promissory results presented in
this article open the way to numerous real applications in opposition to the limitations
found in other investigations related with concrete and/or mortar incorporating ELT rubber.
Hence, the obtained results open the way to numerous practical applications, and then
effective uses of the waste end-of-life tyres.
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Abstract: In order to explore the effect of composite materials on the mechanical properties of coastal
cement soil, cement soil samples with different iron tailings and nano silica contents were prepared,
and unconfined compression and scanning electron microscope tests were carried out. The results
show that: (1) The compressive strength of cement soil containing a small amount of iron tailings is
improved, and the optimum content of iron tailings is 20%. (2) Nano silica can significantly improve
the mechanical properties of iron tailings and cement soil (TCS). When the content of nano silica is
0.5%, 1.5%, and 2.5%, the unconfined compressive strength of nano silica- and iron tailings-modified
cement soil (STCS) is 24%, 137%, and 323% higher than TCS, respectively. (3) Nano silica can promote
the hydration reaction of cement and promote the cement hydration products to adhere to clay
particles to form a relatively stable structure. At the same time, nano silica can fill the pores in TCS
and improve the compactness of STCS.

Keywords: coastal cemented soil; nano silica; iron tailings; mechanical properties; micro-
scopic mechanism

1. Introduction

Cemented soil has the advantages of high compressive strength [1], low permeability,
and low price. It has been widely used in projects such as soft soil foundation reinforcement,
high-grade highway cushions, and seepage prevention in small reservoirs, among other
projects, and has achieved good engineering benefits [2]. However, in practical engineering,
it was found that coastal cemented soil (CS) cannot meet the mechanical requirements of
some large-scale and special coastal engineering projects. For example, Liu et al. studied
the heterogeneity in strength and Young’s modulus of cement-admixed clay slabs using
random finite-element analyses, considering three sources of variation: namely, a deter-
ministic radial trend in strength and Young’s modulus; a stochastic fluctuation component
due to non-uniform mixing; and positioning errors arising from off-verticality of the mix-
ing shafts [3]. Li et al. studied the influence of the number of freeze–thaw cycles and
curing ages on the mechanical properties of ordinary cemented clay and polypropylene
fiber-cemented clay [4]. Liu et al. examined the interaction between the spatial variations
in binder concentration and in situ water content, in cement-mixed soil, using field and
model data as well as statistical analysis and random field simulation [5]. The results of
these studies suggest that it is necessary to add additives to modify the coastal cemented
soil. On the other hand, as an industrial by-product, the annual output of iron tailings in
China is huge. The accumulation of iron tailings not only takes up farmland and pollutes
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the environment, but also tends to cause dangerous accidents such as collapses with the
increasing of the accumulation height. The use of iron tailings to make composite cemented
soil, and at the same time adulterating new admixtures to meet the requirements of engi-
neering mechanics, can not only reduce environmental pollution [6], but also save building
materials so as to achieve the dual benefits of economic efficiency and environmental
protection, which is a very effective way to achieve sustainable development [7].

Extensive research studies on TCS have been conducted by scholars at home and
abroad. Lucas et al. compared the effects of cement, lime, and slag composite iron tailings
as roadbed fillers, and found that cement was the most effective stabilizer of iron tailings
through unconfined compressive tests [8]. Bastos et al. found through CBR tests that
cement composite iron tailings had satisfactory physical and mechanical properties, and
thus, were suitable for road bases under most traffic loads with good durability [9]. Through
compressive and flexural tests, Hou Rui et al. found through compressive and flexural
tests that the compressive and flexural strengths of TCS increased gradually with age, but
increased slowly in the later stage. When the iron tailing content was less than 25%, the
mechanical properties of TCS were slightly increased compared with that of CS [10].

In recent years, many scholars have tried to develop new engineering materials
by compounding various curing agents with iron tailings. Generally, cement can be
used to improve the mechanical properties of iron tailings. Tanko et al. studied the
performance of cement concrete mixed with fine aggregate of iron tailings [11]. Bao et al.
studied the toughening properties of sand cement-based composites of high-performance
environmentally friendly tailings [12]. Simonsen et al. studied mine tailings’ potential as
supplementary cementitious materials based on their chemical, mineralogical and physical
characteristics [13]. Long et al. carried out research on the mechanical properties and
durability of coal gangue-reinforced cement–soil mixture for foundation treatments [14].
On this basis, lime, slag, fiber, etc. can be added to further improve the mechanical
properties of cement-modified iron tailings. Consoli et al. studied fiber-reinforced sand-coal
fly ash-lime-NaCl blends under severe environmental conditions [15]. Feng et al. studied
lime-and cement-treated sandy lean clay for highway subgrade in China [16]. Tebogo
et al. studied mechanical chemically treated and lime-stabilized gold mine tailings using
unconfined compressive strength [17]. Kumar et al. studied the use of iron ore tailings, slag
sand, ground granular blast furnace slag, and fly ash to produce geopolymer bricks [18].
Falayi et al. conducted a comparative study on the mechanical properties of geological
polymers of gold mine tailings modified by fly ash and alkaline oxygen slag [19]. Festugato
et al. studied the cyclic shear behavior of fiber-reinforced mine tailings [20]. Chen et al.
studied the compressive behavior and microstructural properties of tailings polypropylene
fiber-reinforced cemented paste backfill [21]. Cristelo et al. studied the effect of fiber on
the cracking behavior of cement-stabilized sandy clay under indirect tensile stress [22].
Lirer et al. studied the strength of fiber-reinforced soils [23]. Among them, cement is
the traditional building material with the best modification effect, but it still cannot fully
meet the engineering needs. Therefore, it is urgent to find a composite admixture to
improve the engineering characteristics of TCS. Nanomaterials have the characteristics
of large specific surface area, small particles, and high activity. Therefore, they have
been introduced into the engineering exploration of TCS. For example, Ghasabkolaei
et al. summarized the geotechnical properties of soil modified by nanomaterials [24].
Wang et al. studied characterization of nano magnesia–cement-reinforced seashore soft
soil by direct-shear test [25]. Yao et al. studied effect of nano-MgO on the mechanical
performance of cement-stabilized silty clay [26]. It has been found through various studies
that nanomaterials can fully exert their own activity in cement-based materials, promote
the process of cement hydration reaction, and fully fill the internal pores of cement-based
materials at the microscopic scale, thus achieving the purpose of improving the engineering
properties of cement-based materials. For example, Zheng et al. studied strength and
hydration products of cemented paste backfill from sulfide-rich tailings using reactive
MgO-activated slag as a binder [27]. Liu et al. studied the effect of graphite tailings as a
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substitute for sand on the mechanical properties of concrete [28]. Sarkkinen et al. studied
the efficiency of MgO-activated GGBFS and OPC in the stabilization of highly sulfidic mine
tailings [29]. Through an indoor unconfined compressive test combined with a microscopic
test, Li et al. found that the use of nano clay instead of cement in iron tailings can effectively
improve its compressive strength. The addition of nano clay makes the microstructure
surface of TCS change from flake to block; the granular structure becomes tightly cemented,
and the whole structure tends to be stable [30]. Nano clay can improve the mechanical
properties of TCS and can guide the resource application of iron tailings to a certain extent.
It is feasible to apply nanomaterials to engineering practice. Due to its unique physical
properties, nano silica has also recently been widely used in geotechnical engineering, for
example, in modified calcareous sand in the South China Sea [31] and in stabilized coastal
silty clay [32].

Therefore, the research on STCS has important theoretical significance and engineering
application value, and microstructure has a certain influence on the mechanical properties
of materials [33]. In this paper, the optimal iron tailing content was explored through uncon-
fined compressive tests, the modification effect of nano silica on TCS was studied, and the
strength growth mechanism of STCS was analyzed in combination with microscopic tests.

2. Test Overview

2.1. Test Materials

The soil used in this experiment was collected from the coastal soft subgrade soil
excavated in a certain expressway section in Shaoxing city, Zhejiang. The physical and
mechanical indexes are shown in Table 1, and the microscopic characteristics are shown in
Figure 1. The main chemical elements of the soil are Si, O, Mg, and Al. The natural state
of the soil is a soft plastic state, with high porosity and organic matter content. The iron
tailings were taken from Lizhu iron tailings pond in Zhejiang Province. The physical and
mechanical indexes are shown in Table 2, and the microscopic characteristics are shown
in Figure 2. The main chemical elements of iron tailings are Si, O, Mg, and C, and their
particles are small and single. PO 32.5 Conch brand Portland cement, produced in Shangyu,
Shaoxing, was used in this test. The physical and mechanical indexes are shown in Table 3,
and the microscopic characteristics are shown in Figure 3. The cement’s performance
meets requirements and it can be used to modify soft soil. Ordinary industrial nano silica
was used in this test. The physical and mechanical indexes are shown in Table 4, and the
microscopic characteristics are shown in Figure 4. The nano silica used in the test is pure,
its microstructure is dense, and it has a large specific surface area.

Table 1. Physical and mechanical indexes of coastal soft soil.

Natural Moisture
Content %

Volume
Weight g/cm3

Void
Ratio

Saturation
Degree %

Plastic
Limit ωP%

Liquid
Limit ωL%

Plasticity
Index IP

Liquidity
Index Il

Organic
Content (%)

58 1.63 1.74 98 25 47 22 1.34 6.5

Table 2. Physical and mechanical indexes of iron tailings.

Index Loss on Ignition (%) Specific Gravity Specific Area (m2/kg) Liquid Limit (%) Plastic Limit (%)

Value 7.01 3.06 379 23 17
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(a) (b) 

Figure 1. (a) SEM, (b) EDS. Microscopic characteristics of coastal soft soil.

  
(a) (b) 

Figure 2. (a) SEM, (b) EDS. Microscopic characteristics of iron tailings.

  
(a) (b) 

Figure 3. (a) SEM, (b) EDS. Micro characteristics of Portland cement.
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Table 3. Physical and mechanical indexes of cement.

Index Fineness (%)
Initial Setting

Time (min)
Final Setting
Time (min)

Loss on
Ignition (%)

28d Compressive
Strength (MPa)

28d Flexural
Strength (MPa)

Value 3.5 210 295 1.3 47.0 8.2

Table 4. Physical and mechanical indexes of nano silica.

Index Loss on Ignition (%) Bulk Density g/cm3 Specific Area (m2/kg) pH Value

Value 1 3.06 200,000 3.4~4.7

  
(a) (b) 

Figure 4. (a) SEM, (b) EDS. Microscopic characteristics of nano silica.

2.2. Test Scheme

According to the application scenarios of cemented soil in actual projects, the moisture
content of soil was set at 80%. The test was divided into two parts. First, the mechanical
properties of TCS were studied, and the optimal iron tailing content was obtained. The
cement content was set at 30% and the iron tailing content was set at 0, 10%, 20%, 30%,
and 40%, respectively, to produce the TCS samples. Next, on the basis of the optimal iron
tailing content, nano silica at contents of 0.5%, 1.5%, and 2.5% was added continuously
to investigate the modification effect of nano silica on TCS. The content of cement, iron
tailings and nano silica refers to the mass ratio in relation to dry soil. The test ages of all
samples were 7d. The material composition and specific symbols of the samples are shown
in Figure 5, and the specific test scheme is shown in Table 5.

Figure 5. Material composition and specific symbols of the sample.
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Table 5. Test scheme for STCS.

Sample Group Cement Content/%
Iron Tailing
Content/%

Nano Silica
Content/%

Curing Age/d

STCS-0-0 30 0 0 7
STCS-0-10 30 10 0 7
STCS-0-20 30 20 0 7
STCS-0-30 30 30 0 7
STCS-0-40 30 40 0 7
STCS-0.5-X 30 Optimal content 0.5 7
STCS-1.5-X 30 Optimal content 1.5 7

Note: In STCS-Y-Z, Y represents the content of nano silica, Z represents the content of iron tailings, and the X represents the optimal content.

2.3. Sample Preparation and Maintenance

According to the requirements of the Chinese “GBT 50123-2019” standard, the main
process of the sample preparation is shown in Figure 6.

  
(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 6. (a–f) Main processes of sample preparation.
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(1) An appropriate amount of wet soil was placed into the mixer, and mixed well; the
cement slurry was prepared according to the test mix ratio, then poured into the mixer and
mixed evenly, as shown in Figure 6a.

(2) Iron tailings and nano silica were added into the mixer in turn, and were stirred
twice, for 4 minutes each time, to ensure that the test materials were fully and evenly mixed.
The mixed materials that had been stirred were put into a grouting bag, and were then
added to the standard mold three times to ensure the same height each time. The diameter
of the mold was 39.1mm, and the height was 80mm. After each feeding, manual vibration
was required for about 40 times until it was dense, as shown in Figure 6b.

(3) The sample was left to stand for about 2h. After it was initially set, both ends of the
molds were removed and smoothed with a spatula, as shown in Figure 6c. The metal clip
outside the test mold was mainly used to apply tightening force to the test mold to ensure
the forming of the sample. When demolding the sample, the metal clip was first removed.

(4) Filter paper and rubber bands were used to bind both ends of the sample, and then
put in water for curing, as shown in Figure 6d.

(5) After reaching 7d, the sample was removed from the mold using the special
demolding tool, as shown in Figure 6e. Then, the sample was placed in a safe place and
prepared for subsequent tests, as shown in Figure 6f.

3. Unconfined Compressive Test Analysis of TCS

3.1. Stress–Strain Curve Analysis

Five repeated tests were carried out for each group of samples, and five stress–strain
curves were obtained. The stress–strain curves of TCS with different iron tailing contents
are summarized in Figure 7, which are all softening curves.

3.2. Curve Normalization

Due to the contingency and error in the unconfined compressive test, based on the
research results of Long Hongbo et al. [34], the deviation between the peak points of
different stress–strain curves was taken as the research object, and an improved weighted
average method was proposed to optimize the curves of five repeated tests by using the
weight of each peak point. The detailed calculation steps are as follows:

(1) Determining the standard value. First, the peak point is mean processed to obtain
a set of standard values, as shown in Formula (1). N represents the number of tests, in this
test, N = 5; i ∈ [1, N] is the peak stress of each curve; q− is the mean stress.

q− =
1
N

N

∑
i=1

qi (1)

(2) Determining the deviation. The peak stress of each peak point is subtracted from
the standard stress, and its absolute value is deviation pi, as shown in Formula (2).

pi =
∣∣qi − q−

∣∣ (2)

(3) Determining the degree of deviation. The variance M is introduced to describe the
degree of deviation between each peak stress and the standard stress, as shown in Formula
(3).

M =
1
N

N

∑
i=1

(qi − q−)
2

(3)

(4) Selecting the weighted weight. In order to determine the weight of each peak stress,
each deviation value is divided by the variance M, respectively, to obtain the weighted
weight W of each peak stress, as shown in Formula (4).

W =
pi
M

(4)
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(5) Determining the weight function. The weighted weight W of each peak stress
and standard stress can be obtained from Formula (4). However, this weight does not
conform to the traditional weighting law, which needs to be transformed to a certain extent.
Combined with the above analysis, the use of a weight function to transform the initial
weight is proposed, as shown in Formula (5).

C(x) =
1
2

cosN(πx + 1) (5)

where x is the independent variable and C(x) is the dependent variable; N can be val-
ued according to the actual situation, and its function is to improve the accuracy of the
calculation results; in this test, N = 5.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. Stress–strain curves of TCS with different iron tailing contents. (a) STCS-0-0; (b) STCS-0-10; (c) STCS-0-20;
(d) STCS-0-30; (e) STCS-0-40.
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1. Determining the weight. In order to determine whether Formula (5) is feasible,
Formula (4) is substituted into the weight function G(x) to obtain the final weight R, as
shown in Formula (6).

R = C(W) =
1
2

cosN(πW + 1) (6)

2. Determining the weighting factor. In order to obtain the weighting factor of each
peak stress, the weights obtained from Formula (6) are divided by the weight sums, as
shown in Formula (7).

Yi =
R

N
∑

i=1
R

(7)

3. Determining the weighted stress. Each weighting factor obtained in Formula (7)
is multiplied by the corresponding peak stress, and the value of each peak stress in the
weighted stress can be obtained. The final weighted peak stress qm can be obtained by
adding them together, as shown in Formula (8).

qm =
N

∑
i=1

qiYi (8)

It can be seen from above that there were five stress–strain curves for each group of
samples, the peak points of the five curves of STCS-0-0 were taken as reference to perform a
weighted average, and the obtained specific gravity was multiplied by the standard curve
to obtain the q-ε representative curve of the test. In order to verify the applicability of this
method, the calculation results were compared with the original curve, and the comparison
results are shown in Figure 8. The results show that the representative q-ε curve obtained
by the new method has a good correlation with the original q-ε curve.

Figure 8. q-ε curve of STCS-0-0.

3.3. Peak Strength and Peak Strain Analysis

The peak strength is the maximum stress value on the stress–strain curve of the
unconfined compressive test of the soil. The peak strain is the strain corresponding to
the peak strength. According to the method in Section 3.2, the peak strength and peak
strain of various types of cemented soil are summarized in Table 6. Table 6 shows that the
peak strengths of STCS-0-0, STCS-0-10, and STCS-0-20 were 955kPa, 986kPa, and 1080kPa,
respectively. When the iron tailing content was 10% and 20%, the peak strength of TCS was
3% and 13% higher than that of CS, respectively. When the iron tailing content continued
to increase, the unconfined compressive strength of TCS began to decrease, and the iron
tailings began to show a deterioration effect, which gradually increased with the increase
in the iron tailing content. It can be found from Hou Rui’s research that when the iron
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tailing content was less than 25%, iron tailings had a certain improvement effect on the
compressive strength of CS, which was consistent with the results in this paper [35].

Table 6. Peak strength and peak strain of each group of TCS.

Sample No. Peak Strength (kPa)
Average Error of Peak

Strength (kPa)
Peak Strain (%)

Average Error of Peak
Strain (%)

STCS-0-0 955 35 1.346 0.135
STCS-0-10 986 27 1.348 0.135
STCS-0-20 1080 29 1.379 0.082
STCS-0-30 857 12 1.347 0.132
STCS-0-40 863 26 1.303 0.102

The peak strain of TCS with different iron tailing contents fluctuated between 1.303
and 1.379. When the iron tailing content was 20%, the peak strain increased the most, but
only by 2%. The addition of iron tailings had little effect on the peak strain of CS.

Iron tailings can be categorized as a high-silicon type ultra-fine tailing sand. Their
particle size is larger than that of clay particles, and thus, they act as a coarse aggregate
in soil. The addition of iron tailings in small quantities can improve the gradation of
soil particles and reduce the internal pores of the soil. Under the action of cementitious
substances formed by cement hydration and consolidation, iron tailings and soil particles
clump together to form a whole structure, so as to improve the soil’s compressive strength.
With the increase in the iron tailing content, the proportion of iron tailings in the composite
cemented soil increases, the properties of the composite material begin to approach the
sand soil, the internal structure of the soil begins to loosen, the cohesion between particles
decreases, and the compressive strength of the soil decreases.

3.4. Residual Strength Analysis

According to “GBT 50123-2019”, the sample is defined as damaged when the strain
reaches the peak strain in the unconfined compressive stage, and the stress measured at
5% strain, after the selection of the peak strain, is selected as the residual strength. The
residual strength of TCS is summarized in Table 7.

Table 7. Residual strength of each group of TCS.

Sample No. Residual Strength (kPa) Average Error of Residual Strength (kPa)

STCS-0-0 82 33
STCS-0-10 93 20
STCS-0-20 132 27
STCS-0-30 110 14
STCS-0-40 89 42

It can be seen from Table 7 that iron tailings have a greater impact on the residual
strength of TCS. When the iron tailing content is 20%, the residual strength of TCS reaches
its peak, which is increased by 60% compared with that of CS. When the iron tailing content
continues to increase, the residual strength of TCS begins to decrease, and its mechanism
of action is similar to the peak strength.

3.5. Elastic Modulus Analysis

The elastic moduli of TCS are summarized in Figure 9.
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Figure 9. Elastic moduli of TCS.

It can be seen from Figure 9 that after adding 10%, 20%, 30%, and 40% iron tailings,
the elastic modulus of TCS increased by 14%, 35%, 24%, and 6%, respectively. When the
iron tailing content was 20%, the elastic modulus increased the most.

4. Unconfined Compressive Test Analysis of STCS

4.1. Stress–Strain Curve Analysis

Under the condition that the optimal iron tailing content was 20%, 0.5%, 1.5%, and
2.5% quantities nano silica content were added to modify TCS. The stress–strain curves
of STCS with different nano silica contents are summarized in Figure 10, which are all
softening curves.

  
(a) (b) 

 
(c) 

Figure 10. Stress–strain curve of STCS. (a) STCS-0.5-20; (b) STCS-1.5-20; (c) STCS-2.5-20.
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4.2. Peak Strength and Peak Strain Analysis

The peak strength and peak strain of STCS are summarized in Figures 11 and 12.

 

Figure 11. Peak strength of STCS.

 
Figure 12. Peak strain of STCS.

It can be seen from Figure 11 that after adding 0.5%, 1.5%, and 2.5% nano silica,
the compressive strength of TCS increased by 24%, 137%, and 323%, respectively, which
significantly enhanced the compressive strength of TCS.

The peak strain represents the strain variable when the sample reaches the peak
stress. The larger the peak strain is, the later the sample reaches failure, which is of great
significance in engineering applications. It can be seen from Figure 12 that nano silica
increased the peak strain of TCS, but with the increase in the nano silica content, the
increment gradually decreased. When the nano silica content was 0.5%, the peak strain
of TCS increased by 15%, which indicates that nano silica can help to delay the time of
sample failure, but the effect is limited. Because with the increase in nano silica content, the
brittleness of the material was also increasing, the increment of peak strain of TCS began
to decrease.
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4.3. Residual Strength Analysis

The residual strength of STCS is summarized in Table 8.

Table 8. Residual strength of each group of STCS.

Sample No. Residual Strength (kPa) Average Error of Residual Strength (kPa)

STCS-0-20 132 27
STCS-0.5-20 152 23
STCS-1.5-20 277 128
STCS-2.5-20 174 144

Table 8 shows that the addition of nano silica effectively improves the residual strength
of TCS. When the nano silica content was 0.5%, the residual strength increased by 20kPa;
when the nano silica content was 1.5%, the residual strength increased by 142kPa; but
when the nano silica content reached 2.5%, the residual strength increased by only 42kPa.
The increment of the residual strength of TCS by adding nano silica shows a trend of first
increasing and then decreasing, and of reaching the maximum when the nano silica content
is 1.5%, which is consistent with the increasing of the peak strength of STCS.

4.4. Elastic Modulus Analysis

The elastic modulus of STCS are summarized in Figure 13.

 

Figure 13. Elastic modulus of STCS.

It can be seen from Figure 13 that after adding 0.5%, 1.5%, and 2.5% nano silica, the
elastic modulus of STCS increased by 1%, 106% and 183%, respectively. which significantly
enhanced the elastic modulus of TCS.

5. Microscopic Mechanism Analysis

5.1. SEM Test Analysis

In order to better analyze the strength growth mechanism of STCS, the microscopic
morphology of various cement soils was observed by SEM. Four groups of unconfined
samples of STCS-0-0, STCS-0-20, STCS-0-40, and STCS-2.5-20 were selected for microscopic
testing. Via SEM scanning with an electron microscope, four groups of microstructure
photos of STCS were obtained at 5000 times magnification, as shown in Figure 14.
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(a) (b) 

  
(c) (d) 

Figure 14. SEM images of different types of STCS. (a) STCS-0-0; (b) STCS-0-20; (c) STCS-0-40;
(d) STCS-2.5-20.

Figure 14 shows that a large amount of hydration products were produced in each
group of samples, including a relatively large amount of flocculated colloid C-S-H, which
has strong adsorption capacity. The internal particles of CS are of different sizes and there
are many pores. When 20% iron tailings was added, it can be seen from the microscopic
image that there were particles of different sizes in the composite cemented soil, forming
a good gradation. Some iron tailings particles filled the large particles in the soil, and a
large amount of flocculated colloid C-S-H was adsorbed on the soil particles, forming a
stable whole structure with iron tailings. The composite cemented soil mixed with 40% iron
tailing content was mostly composed of medium and small units, and the gaps between
the particles were large and not well filled.

The characteristics of nanomaterials effectively played their role in the improvement
of TCS with 2.5% nano silica content. It can be seen from the microscopic pictures of
STCS-2.5-20 that the structure was very compact, and the nano silica adequately filled the
pores of the composite cemented soil.

5.2. SEM Image Processing

The basic properties of CS depend largely on its particle bonding characteristics at
the microscopic level, and the macro-mechanical performance of CS largely depends on
the pore size at the microscopic level. In order to quantitatively evaluate the relationship
between the compressive strength of CS and the size of microscopic pores, the SEM image
obtained at 5000 times magnification was binarized to obtain the quantitative pore size of
relevant samples, as shown in Table 9.

Table 9. Porosities of different STCS.

Sample No. STCS-0-0 STCS-0-20 STCS-0-40 STCS-2.5-20

Porosity 0.334 0.225 0.448 0.098
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Table 9 shows that the porosity of the four types of STCS samples, from high to low,
was STCS-0-40 > STCS-0-0 > STCS-0-20 > STCS-2.5-20. This is consistent with the order of
the unconfined compressive strength of each group of STCS samples.

Compared with STCS-0-0, the porosity of STCS-0-20 was reduced by 32%, which
shows that the compressive strength of STCS with 20% iron tailing content was improved
compared with that of CS. The porosity of STCS-0-40 was higher than that of STCS-0-0,
which was because the particle size of iron tailings was larger than that of clay particles;
the proportion of fine particles in the mixture decreased due to the increasing of the iron
tailing content, which was not enough to fill the pores between the cement and the soil. As
a result, the fine aggregate particle gradation became worse after the iron tailing content
exceeded 20%. Compared with STCS-0-20, the porosity of STCS-2.5-20 was reduced by
56%. It can be seen that the internal pores of STCS were very small and the structure was
compact. Therefore, the unconfined compressive strength of STCS with 2.5% nano silica
content reached more than three times that of TCS.

6. Conclusions

The mechanical properties and micro mechanism of TCS and STCs at 7d curing
age were studied by unconfined compressive strength test and SEM test. The following
conclusions can be drawn.

(1) With the increase in the content of iron tailings, the unconfined compressive
strength, peak strain, residual strength, and elastic modulus of TCS first increased and then
decreased. The optimal content of iron tailings was 20%.

(2) Nano silica could significantly modify the unconfined compressive strength and
elastic modulus of TCS. The unconfined compressive strength of STCS increased with
the increasing of the nano silica content. Compared with STCS-0-20, the unconfined
compressive strength of STCS-0.5-20, STCS-1.5-20, and STCS-2.5-20 was increased by 24%,
137%, and 323% respectively. At the same time, the addition of nano silica effectively
improved the peak strain and residual strength of the TCS. With the increasing of the nano
silica content, the peak strain, residual strength and elastic modulus first increased and
then decreased.

(3) Analysis of SEM pictures showed that the flocculation colloid C-S-H generated
by cement hydration and the porosity of the samples were the main factors affecting the
strength of TCS and STCS. An appropriate amount of iron tailings can fill the pores in TCS.
With the increase of iron tailings, the porosity of TCS increased, resulting in the decreasing
of the strength. In addition, on the one hand, nano silica can promote the hydration reaction
of cement and improve the cementation of particles in STCS. On the other hand, nano silica
can fill the pores between particles and improve the compactness of STCS.

The above conclusions are based on the test data of 7d curing age. The strength of TCS
and STCs will gradually increase with the curing age, and final strength of the composite
may be achieved after 2–3 months.
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Abstract: Portland cement concrete is known to have good fire resistance; however, its strength
would be degraded after exposure to the temperatures of fire. Repeated low-velocity impacts are
a type of probable accidental load in many types of structures. Although there is a rich body of
literature on the residual mechanical properties of concrete after high temperature exposure, the
residual repeated impact performance of concrete has still not been well explored. For this purpose,
an experimental study was conducted in this work to evaluate the effect of high temperatures on
the repeated impact strength of normal strength concrete. Seven identical concrete patches with six
disc specimens each were cast and tested using the ACI 544-2R repeated impact setup at ambient
temperature and after exposure to 100, 200, 300, 400, 500 and 500 ◦C. Similarly, six cubes and six
prisms from each patch were used to evaluate the residual compressive and flexural strengths at the
same conditions. Additionally, the scattering of the impact strength results was examined using three
methods of the Weibull distribution, and the results are presented in terms of reliability. The test
results show that the cracking and failure impact numbers of specimens heated to 100 ◦C reduced
slightly by only 2.4 and 3.5%, respectively, while heating to higher temperatures deteriorated the
impact resistance much faster than the compressive and flexural strengths. The percentage reduction
in impact resistance at 600 ◦C was generally higher than 96%. It was also found that the deduction
trend of the impact strength with temperature is more related to that of the flexural strength than
the compressive strength. The test results also show that, within the limits of the adopted concrete
type and conducted tests, the strength reduction after high temperature exposure is related to the
percentage weight loss.

Keywords: repeated impact; ACI 544-2R; high temperatures; fire; residual strength

1. Introduction

Repeated accidental impact is a type of unfavorable load that most building structures
are not designed to withstand. Impact loads are a type of short-term dynamic load that
exposes the material to unusual and unwanted stresses, which is more effective on brittle
materials such as concrete. Repeated impacts occur due to the accidental falling of building
materials during the construction period, or other objects during the life span, from higher
stories [1–3]. In parking garages, the collision of cars can also be a source of repeated
impacts on columns and walls. Other example sources are repeated hits by projectiles or
explosive shrapnel in conflict regions [4,5]. The evaluation of the influence of repeated
impacts on the material microstructure and the residual performance of the structural
members requires an adequate evaluation of the cracking and fracture behavior under such
type of loads. Pre-evaluation of material behavior under repeated impacts can be conducted
using the ACI 544-2R [6] repeated drop weight impact test, which can be considered as
the simplest and cheapest impact test to evaluate the impact performance of concrete [7–9].
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This test was used to evaluate the impact performance of several types of concrete mixtures
by several recent researchers.

Concrete is a type of cementitious material that is composed mainly of Portland ce-
ment and aggregate that are mixed with water to form a moderately low cost construction
solution with a sufficient compressive strength [10–13]. Although there have been great
advances in the branch of material science and the development of many evolutionary
modern types of concrete that possess seriously superior strength and ductility characteris-
tics by incorporating new fiber-reinforced cementitious composites, normal weight, normal
strength Portland cement-based concrete is still the most widely used type in reinforced
concrete buildings [14,15]. Concrete structures, as with other structure types, are always
under the danger of accidental fires that may occur due to electrical issues or inconvenient
occupation. With the existence of furniture, fires can reach temperatures as high as 1000 ◦C
in a very short period. Yearly, tens of thousands of fires are reported in countries such as
the USA and the UK, 40% of which are classified as structural fires [16]. Although concrete
is considered a good fire-resistant material, exposure to high temperatures with a steep
temperature increase would seriously deteriorate the concrete structural members [15,17].
Due to the low thermal conductivity of concrete and considering the quick temperature
increase, high temperature gradients would form between the exposed surfaces, the cores
and the opposite unexposed surfaces [18]. Such gradients would induce internal ther-
mal stresses on the microstructural scale, leading to steep material degradation [19,20].
The non-uniform thermal movements (expansion) of the different material parts owing
to the non-uniform thermal gradients, and the chemical decomposition of calcium hy-
droxide beyond 400 ◦C [19,21–23] would initiate the effective degradation of the strength
until failure.

Three main types of fire test procedures have been used by researchers to simulate the
strength reduction in the material under high temperature exposure, two of which simulate
the conditions of the concrete strength during fire exposure for compression and flexural
members. In the first of these tests, which is the stressed fire test, the setup simulates the
performance of compression members such as columns or compression parts of beams
where the member is stressed by approximately 20% to 40% of its strength [24–26]. In this
test, the specimens are preloaded to a constant stress level and then heated to the desired
level of temperature, at which the temperature is kept constant to assure an approximately
zero thermal gradient in the material (temperature saturation to the steady state condition).
Then, the load is increased to failure. The second test is usually termed as the unstressed
condition, which follows the same procedure of the first test setup but without preloading.
This test simulates the conditions of beams and slabs where the concrete is usually under
low tensile stresses [25]. On the other hand, the residual unstressed test is the third fire
test setup. This test setup simulates the post-fire evaluation of the strength, where the
specimens are heated unstressed to the required temperature, saturated at this temperature
for a constant period and then cooled to ambient temperature. Finally, the cooled specimens
are tested at ambient temperature to examine the residual strength of the concrete after the
fire is over. The post-fire exposure strength evaluation is essential to decide whether the
building is still functional, requires strength rehabilitation due to being unsuitable or must
be demolished. Previous studies [25] showed that if the specimens are cooled in water
(as in the case of water distinguishing a fire), the strength deteriorates at faster rates than
when cooled under air convection. The volume changes resulting from the re-hydration
(with cooling water) of dehydrated calcium silicate after exposure to temperatures higher
than 400 ◦C have a destructive influence on the concrete microstructure [26].

Few research works are available in the literature about the evaluation of the concrete
impact strength after high temperature exposure, most of which investigate high-strain
rate impact tests and blast tests [27–31], while a very limited number of works were
found on low-velocity impact tests on reinforced concrete members [18,32]. Most of these
works developed numerical analyses to evaluate the dual effect of high temperature and
high-strain rate impacts on reinforced concrete and composite structural members [33–35].
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Although the combined action of fire exposure and low-velocity repeated impacts is
probable in many structures such as parking garages, the authors could not find sufficient
literature works that tried to explore the post-fire repeated impact performance of concrete.
Mehdipour et al. [18] conducted an experimental study to evaluate the residual mechanical
properties of concrete containing recycled rubber as a replacement of coarse aggregate,
metakaolin as a partial replacement of Portland cement and steel fibers. Among the
investigated mechanical properties, the authors evaluated the residual repeated impact
strength using the ACI 544-2R test after exposure to temperatures of 150, 300, 450 and
600 ◦C. The test results showed that high temperature could significantly affect the residual
cracking and failure impact numbers, where only one impact could cause the cracking of
specimens heated to 600 ◦C. They also reported that a multi-surface cracking was observed
for heated specimens instead of the central circular fracture of unheated fibrous specimens.

The current research investigated the impact resistance of normal concrete to low-
velocity repeated impacts after exposure to high temperatures of accidental fires. As
reviewed in the previous sections, such scenario is possible along the span life of concrete
structures, while the number of studies on this topic is seriously limited. Aiming to fill
the gap in knowledge in this area, a research program was initiated starting with the most
usual concrete type in reinforced concrete structures, which is normal weight, normal
strength concrete.

2. Experimental Work

As stated previously, the experimental work presented in this study was conducted to
be a reference work for future works where the post-fire residual impact performance of
fibrous concretes will be assessed. Therefore, a normal plain concrete mixture was adopted
in this study to investigate the effect of repeated low-velocity impacts on heated concrete. A
cement content of 410 kg/m3 was used with 215 kg/m3 of water, while the fine and coarse
aggregate contents were 787 and 848 kg/m3, respectively. Local crushed gravel and river
sand from Wasit Province, Iraq, were used as coarse and fine aggregates. The maximum
size of the crushed gravel was 10 mm. The chemical composition and physical properties
of the used cement are listed in Table 1, while the gradings of both the sand and gravel
are shown in Figure 1. All specimens were cured for 28 days in temperature-controlled
water tanks.

Table 1. Physical properties of cement.

Oxide (%) Content

SiO2 20.08
Fe2O3 3.6
Al2O3 4.62
CaO 61.61
MgO 2.12
SO3 2.71

Loss on ignition (%) 1.38
Specific surface (m2/kg) 368

Specific gravity 3.15
Compressive strength 2 days (MPa) 27.4

Compressive strength 28 days (MPa) 46.8

The impact tests were conducted using the standard ACI 544-2R repeated impact
procedure. However, instead of the manual operation of the test, an automatic impact
machine was built for this purpose and used in this study to perform the repeated impact
tests. The impact machine shown in Figure 2a was built to reduce the efforts and time of the
test, where repeated impacts were automatically applied using the standard ACI 544-2R
drop weight (4.54 kg) and drop height (457 mm), while the crack initiation and failure
were observed using a high-resolution camera, as shown in Figure 2b. The same standard
test setup was followed, where a steel ball was placed on the top of the 150 mm-diameter
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and 64 mm-thick disc specimen, while the drop weight fell directly on the steel ball that
transferred it to the center of the specimen’s top surface, as shown in Figure 2c. Once
the first surface crack appeared, the number of repeated impacts was recorded, which is
termed as the cracking number (Ncr). After, the impact was continued until the failure of
the specimens, where the failure number (Nf) was recorded.

Figure 1. Grading of fine and coarse aggregates.

Figure 2. The automatic repeated impact testing machine (a) the impact machine; (b) crack observation; (c) the impact load
and holding system.

In addition to the six impact disc specimens, six 100 mm cube specimens and six
100 × 100 × 400 mm prisms were cast from the same concrete patches, as shown in Figure 3.
The concrete cubes were used to evaluate the compressive strength, while the prisms were
used to evaluate the modulus of rupture. Previous researchers [36] showed that increasing
the size of the cube specimen from 100 to 150 mm had no significant effect on the residual
compressive strength after exposure to temperatures up to 1200 ◦C, while others [37]
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drew a similar conclusion for concrete cylinders having different sizes (diameter × length)
of 50 × 100 mm, 100 × 200 mm and 150 × 300 mm. The cylinders were exposed to
temperatures up to 800 ◦C. Several previous studies [38–46] adopted 100 mm cubes to
evaluate the residual compressive strength of concrete.

Figure 3. Single group of disc, cube and prism specimens.

Seven concrete patches were cast and cured in water tanks under the same conditions
for 28 days, after which the specimens were left to air dry for a few hours and then dried
in an electrical oven at 100 ◦C for 24 hours [15,47–50]. After the specimens were naturally
air cooled, six of the seven patches were heated to temperatures of 100, 200, 300, 400, 500
and 600 ◦C using the electrical furnace shown in Figure 4a, while the seventh patch was
left as an unheated reference. As shown in Figure 4b, a steel cage was used to reduce the
destructive effects of the concrete explosive failure on the internal walls and heaters of
the furnace. The heating process followed the heating and cooling procedure shown in
Figure 5, where the specimens where heated steadily at a heating rate of approximately
4 ◦C/min until the target temperature. After, the specimens were thermally saturated at
this temperature for one hour to assure the thermal steady state condition [51,52]. Finally,
the furnace door was opened to allow for the natural air cooling of the specimens, which
were left in the laboratory environment and tested the next day.

Figure 4. The electrical furnace (a) furnace interiors; (b) specimens heating.
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Figure 5. Heating and cooling regime of the electrical furnace.

The heating rate can affect the residual strength of concrete exposed to temperatures
exceeding 300 ◦C [53]. Previous researchers used different heating rates to evaluate the
residual properties of concrete, which were as low as 0.5 ◦C [54] and 1 ◦C [55] and as high
as 30 ◦C [56]. However, heating rates ranging from 2 to 10 ◦C were the most common in the
literature [57], where a heating rate of 2 ◦C was adopted by [58,59], while 3 ◦C was adopted
by [60,61], and 4 ◦C was adopted by [62,63]. On the other hand, 5 ◦C was used by [64–67],
and 6 ◦C and 7 ◦C were used by [38,64,68], while other previous researchers [69–71] used a
heating rate of 10 ◦C. In this study, a heating rate within this range, 4 ◦C, was adopted.

3. Results and Discussion

3.1. Compressive Strength

The residual compressive strength values after exposure to 100, 200, 300, 400, 500 and
600 ◦C in addition to those at ambient temperature are shown in Figure 6. The figure also
shows the percentage reduction in strength due to temperature exposure. It is obvious that
a slight strength gain of approximately 1.5% was recorded at 100 ◦C, where the compressive
strength after exposure to this temperature was 43.9 MPa, which is higher than that before
heating (43.2 MPa). This initial strength gain was reported by previous researchers [25]
and is attributed to the increase in the material density due to the evaporation of free
pore water and the increase in hydration products owing to the accelerated pozzolanic
reaction [72,73]. The strength gain is represented as a negative percentage reduction in
Figure 6. After exposure to 200 ◦C, the compressive strength recorded 35.1 MPa, with
a percentage reduction of approximately 18.8%, while a noticeable percentage strength
recovery was recorded at 300 ◦C. The residual compressive strength at 300 ◦C was 42.3 MPa,
and the percentage reduction was only approximately 2.1%. Hence, more than 16% of
strength recovery was gained as the temperature was increased from 200 to 300 ◦C. As the
temperature increased beyond 200 ◦C, the removal of water from the surfaces of the cement
gel particles induced higher attraction surface forces (van der Waals forces), which might
increase the ability of the microstructure to absorb higher compression stresses [18,73].
Beyond 300 ◦C, the compressive strength exhibited a continuous decrease in strength, with
an increase in temperature, where the percentage strength reductions were 18.8, 22.4 and
50.0% after exposure to 400, 500 and 600 ◦C. The significant strength drop after 500 ◦C is
attributed to the volume changes that took place due to the shrinkage of the cement paste
and expansion of the aggregate particles, which deteriorate the bond between the two
materials [25,74,75]. The dehydration of cement and decomposition of calcium hydroxide
also lead to destructive effects [76,77].
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Figure 6. Compressive strength and its percentage reduction at different temperatures.

Figure 7 shows the relationship between the compressive strength and percentage
weight loss of the same cube specimens after exposure to high temperatures of 100 to
600 ◦C. The percentage weight loss was calculated by dividing the weight loss (weight
before heating-weight after heating) by the original specimen weight before heating, with
the result multiplied by 100. The figure shows that three stages can be recognized in
the percentage weight loss relation with temperature. In the first stage, the slope of
the percentage weight loss was high after exposure to the sub-high temperature range
(100 to 300 ◦C), which indicates early high weight loss. This weight loss can be attributed
to the evaporation of the free pore water before 200 ◦C and the absorbed water in the
cement gel particles. The second stage, which is a semi-stabilization stage with a very
small positive slope, is related to the strength recovery and low reduction between 300 and
500 ◦C, where the microstructure is still not very affected by the chemical and physical
changes due to temperature exposure. Finally, the weight loss starts another high-slope
reduction region after 500 ◦C, where the cement matrix was cracked owing to the chemical
changes, and the bond between the cement and aggregate was almost lost due to the
different thermal movements [78,79]. Excluding the initial strength gain at 100 ◦C and
the strength recovery at 300 ◦C, it can be said that the strength loss can be related to the
loss in weight. The differences between strength loss and weight loss at these regions
are attributed to the different behaviors of concrete under the different applied stresses,
where it is stated that the residual tensile strength of concrete, for example, has a different
behavior with temperature than that of the compressive strength. As weight loss is a
stress-free measurement, there would be some expected differences with load tests.

3.2. Flexural Strength

The residual flexural strength records (modulus of rupture) of the tested prisms are
visualized in Figure 8, which also visualizes the percentage reduction in flexural strength
as a ratio of the unheated strength. The figure explicitly shows that a similar strength
gain to that of the compressive strength was recorded for the flexural strength at 100 ◦C.
However, the percentage increase was higher, where the unheated flexural strength was
3.7 MPa, while that after exposure to 100 ◦C was approximately 4.1 MPa, with a percentage
increase of approximately 10.1%, which is depicted in Figure 8 as a negative percentage
reduction. The same reason discussed in the previous section for the compressive strength
could be the source of this increase in the flexural strength. After, a continuous strength
deterioration was recorded as the temperature increased beyond 100 ◦C, where the residual
modulus of rupture values were approximately 2.9, 2.4, 2.2, 1.6 and 0.3 MPa with respective
percentage reductions of approximately 22.5, 35.1, 41.6, 57.3 and 91.2 % after exposure
to 200, 300, 400, 500 and 600 ◦C. It can be noticed that the strength recovery recorded
for the compressive strength at 300 ◦C was not recorded for the flexural strength, which
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reflects the positive effect of physical attraction forces at this temperature to sustain higher
compressive stresses, while such effect was insignificant under the flexural tensile stresses.
Another result that was noticed is the faster deterioration of the flexural strength compared
to the compressive strength, which is directly related to the weak microstructural response
of concrete to tensile stresses. A similar flexural strength reduction behavior was reported
by many previous works [25,72,80].

Figure 7. The relation of compressive strength and percentage weight loss of the cube specimens at
different temperatures.

Figure 8. Flexural strength and its percentage reduction at different temperatures.

The weight loss for the same prisms was recorded, from which the percentage weight
loss was calculated, which is depicted in Figure 9 against the residual modulus of rupture.
The figure shows that a similar three-stage behavior can be recognized for the prism
specimens to that recorded for the cube specimens, where the slope of the percentage
weight loss was higher before 300 ◦C and beyond 500 ◦C, while it was lower between them.
Similarly, excluding the high residual flexural strength recorded at 100 ◦C, the strength
reduction curve exhibited a similar three-slope behavior to that of weight loss, where the
percentage reduction slope was high from 100 to 300 ◦C and from 500 to 600 ◦C, while it
was semi-stabilized between 300 and 400 ◦C for both the flexural strength and weight loss,
as shown in Figure 9. This similar trend confirms the strong relation between weight loss
and strength reduction after high temperature exposure.
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Figure 9. The relation of flexural strength and percentage weight loss of the prism specimens at
different temperatures.

3.3. Repeated Impact Strength

This section presents and discusses the obtained results from the conducted drop
weight repeated impact tests that were carried out at ambient temperature and after
exposure to different levels of high temperatures. The results of all specimens are listed
in Table 2 together with the mean, standard deviation (SD) and coefficient of variation
(COV) of each of the six disc samples. It is obvious that for all specimens, before and
after exposure to high temperature, the recorded failure number was slightly higher than
the cracking number, which reveals the brittle nature of normal concrete under impact
tests [81–83].

Table 2. Results of repeated impact test.

Temperature R 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C

Disc No. Ncr Nf Ncr Nf Ncr Nf Ncr Nf Ncr Nf Ncr Nf Ncr Nf

1 52 53 28 29 18 19 8 9 4 5 2 3 1 2
2 41 42 76 78 25 26 7 8 2 3 2 3 1 3
3 78 81 41 43 11 12 6 7 4 5 2 3 1 2
4 50 53 90 91 9 10 7 8 3 4 3 4 1 2
5 51 54 39 41 9 10 4 5 2 3 1 2 1 2
6 58 60 48 49 13 14 7 8 3 4 3 3 1 2

Mean 55.0 57.2 53.7 55.2 14.2 15.2 6.5 7.5 3.0 4.0 2.2 3.0 1.0 2.2
SD 12.5 13.0 24.0 24.0 6.3 6.3 1.4 1.4 0.9 0.9 0.8 0.6 0.0 0.4

COV % 22.8 22.8 44.8 43.5 44.3 41.4 21.2 18.4 29.8 22.4 34.7 21.1 0.0 18.8

3.3.1. Cracking and Failure Impact Numbers

The detailed impact numbers are listed in Table 2, while Figures 10 and 11 show the
post-high temperature exposure response of the cracking (Ncr) and failure (Nf) impact
numbers, respectively. Figure 10 shows that after exposure to 100 ◦C, the cracking number
was not noticeably affected, where this number was decreased from 55 to 53.7, with a
percentage decrease of only 2.4%. Similarly, Nf was decreased by no more than 3.5%, as
illustrated in Figure 11. Considering the known high variation in the ACI 544-2R repeated
impact test [6], it can be said that the impact resistance was not affected by heating to
100 ◦C, which is also confirmed by the comparison of the individual impact numbers
in Table 2, where the retained impact numbers for some specimens where higher after
exposure to 100 ◦C than before heating. For instance, a cracking impact number of 90 was
recorded for specimens heated to 100 ◦C, which is higher than all recorded numbers before
heating. As discussed in the previous sections, the compressive strength and flexural
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strength were increased after exposure to a temperature of 100 ◦C. The strength gain
is reported to be due to the shrinkage of the concrete pore holes after the evaporation
of the pore water, which resulted in denser media. The slow preheating of specimens
in an electrical oven at 100 ◦C might also help to minimize the reduction in the impact
strength at this temperature, where the free pore water was partially evaporated during
the initial heating phase, resulting in the stress being relieved during the second (furnace)
quick heating phase, which maintained the microstructural deterioration at a minimum. It
should be mentioned that the oven’s slow preheating is essential to prevent any type of
thermal explosive failure during heating, which would be harmful to the furnace and other
specimens in the furnace. The preheating process was a typical procedure followed by
many experimental studies in the literature, where it was reported that thermal explosive
spalling is probable at temperatures in the range of 300 to 650 ◦C [25].

 

Figure 10. Cracking impact number and its percentage reduction at different temperatures.

 

Figure 11. Failure impact number and its percentage reduction at different temperatures.

The strength of the material to resist impact forces dropped sharply after exposure
to 200 ◦C, where the loss in impact resistance in terms of Ncr and Nf reached 74.2 and
73.5%, respectively. This reduction is dramatic and is much higher than the losses in the
compressive, flexural and tensile strengths according to the literature and the current
study results, where previous studies showed that the normal compressive strength range
of normal concrete after exposure to 200 ◦C falls between 70 and 110% of the unheated
strength [18,21,72]. Similarly, it is widely addressed in the literature that the modulus of
elasticity of normal concrete would be higher than 70% of the unheated values [73–75].
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Phan and Carino [25] reported that, for the case of an unstressed residual compressive
strength test, which was the heating procedure followed in this research, an initial strength
gain or minor loss is the usual trend of normal concrete up to 200 ◦C. The residual impact
strength of the higher temperatures followed the same excessive strength drop, as shown
in Figures 10 and 11. The residual cracking impact strength after exposure to 300, 400,
500 and 600 ◦C was, respectively, 11.8, 5.5, 3.9 and 1.8% of the original unheated strength.
Similarly, the residual failure impact strengths were 13.1, 7.0, 5.2 and 3.8% after exposure
to 300, 400, 500 and 600 ◦C, respectively. Two points should be discussed here, namely,
the strength reduction behavior with temperature, and the high drop in strength. It is
obvious that the impact strength follows a similar trend of reduction with temperature to
the flexural strength, where both the flexural and impact strengths showed stable responses
at 100 ◦C, followed by a continuous decrease until the approximate fading of the strength
at 600 ◦C. This might be attributed to the type of stresses caused by the repeated impacts
on the concrete, where the received impact forces tend to cause a fracture surface and
then transfer this into tensile stresses that try to open the cracks until breakage failure.
The higher strength reduction can also be attributed to the nature of the impact loads,
where a sudden concentrated loading is induced within a very short time, leading to a
higher stress concentration and hence a faster deterioration. As soon as the microstructure
is internally fractured by the initiation of microcracks, only a few further concentrated
drops are required to induce the surface cracking and failure of the specimen. Since the
microstructure of the cement paste, the aggregate particles and the bond between them are
negatively affected by the preceding heating phase of the specimens, a quick fracture of
these specimens is expected under impact drops.

Figure 12 compares the behaviors of the residual impact strength in terms of the impact
numbers of the disc specimens and the percentage weight loss of the same specimens. It can
be said that the trend of the impact strength reduction is related to that of the percentage
weight loss, where the same minor reduction is clear in the figure after exposure to 100 ◦C
for both the strength and the weight loss, followed by a steep drop from 100 to 200 ◦C.
After, a continuous decrease in the strength and an increase in weight loss are obvious from
300 to 600 ◦C. Indeed, the percentage strength is much higher than the percentage weight
loss at each temperature; however, the behavior of the reduction with the temperature
increase is quite similar.

Figure 12. The relation of the impact number and percentage weight loss of the prism specimens at
different temperatures.

As disclosed in the previous sections, the ACI 544-2R repeated impact test is known
for its high variation in the obtained impact results. Figure 13 shows the effect of high
temperature exposure on the variation in the cracking and failure impact numbers in terms
of the coefficient of variation (COV). It is clear in the figure that the COV was not so high
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(22.8) at ambient temperature, which is a good indication of the better control on the loading
parameters using the automatic machine compared to the standard manual apparatus. The
COV increased at 100 and 200 ◦C, recording values in the range of 41.4 and 44.8% for both
the cracking and failure numbers. This increase in the result variation can be attributed to
the dramatic behaviors at these temperatures, where at 100 ◦C, the specimens exhibited an
increase and a decrease in strength compared to those tested at ambient temperature, as
listed in Table 2. Similarly, the high drop in the impact number records at 200 ◦C resulted in
high percentage variations, although there were limited numeral variations. The extremely
low records of the impact numbers at the higher temperatures reduced the differences
between the tested specimens, which, in turn, reduced the COV, as shown in Figure 13.

 
Figure 13. Coefficient of variation of the cracking and failure impact numbers at different temperatures.

3.3.2. Failure Patterns

Pictures for the disc specimens at room ambient temperature (R) and after exposure to
100, 200, 300, 400, 500 and 600 ◦C are shown in Figure 14a–g, both before and after impact
testing. The fracture and failure of the reference unheated specimens align with what
has been reported in previous studies [84–88] for plain concrete, where after a number of
repeated blows, a small-diameter central fracture zone was created under the concentrated
compression impacts via the top surface’s steel ball. After a few more blows, the internal
cracks propagated to the surface, forming a surface cracking of two or three radial cracks
from the central fracture zone, which formed the failure shape that occurred after a few
additional blows, as shown in Figure 14a.

Figure 14b–d show that the specimens heated up to 300 ◦C exhibited a similar cracking
and fracture behavior to that of the unheated specimens. However, at 200 and 300 ◦C, the
cracking and failure tended to be softer, where the fracture started at much lower impact
numbers, and the central fracture zone was smaller. The fracture of the specimens heated
to temperatures above 400 ◦C is different. The material became so weak and absorbed
the applied impact energy after being heated, where the cement paste became softer, the
crushing strength of the aggregate particle reduced and the bond between them was almost
lost. Due to these effects, internal thermal cracks were formed in the whole volume of
the specimens. Therefore, for the specimens exposed to 400, 500 and 600 ◦C, only three
impacts, two impacts and one impact were enough to cause the already existing cracks to
appear at the surface. As a result, the central fracture zone was barely formed, and a higher
number of major cracks (four or five) were formed accompanied by more hair cracks, as
shown in Figure 14e–g.
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Figure 14. Failure patterns of the impact disc specimens at different temperatures (a) ambient
temperature; (b): 100 ◦C; (c): 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; (f) 500 ◦C; (g): 600 ◦C.

4. Weibull Distribution

At first, probabilistic methods were used to provide a rationale for the scattering of
fracture strength results with a brittle nature. This statistical method has most widely
been used to assess the statistical variability of impact test results in recent times [7,9,89].
Barbero et al. [90] investigated the mechanical properties of composite materials using the
Weibull distribution. The authors recommended that the Weibull distribution is a pragmatic
approach for determining 90% and 95% reliability values. The Weibull distribution is
accentuated by two parameters, namely, shape and scale, and these parameters can be
evaluated by several methods [91]. The scattering of the failure impact number of concretes
was modeled using a two-parameter Weibull distribution. Lastly, the reliability of the
concrete in terms of the failure impact number was presented in graphical form. The
scattering of the cracking impact numbers was minor and hence was not modeled using
the Weibull distribution.
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4.1. Mean Standard Deviation Method (MSDM)

This method is more useful when the means and standard deviations are known;
if this occurs, the shape parameter (α) and scale parameter (β) are determined using
Equations (1) and (2) as follows [92].

α =

(
σ

Nf

)−1.086

(1)

β =
R α2.6674

0.184 + 0.816 α2.73855 (2)

where Nf is the mean of the failure impact number, and σ is the standard deviation.

4.2. Energy Pattern Factor Method (EPFM)

The EPF is defined by the ratio of the summation of cubes of individual failure impact
numbers to the cube of the mean failure impact number. The scale and shape parameters
are calculated using Equations (3) and (4) once the EPF value is known [93].

EPF =
Nf

3

Nf
3 (3)

α = 1 +
3.69

(Ep f )2 (4)

The gamma function is defined in Equation (5), expressed as follows.

Γ(x) =
∞∫

0

tx−1 exp(−t)dt (5)

4.3. Method of Moments (MOM)

Numerical iteration is involved in this method, and the mean failure impact number
and corresponding standard deviation (σ) are used to find the shape and scale parame-
ters [51].

α =

(
0.9874

σ
R

)−1.086

(6)

Nf = βΓ (1 + 1/α) (7)

Table 3 demonstrates the results of the Weibull parameters obtained from three meth-
ods of distribution. It is clear from the table that the MSDM and MOM methods showed
approximately the same parameter values. However, EPFM showed a lower value com-
pared to MSDM and MOM. To perform the reliability analysis, the mean value of the three
methods was used. The reliability of concrete exposed to various temperatures in terms of
the failure impact number can be calculated using Equation (8) [94–98].

Nf = β(− ln(Rx))
(1/α) (8)

where Rx is the reliability level, and R is the failure impact number.
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Table 3. Results of Weibull parameters (scale and shape parameters).

Temperature
MSDM EPFM MOM Mean

α β α β α β α β

R 5.00 62.34 3.96 63.15 5.02 62.29 4.66 62.59
100 ◦C 2.47 62.25 2.80 61.99 2.46 62.24 2.58 62.16
200 ◦C 2.60 17.12 2.88 17.05 2.59 17.12 2.69 17.10
300 ◦C 6.19 8.06 4.23 8.25 6.23 8.07 5.55 8.13
400 ◦C 5.05 4.36 4.01 4.41 5.08 4.35 4.71 4.37
500 ◦C 5.74 3.24 4.08 3.31 5.78 3.24 5.20 3.26
600 ◦C 6.37 2.36 4.40 2.41 6.41 2.36 5.73 2.38

Using the Weibull parameters (mean values from Table 3), the reliability analysis was
performed to estimate the failure impact number. Figure 15 illustrates the failure impact
number in terms of the reliability or survival probability. By examining the 0.99 reliability
(1% probability of failure), the failure impact numbers for the 100, 200, 300, 400, 500 and
600 ◦C specimens were 23, 10, 3, 4, 2, 1 and 1, respectively. By examining another probability
level of 0.9 (10% probability of failure), the failure impact numbers were 39, 26, 7, 5, 3,
2 and 2, corresponding to the 100, 200, 300, 400, 500 and 600 ◦C specimens, respectively.
Likewise, the failure impact number for the concrete exposed to different temperatures
can be obtained from Figure 15. Using the reliability curves, the design engineer has
the option to choose the required failure impact number at the desired reliability level
(0.5 to 0.99). These values can be used effectively in the design calculations, and the Weibull
distribution can be considered as a powerful tool to examine the scattering of the impact
strength results. This statistical method and the outcomes are in good agreement with
earlier studies [99–103].

Figure 15. Cont.
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Figure 15. Failure number in terms of reliability (a) ambient temperature; (b): 100 ◦C; (c): 200 ◦C; (d) 300 ◦C; (e) 400 ◦C;
(f) 500 ◦C; (g): 600 ◦C.

5. Conclusions

Based on the obtained experimental results from the study presented in this work, the
following points are the most important conclusions.

1. The compressive strength was increased by less than 2% after exposure to 100 ◦C,
while it decreased by more than 18% after exposure to 200 ◦C, followed by a partially
recovered strength recorded at 300 ◦C. Finally, the compressive strength exhibited a
continuous decrease after 400 ◦C, reaching a residual strength of approximately 50%
of the original strength at 600 ◦C. This multi-phase behavior is attributed to the early
loss of free water, physical and chemical changes in the cement paste after and the
different thermal movements of the cement paste and aggregate.

2. Owing to the weak microstructural response of concrete under tensile stresses, the
deterioration of the flexural strength after 200 ◦C was significantly higher than com-
pressive strength, where the residual tensile strength after exposure to 400, 500 and
600 ◦C was approximately 58, 43 and 9%, respectively.

3. The impact strength, in terms of the cracking and failure impact numbers, was almost
unaffected after exposure to 100 ◦C, where the reduction was only 2.4 and 3.5% in the
cracking and failure numbers. However, a sharp drop in the impact strength of 74.2%
was recorded after exposure to 200 ◦C, which was followed be a continuous decrease
after exposure to the higher temperatures. The impact strength almost vanished at
600 ◦C, where the percentage reductions in the cracking and failure numbers were
98.2 and 96.2%, respectively. The higher strength drop under impact loads, compared
to the compressive and tensile strengths, is attributed to the high concentrated tensile
stresses induced in the material within a short time under the repeated impacts.

4. Comparing the residual strength with the percentage weight loss of the cube, prism
and disc specimens, it was found that, by excluding the full or partial recovery regions,
the strength follows an approximately similar behavior to that of weight loss after
high temperature exposure. However, the percentage reduction in strength was much
higher than the percentage increase in weight loss of the same specimens.

5. The failure of the specimens heated to temperatures up to 300 ◦C was similar to that of
the unheated specimens, where a central fracture zone formed due to the concentrated
compression impacts beneath the steel ball, followed by cracking and failure along
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two or three radial cracks. On the other hand, the deteriorated microstructure of
the specimens heated to temperatures of 400 to 600 ◦C imposed a different fracture
behavior, where the specimens cracked quickly and softly along four or five paths
accompanied by additional surface hair cracks, which reflects the weak strength of
the material and the existence of internal thermal cracks prior to testing.

6. A rational distribution is desirable from a statistical perspective, in line with the rele-
vant impact strength and, most significantly, with the safety of the design calculation.
The Weibull distribution was found to be an efficient tool to examine the scattered
test results and present the impact strength at the desired levels of reliability.
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75. Torić, N.; Boko, I.; Peros, B. Reduction of Postfire Properties of High-Strength Concrete. Adv. Mater. Sci. Eng. 2013, 2013, 712953.
[CrossRef]

76. Cheng, F.-P.; Kodur, V.K.R.; Wang, T.-C. Stress-Strain Curves for High Strength Concrete at Elevated Temperatures. J. Mater. Civ.
Eng. 2004, 16, 84–90. [CrossRef]

77. Al-Owaisy, S.R. Post heat exposure properties of steel fiber reinforced concrete. J. Eng. Sustain. Dev. 2006, 10, 194–207.
78. Varona, F.B.; Baeza-Brotons, F.; Tenza-Abril, A.J.; Baeza, F.J.; Bañón, L. Residual Compressive Strength of Recycled Aggregate

Concretes after High Temperature Exposure. Materials 2020, 13, 1981. [CrossRef]
79. Amin, M.N.; Khan, K. Mechanical Performance of High-Strength Sustainable Concrete under Fire Incorporating Locally Available

Volcanic Ash in Central Harrat Rahat, Saudi Arabia. Materials 2020, 14, 21. [CrossRef]
80. Zhang, P.; Kang, L.; Wang, J.; Guo, J.; Hu, S.; Ling, Y. Mechanical Properties and Explosive Spalling Behavior of Steel-Fiber-

Reinforced Concrete Exposed to High Temperature—A Review. Appl. Sci. 2020, 10, 2324. [CrossRef]
81. Ding, Y.; Li, D.; Zhang, Y.; Azevedo, C. Experimental investigation on the composite effect of steel rebars and macro fibers on the

impact behavior of high performance self-compacting concrete. Constr. Build. Mater. 2017, 136, 495–505. [CrossRef]
82. Abid, S.R.; Abdul-Hussein, M.L.; Ayoob, N.S.; Ali, S.H.; Kadhum, A.L. Repeated drop-weight impact tests on self-compacting

concrete reinforced with micro-steel fiber. Heliyon 2020, 6, e03198. [CrossRef]
83. Mastali, M.; Dalvand, A. The impact resistance and mechanical properties of self-compacting concrete reinforced with recycled

CFRP pieces. Compos. Part B Eng. 2016, 92, 360–376. [CrossRef]
84. Nili, M.; Afroughsabet, V. The effects of silica fume and polypropylene fibers on the impact resistance and mechanical properties

of concrete. Constr. Build. Mater. 2010, 24, 927–933. [CrossRef]
85. Abid, S.R.; Hussein, M.L.A.; Ali, S.H.; Kazem, A.F. Suggested modified testing techniques to the ACI 544-R repeated drop-weight

impact test. Constr. Build. Mater. 2020, 244, 118321. [CrossRef]
86. Murali, G.; Abid, S.R.; Abdelgader, H.S.; Amran, Y.H.M.; Shekarchi, M.; Wilde, K. Repeated Projectile Impact Tests on Multi-

Layered Fibrous Cementitious Composites. Int. J. Civ. Eng. 2021, 19, 635–651. [CrossRef]
87. Abid, S.R.; Murali, G.; Amran, M.; Vatin, N.; Fediuk, R.; Karelina, M. Evaluation of Mode II Fracture Toughness of Hybrid Fibrous

Geopolymer Composites. Materials 2021, 14, 349. [CrossRef]
88. Murali, G.; Abid, S.; Amran, M.; Fediuk, R.; Vatin, N.; Karelina, M. Combined Effect of Multi-Walled Carbon Nanotubes, Steel

Fibre and Glass Fibre Mesh on Novel Two-Stage Expanded Clay Aggregate Concrete against Impact Loading. Crystals 2021,
11, 720. [CrossRef]

89. Ramakrishnan, K.; Depak, S.; Hariharan, K.; Abid, S.R.; Murali, G.; Cecchin, D.; Fediuk, R.; Amran, Y.M.; Abdelgader, H.S.;
Khatib, J.M. Standard and modified falling mass impact tests on preplaced aggregate fibrous concrete and slurry infiltrated
fibrous concrete. Constr. Build. Mater. 2021, 298, 123857. [CrossRef]

90. Barbero, E.; Fernandez-Saez, J.; Navarro, C. Statistical analysis of the mechanical properties of composite materials. Compos. Part
B Eng. 2000, 31, 375–381. [CrossRef]

91. Murali, G.; Indhumathi, T.; Karthikeyan, K.; Ramkumar, V.R. Analysis of flexural fatigue failure of concrete made with 100%
coarse recycled and natural aggregates. Comput. Concr. 2018, 21, 291–298.

92. Mohammadi, K.; Alavi, O.; Mostafaeipour, A.; Goudarzi, N.; Jalilvand, M. Assessing different parameters estimation methods of
Weibull distribution to compute wind power density. Energy Convers. Manag. 2016, 108, 322–335. [CrossRef]
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Abstract: To study the energy evolution law and damage constitutive behavior of high-strength
concrete based on the conventional triaxial compression tests of C60 and C70 high-strength concrete
subjected to five different confining pressures, the failure characteristics of high-strength concrete
are analyzed at different confining pressures, and the evolution of the input energy density, elastic
strain energy density, and dissipation energy density with axial strain and confining pressure are
quantified. Combined with a continuous damage theory and non-equilibrium statistical method,
the ratio of dissipation energy density of concrete to dissipation energy density corresponding to
peak stress is used as the mechanical parameter. Assuming that the mechanical parameter obeys the
Weibull distribution laws, the statistical damage variable describing the damage characteristics of
concrete were derived. According to the Lemaitre strain equivalent principle, the damage variable is
introduced to the generalized Hooke law to establish the statistical damage constitutive model for
high-strength concrete. The results show that: (1) the input energy density and dissipation energy
density increases with the increase of axial strain, while the elastic strain energy density increases
first and then decreases as a function of the axial strain and reaches the maximum value at the peak
stress; (2) the input, elastic strain, and dissipated energy densities corresponding to the peak stress
of the two high-strength concretes all increase as a function of confining pressure, and the elastic
strain energy density corresponding to the peak stress increases linearly as a function of the confining
pressure; (3) the statistical damage constitutive model results of C60 and C70 high-strength concrete
are in good agreement with the test results, and the average relative standard deviations are only
3.64% and 3.99%. These outcomes verify the rationality and accuracy of the model.

Keywords: dissipation energy density; high-strength concrete; Weibull distribution; damage me-
chanics; constitutive model

1. Introduction

With the application of high-strength concrete in civil engineering, transportation,
water conservancy, municipal engineering, and other engineering fields, it is of great signif-
icance to study the deformation law and failure characteristics of high-strength concrete
subject to complex stress states aiming to improved scientific designs of concrete buildings
(structures) and to the guarantee of their safety [1,2]. High-strength concrete is a type of
composite material composed of sand, stone, cementing material, and water, mixed based
on specific analogies. Owing to the incompleteness of vibration, incomplete hydration reac-
tion, and temperature effects, there are a large number of discontinuity and irregular shape
cracks and joints in the interior of high-strength concrete. The deformation and mechanical
characteristics of high-strength concrete are obviously nonlinear and discontinuous. This
leads to the complexity of micro-structure and macro-strength evolution of high-strength
concrete at different ages and complex stress conditions. It is difficult to effectively judge
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the strength change and failure behavior of concrete materials by using classical elastic–
plastic theory. Numerous research studies have shown that the failure of materials is a
state instability phenomenon driven by energy, and the transmission and transformation
of energy are the fundamental reasons for the deformation and failure of materials [3,4].
Therefore, the energy method based on thermodynamic theory is an effective way to study
the constitutive relationships and failure behaviors of concrete materials.

The constitutive relationship constitutes the basis for the study of the relationship
between material deformation and load. Ever since the proposition of the parallel bar
system (PBS) model for the concrete uniaxial tensile process in 1982 by Krajcinovic [5],
statistical damage theory has gradually become a new research hotspot of concrete damage
mechanics. Yang et al. [6] proposed a statistical damage constitutive model of multi-size
polypropylene fiber concrete under impact load and obtained the statistical parameters
based on the particle swarm optimization algorithm. Bai et al. [7] assumed that there
are two damage mechanisms of fracture and yield in the meso-structures of quasi-brittle
materials, and established a triaxial orthotropic statistical damage model for concrete that
can predict its constitutive behavior at complex loading environments. Based on Weibull
and lognormal statistical distribution theory and Lemaitre’s strain equivalent principle,
Liang Hui et al. [8] established a sectional uniaxial compression damage constitutive
model of concrete materials by introducing the strain-rate factor. Cervera [9] established
a rate-independent isotropic damage constitutive model of concrete, and used the model
to conduct seismic analysis of concrete dams. Zhou [10] investigated the compression
behavior of coral aggregate concrete (CAC) at uniaxial and triaxial loading, and proposed
a constitutive model for coral aggregate concrete subjected to uniaxial and triaxial com-
pression, wherein the suggested models correlated well with the test results. Wu [11]
established the plastic damage constitutive relation with the internal variables based on the
continuum damage mechanics, and proposed an energy release rate-based plastic-damage
model for concrete. The aforementioned studies showed that the constitutive behavior of
concrete materials can be studied from the perspective of statistics, but at present, most
studies use the mechanical or deformation parameters of concrete materials as the basis for
establishing statistical damage constitutive equations, and few studies have introduced the
energy dissipation density parameter into the constitutive relationship.

To study the energy evolution law and damage constitutive behavior of high-strength
concrete subjected to complex stress states, conventional triaxial compression tests at
different confining pressures were conducted with ZTCR-2000 rock triaxial testing system.
The evolution law of input energy, elastic strain energy and dissipation energy with axial
strain and confining pressure were analyzed. Based on the continuum damage theory and
non-equilibrium statistical method, a statistical damage constitutive model was established
for high-strength concrete based on the use of the ratio of dissipation energy density of
concrete to the dissipation energy density that corresponded to peak stress.

2. Conventional Triaxial Compression Tests of C60 and C70 High-Strength Concrete

2.1. Test Materials and Equipment

According to the Specifications for Mix Proportion Design of Ordinary Concrete
(JGJ55-2011), high-strength concrete with strength grade of C60 and C70 was prepared. The
cement was grade 52.5 ordinary Portland cement, with siliceous river sand with a fineness
modulus of 2.73, and crushed basalt with particle sizes in the range of 5–10 mm. The
admixture is the NF-F high-efficiency admixture compound, wherein the slag and silicon
powder accounted for 73% and 20%, respectively. The mix proportions of high-strength
concrete (C60 and C70) are listed in Table 1.
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Table 1. Mixture proportions of C60 and C70 high-strength concrete.

Strength
Grade

Cement
(kg/m3)

Admixture
(kg/m3)

Cementing
Materials
(kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Water
(kg/m3)

Sand
Rate

Water
Cement

Ratio

C60 415 135 550 620 1105 175 0.36 0.42
C70 425 145 570 615 1095 170 0.36 0.4

The concrete mix was poured into 150 × 150 × 150 mm plastic molds. The obtained
concrete specimens were demolded after 16 h and immediately transferred into a curing
box at 20 ± 2 ◦C and at a relative humidity of 95% for 28 days. Three specimens were
subsequently randomly selected for uniaxial compressive strength testing at 28 days. The
remaining concrete specimens were finished by coring, cutting, and grinding according
to the Standard for Tests Method of Engineering Rock Masses (GB/T50266-2013). The
obtained standard cylindrical specimens measured ϕ50 × 100 mm. The upper and lower
faces of the specimens were ground to be plane and parallel, and ensured a uniform stress
distribution in the final cylindrical specimens.

Conventional triaxial compressive tests were conducted with a ZTCR-2000 rock triaxial
testing system (Figure 1). The equipment is mainly used for uniaxial, conventional triaxial
and creep tests of concrete and rock materials, which is mainly composed of an axial
pressure system, confining pressure system, servo oil source, temperature control system,
and computer control system. The computer system controls the whole process of the
test equipment and operates the test steps, and automatically collects and processes the
test data. The axial compression system includes an axial loading frame, three-axis cavity
lifting device, controller, sensor, and electro-hydraulic servo valve. The confining pressure
system consists of a pressure chamber, pressurization device, pressure transmitter, digital
display meter, low temperature liquid filling oil source, air pump, guide rail, controller,
and sensor. The computer system can draw the curve of each parameter in real time. The
main technical parameters of the test equipment are shown in Table 2.

The circumferential and axial deformation was measured by a linear variable differ-
ential transducer (LVDT) attached to a chain wrapped tightly around the sample and
an axial LVDT, respectively. Cylindrical samples of C60 and C70 high strength con-
crete were tested by applying compressive stress σ1 and the constant confining pressures
σ2 = σ3 = 0, 5, 10, 15, 20 MPa, respectively. The samples were hydrostatically compressed
until the level of desired circumferential pressure was reached. The sample was then
vertically compressed at a rate of 0.05 mm/min until failure.

Table 2. Main technical parameters of ZTCR-2000 rock triaxial test system.

Project Technical Parameters

Maximum axial test force 2000 kN
Test force accuracy ±1%

Test force resolution 1/180,000
Maximum displacement of piston 120 mm

Displacement accuracy ±0.5% FS
Displacement resolution 5 μm

Deformation measurement accuracy ±1%
Deformation resolution 1/180,000

Maximum confining pressure 50 MPa
Confining pressure accuracy ±1%

Confining pressure resolution 1/180,000
Minimum control temperature −20 ◦C
Temperature control accuracy ±0.5 ◦C
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Figure 1. ZTCR-2000 rock triaxial testing system.

2.2. Analysis of Test Results

The stress–strain curves of high-strength concrete specimens (C60 and C70) at the
confining pressures of 0, 5, 10, 15, and 20 MPa are shown in Figure 2.

  
(a) (b) 

Figure 2. Conventional triaxial stress–strain curves of high-strength concrete. (a) C60 and (b) C70.

According to the test results, the basic mechanical parameters of C60 and C70 high-
strength concrete at different confining pressures are shown in Table 3.

Table 3. Mechanical parameters of high-strength concrete (C60 and C70) at different confining pressures.

σ3 (MPa)
σ1−σ3 (MPa) Elastic Modulus (GPa) Poisson’s Ratio

C60 C70 C60 C70 C60 C70

0 65.38 84.41 28 31 0.31 0.29
5 81.96 100.22 29 32 0.28 0.26
10 98.26 115.98 31 33 0.29 0.26
15 114.01 128.22 33 35 0.28 0.28
20 129.12 141.67 34 36 0.26 0.26

During the setting process of concrete, many microcracks and holes will be formed
owing to the drying shrinkage and water evaporation of cement slurry as well as the
excessive interfacial microdefects (a) between the cement paste and aggregate, (b) among
various phases of cement paste, and (c) among hydration products and un-hydrated
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cement particles. When subjected to uniaxial loading, the original cracks propagate along
the interface and their direction is basically the same as the loading direction. The upper
and lower parts of the cracks are compressive stress concentration areas, and the side is a
tensile stress area. Because the tensile strength is far lower than the compressive strength,
the microcracks first produce tensile failure. At this time, owing to the lack of lateral
restraints, the rapid development of microcracks eventually leads to the loss of concrete
strength [12]. When the confining pressure is 5, 10, 15, and 20 MPa, the high-confining
pressure counteracts the tensile stress on the side of the crack, and increases the compressive
stress required for the fracture to connect with each other. The macroscopic performance
is characterized by the fact that the peak stresses of C60 and C70 high-strength concrete
increase as a function of the confining pressure. Therefore, the confining pressure can
effectively limit the propagation speed of micro-cracks in concrete samples, slows down the
damage degree of samples, and improves the bearing capacity and deformation capacity
of concrete samples. Because the conventional triaxial test is carried out in a closed cavity,
it is impossible to directly observe the generation and development process of cracks, but
it can be studied by means of SEM technology [13].

The failure modes of C60 and C70 high-strength concrete specimens at different
confining pressures are shown in Figure 3. When the confining pressure is 0 MPa, the
failure mode of the two high-strength concrete specimens is tensile failure. This is because
the transverse tensile stress generated by the Poisson effect at axial loading is greater than
the tensile strength of concrete, and results in cracks parallel to the maximum principal
stress direction of concrete samples. When the confining pressures are 5, 10, 15, and
20 MPa, the failure mode is oblique shear failure. This is attributed to the fact that the
larger confining pressure inhibits the expansion of vertical cracks. The shear stress on the
inclined section of concrete subject to high-triaxial stress is greater than its shear strength,
and the inclined shear failure occurs along a weak plane.

  
(a) (b) 

Figure 3. Failure modes of C60 and C70 high-strength concrete at different confining pressures. (a) C60 and (b) C70.

3. Energy Analysis of High-Strength Concrete during Compression

3.1. Energy Analysis

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

According to the first law of thermodynamics, regardless of the influence of external
temperature change and material exchange on the test system, the input energy WF is
equal to the sum of the elastic strain energy WE and dissipation energy WD in the test
process [14,15].

WF = WE + WD (1)

The input energy mainly includes the work done by the axial force and confining
pressure when the concrete sample deforms, and the elastic strain energy is the energy
accumulated in the interior of concrete sample when the elastic deformation occurs because
(a) the elastic deformation is reversible, and (b) because the elastic strain energy is also
reversible. The dissipation energy mainly includes the (a) surface energy consumed
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during the initiation, development and penetration of cracks, (b) plastic strain energy for
irreversible plastic deformation of concrete samples, (c) heat energy generated by friction
and slip between cracks, and various radiation energy [16,17].

The energy input to the concrete specimen by the external force during the test can be
expressed as [18],

WF =
π

4
D2H

(∫ ε1

0
σ1dε1 + 2

∫ ε3

0
σ3dε3

)
= VUF (2)

where σ1, σ3 are the maximum and minimum principal stresses, respectively, ε1 and ε3 are
axial and lateral strains, respectively, UF is the input energy density, V is the volume of
the concrete sample, and D and H are the diameter and height of the concrete sample,
respectively.

Similarly, the elastic strain energy and dissipation energy are obtained as follows,{
WE = π

4 D2HUE = VUE

WD = π
4 D2HUD = VUD

(3)

where UE and UD are the elastic strain and dissipation energy densities, respectively.
Substituting Equations (2) and (3) into Equation (1), we obtain,

UF = UE + UD (4)

According to the elastic theory (Gong et al., 2018), the elastic-strain energy density is
obtained as follows,

UE =
1
2
(σ1εe

1 + 2σ3εe
3) =

1
2E

[
σ2

1 + 2(1 − μ)σ2
3 − 4μσ1σ3

]
(5)

By substituting Equations (2) and (5) into Equation (4), the dissipation energy density
is obtained as follows,

UD =
∫ ε1

0
σ1dε1 + 2

∫ ε3

0
σ3dε3 − 1

2E

[
σ2

1 + 2(1 − μ)σ2
3 − 4μσ1σ3

]
(6)

where E is the elastic modulus, and μ is the Poisson’s ratio.

3.2. Relationship between Energy Density and Axial Strain

During the loading process of high-strength concrete samples, the changes of input
energy, elastic-strain energy, and dissipated energy are always accompanied by the changes
of initial hole compaction, elastic deformation, new crack propagation, and penetration.
The energy coexisting in the specimen is not isolated from each other, but transformed
with the concrete deformation process, and finally changed from the equilibrium state
before the test to the new equilibrium state after the test. Based on the conventional triaxial
compression test results of high-strength concrete (C60 and C70) at different confining
pressures, the curves of input energy density, elastic-strain energy density and dissipation
energy density with axial strain at different confining pressures are obtained according to
Equations (2), (5), and (6). The results are shown in Figure 4.
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Figure 4. Cont.
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(g) (h) 

  
(i) (j) 

Figure 4. Relationships between energy density and axial strain of high-strength concrete (C60 and C70) at different
confining pressures. (a) C60, σ3 = 0 MPa; (b) C70, σ3 = 0 MPa; (c) C60, σ3 = 5 MPa; (d) C70, σ3 = 5MPa; (e) C60,
σ3 = 10 MPa; (f) C70, σ3 = 10 MPa; (g) C60, σ3 = 15 MPa; (h) C70, σ3 = 15 MPa; (i) C60, σ3 = 20 MPa; (j) C70,
σ3 = 20 MPa.

It can be observed from Figure 4 that the input energy density and dissipation energy
density of the two strength concrete samples at different confining pressures increase as
a function of the axial strain. This indicates that the external force always inputs energy
to the concrete samples during the entire test process, and at the same time, the energy
is gradually dissipated. At the end of the test, the increasing trend of the input energy
density slows down owing to the expansion of the sample and the negative work done by
confining pressure offset part of the positive work done by axial stress. The elastic-strain
energy density increases first and then decreases, as a function of the axial strain, and
reaches the maximum value at the peak stress. This indicates that the pre-peak stage is
mainly associated with the storage process of elastic-strain energy, and the post-peak stage
is mainly associated with the release process of the elastic-strain energy.

Comparing the elastic-strain energy density curves of the two types of high-strength
concrete and the stress–strain curves at the same confining pressure, it is found that the
change trend of elastic-strain energy density with axial strain is similar to those of concrete
samples. At the beginning of the test, the micro-holes and cracks in the concrete gradually
close subject to the action of load, the stiffness of the concrete increases, and the curve
becomes concave. At this time, most of the work done by the external force is converted
into elastic-strain energy, it is stored in the sample, and the dissipation energy is almost zero.
The elastic-strain energy density curve basically coincides with the input energy density
curve. When the load exceeds the elastic limit of the concrete sample, new cracks will
appear in the concrete. The generation and diffusion of the new cracks need to dissipate
part of the surface energy, and the crack tip produces acoustic emission energy owing to the
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stress concentration effect accompanied by irrecoverable plastic strain energy and various
radiation energy sources. As a result, the slope of the elastic-strain energy density curve
slows down, and the dissipation energy density increases as a function of the axial strain.
When the load exceeds the compressive strength of concrete, the concrete will be destroyed.
At this time, the elastic-strain energy stored in pre-peak is released rapidly, and most of
the input energy of external force is dissipated rapidly by the action of crack initiation,
propagation and penetration, as well as the friction of fracture surface, thus resulting in an
abrupt increase of dissipation energy density after the peak as a function of strain.

The results show that the storage of elastic-strain energy before the peak of concrete
specimen is mainly elastic-strain energy, and constitutes the primary source of concrete
failure. At the same time, with the dissipation of energy, the dissipation energy will
gradually reduce the bearing capacity of concrete samples. After the peak, the elastic-
strain energy is mainly released, and the released elastic-strain energy is transformed into
various forms of energy dissipation, so the post-peak dissipation energy accounts for a
large proportion of the input energy.

3.3. Relationship between Energy Density Corresponding to Peak Stress and Confining Pressure

Figure 5 shows the relationship between the confining pressure and input energy
density UFP and dissipated energy density UDP corresponding to the peak stress of the
two types of high-strength concrete samples. It can be observed from Figure 5a,b that the
input energy density UFP and the dissipation energy density UDP corresponding to the
peak stress of the two types of high-strength concrete samples increase as a function of
the confining pressures, and the UFP and UDP of the C70 high-strength concrete samples
subjected to the same confining pressure are higher than those of the C60 high-strength
concrete. This is attributed to the fact that as the strength of the concrete increases, the
system needs to input more energy to cause its failure. At the same time, the compres-
sive capacity of high-strength concrete gradually decreases, and thus needs to dissipate
more energy.

U
FP

UFP
UFP

 

U
D
P

UDP
UDP

(a) (b) 

Figure 5. Relationships between confining pressure and UFP and UDP. (a) Relationship between UFP and σ3; (b) Relationship
between UDP and σ3.

Figure 6 shows the relationship between the confining pressure and elastic-strain
energy density UEP corresponding to peak stress for two types of high-strength concrete
samples. As it can be observed from the figure, UEP and the confining pressure are linearly
related, and the correlation coefficients are all above 0.99. It can be observed from Figure 6
that as UEP increases, the energy release at high-confining pressures is more rapid and
abrupt compared with low-confining pressures.
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Figure 6. Relationship between confining pressure and UEP.

3.4. Relationship between Final Energy Density and Confining Pressure

Figure 7 shows the relationship between the confining pressure and final elastic-strain
energy density UER of two types of high-strength concrete specimens after complete failure.
It can be observed from Figure 7 that the UER values of the two types of high-strength
concrete samples increase as a function of the confining pressure. Considering the C60
high-strength concrete sample as an example, when the confining pressure is 0, 5, 10, 15,
and 20 MPa, the UER values are 0.0038 × 106 J/m3, 0.0244 × 106 J/m3, 0.0665 × 106 J/m3,
0.10150665 × 106 J/m3, and 0.15330665 × 106 J/m3, respectively. This shows that in the post-
peak failure stage, the elastic-strain energy stored before the peak is not completely released,
and a small part of the elastic strain energy is still stored in the sample. Accordingly, the
larger the confining pressure is, the greater the residual elastic-strain energy is. This
indicates that the confining pressure limits the release of the elastic-strain energy to a
certain extent in the post-peak stage. Macroscopically, the concrete sample still has a
finite bearing capacity and residual strength after failure. In addition, the larger the
elastic strain energy remaining in the specimen is, the greater the residual strength of the
concrete sample.

U
ER

UER
UER

Figure 7. Relationship between confining pressure and final elastic-strain energy density.
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4. Statistical Damage Constitutive Model of High-Strength Concrete

4.1. Establishment of Constitutive Model

According to Lemaitre’s strain equivalent principle [19], the strain response produced
by the nominal stress acting on the damaged material is equivalent to the strain response
produced by the effective stress that acts on the undamaged material. Therefore, the
constitutive relationship of the damaged material can be obtained by replacing the nominal
stress with the effective stress.

σ = σ∗(1 − D) = Eε(1 − D) (7)

where σ and σ∗ are nominal and effective stresses, respectively, and D is the damage
variable.

In the conventional triaxial compression test of concrete, σ1, σ3, and ε1, can be mea-
sured, and the corresponding effective stresses are σ∗

1 and σ∗
3 . According to Equation (7)

and the generalized Hooke’s law [20,21], we can obtain,⎧⎪⎪⎨
⎪⎪⎩

ε1 = 1
E
(
σ∗

1 − 2μσ∗
3
)

σ∗
1 = σ1

1−D

σ∗
3 = σ3

1−D

(8)

The high-strength concrete sample is equivalent to the macrostructure composed
of innumerable tiny microelements, wherein the microelements are small enough at the
macroscale, and the microelements are large enough at the microscale. The change of
mechanical properties of each microelement is equivalent to the change of the mechanical
properties of the high-strength concrete sample [22]. The microelement is a linear elastic
body before failure, and the stress–strain relationship satisfies Hooke’s law. Because the
concrete is a mixture of various mineral materials and cementitious materials, it has an
obvious heterogeneity, and its mechanical properties show the characteristics of random
distribution. The resulting damage is also randomly distributed in concrete materials.
Therefore, the mechanical properties of concrete microelements can be described math-
ematically by a statistical method, based on the assumption that the ratio of dissipation
energy density UD to dissipated energy density UDP at peak stress obeys the Weibull
statistical law, and the probability density function can be expressed as follows,⎧⎨

⎩
χ = UD

UDP

P[χ] = k
m
( χ

m
)k−1 exp

[
−( χ

m
)k
] (9)

where P[χ] is the function of probability density, m is the scale parameter, and k is the shape
parameter of the distribution.

The dissipation energy increases as a function of the axial strain. When the dissipation
energy density reaches a certain level, the number of damaged microelements in concrete
samples can be expressed as,

ND = N
∫

P[χ]d(χ) = N
∫ k

m
(

χ

m
)

k−1
exp [−(

χ

m
)

k
]d(χ) = N

{
1 − exp

[
−
( χ

m

)k
]}

(10)

where ND is the number of damaged microelements, and N is the number of total microele-
ments.

The damage variable D is the ratio of damaged microelements to the total number of
microelements [23], and is expressed as follows,

D =
ND
N

(11)
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By substituting Equation (11) into Equation (10), the statistical damage variables
describing the damage characteristics of concrete are obtained as follows,

D = 1 − exp
[
−
( χ

m

)k
]

(12)

The statistical damage constitutive relation of high-strength concrete based on Weibull
distribution can be obtained by substituting Equation (12) into Equation (8),

σ1 − 2μσ3 = Eε1 exp
[
−
( χ

m

)k
]

(13)

4.2. Verification of Constitutive Model

The key to establish the statistical damage constitutive relation of high-strength con-
crete is to determine the Weibull distribution parameters m and k. Applying the logarithms
twice on Equation (13), the following equation is obtained:

ln
[
− ln

(
σ1 − 2μσ3

Eε1

)]
= k ln(χ)− k ln m (14)

This is a linear equation with a slope coefficient equal to k and an intercept equal
to −k ln m. Therefore, parameters m and k can be easily determined based on a linear
regression analysis on a set of triaxial test data of concrete samples, as shown in Table 4.
The statistical damage constitutive relation curves of high-strength concrete are obtained
by substituting m and k into Equation (13). The results are shown in Figure 8.

Table 4. Weibull distribution parameters m and k at different confining pressures.

Confining Pressure (MPa)

Weibull Distribution Parameters R2

C60 C70
C60 C70

m k m k

0 3.576 1.538 3.311 2.747 0.962 0.978
5 2.493 1.225 1.973 2.146 0.984 0.988
10 1.778 0.997 1.766 1.056 0.991 0.982
15 1.718 0.947 1.453 0.916 0.994 0.992
20 1.146 0.919 1.233 0.762 0.989 0.985

 
(a) (b) 

Figure 8. Comparison of constitutive model and test results. (a) C60 and (b) C70.
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According to the comparison results of the statistical damage constitutive model
curves and test curves of high-strength concrete (C60 and C70) at different confining
pressures in Figure 8, it can be observed that the theoretical curves of the statistical damage
constitutive model of high-strength concrete are in good agreement with the experimental
curves in both the pre-peak elastic strain energy storage stage and the post-peak elastic
strain energy release stage, and the correlation coefficient is above 0.96. Conversely, this
constitutive model overcomes the defect of low correlation between concrete constitutive
model and test results in the post-peak stage, and improves the accuracy of the model.
Conversely, it is verified that the statistical damage constitutive model established from
the energy theory and statistical damage theory is suitable to describe the constitutive
behavior of high-strength concrete. Although the theoretical curve of the constitutive
model established in this paper is in good agreement with the experimental curve, because
the model parameters are obtained by fitting the experimental curve, whether the model
can predict the total stress–strain curve of high-strength concrete needs further study.

Standard deviation and relative standard deviation can measure the deviation between
the experimental and theoretical model results [24]. To verify the accuracy of the statistical
damage constitutive model of high-strength concrete, the standard deviation and relative
standard deviation of triaxial stress–strain test curve and the theoretical curve of two types
of high-strength concrete under five confining pressures are calculated based on Equation
(15). The results show that the relative standard deviations between the statistical damage
constitutive model results and the test results of C60 high strength concrete are 7.56%,
3.54%, 2.45%, 2.40%, and 2.26%, respectively, at the confining pressures of 0, 5, 10, 15,
and 20 MPa, and the average relative standard deviation is only 3.64%. Additionally, the
relative standard deviation between the statistical damage constitutive model results and
the test results of C70 high-strength concrete are 6.49%, 2.27%, 3.84%, 4.30%, and 3.03%,
respectively, and the average relative standard deviation is only 3.99%. The error analysis
further shows that the statistical damage constitutive model of high-strength concrete is
reasonable and feasible. ⎧⎪⎪⎨

⎪⎪⎩
η =

√
n
∑

i=1
(σs−σl)

2

n

f = η
σc

(15)

where η is the standard deviation, f is the relative standard deviation, σs, σl are the test
values and theoretical values, respectively, σc is the compressive strength, and n is the
data volume.

4.3. Damage Analysis of High-Strength Concrete

The Weibull distribution parameters m and k in Table 3 are substituted into Equation
(12) to obtain the relationship between the damage variable and axial strain, as shown in
Figure 9.

It can be observed from Figure 9 that the damage evolution curves of C60 and C70
high-strength concrete at different confining pressures are similar to the “S” curves. At the
initial stage of loading, the damage weakening is not obvious. Owing to the continuous
closure of micro-pores and micro-cracks in concrete samples subjected to pressure, the
concrete gradually transforms from discontinuous medium to a quasi-continuous medium.
With the increase of axial strain, the concrete microdefects are further compacted and closed,
and the concrete enters the elastic deformation stage. Because the stress level at this stage
is not enough to cause the crack to begin to expand, the microdefects will not decrease after
their closure, that is, the damage cannot occur in the real linear elastic stage. However, in
the elastic deformation stage of concrete, the damage variable is still increasing slowly. This
indicates that the concrete at this time not only includes the elastic deformation, but also
the mutual sliding of closed cracks that shows the existence of nonlinearity at low-stress
levels. When the stress of concrete exceeds a certain level or its deformation reaches a
certain value, new micro-cracks begin to sprout and expand slowly between the relatively
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weak particle boundaries, the concrete yields and produces plastic deformation, and the
damage of concrete begins to evolve and expands steadily. With the increase of the stress
level, the micro-cracks in the concrete are concentrated, expanded and penetrated locally,
thus forming macro-cracks, and the concrete damage develops rapidly. The main fracture
surface is formed by the ladder connection of the macro-cracks that leads to the sudden
release of stress and the rapid decrease of concrete strength, thus resulting in damage.
However, owing to the incomplete release of elastic strain energy, the damage variable
is slightly less than one. With the increase of confining pressure, the rate of change of
damage with strain decreases. This indicates that the increase of confining pressure can
effectively inhibit the release of elastic-strain energy and the development of damage and
will improve the stress state of concrete.

 
(a) (b) 

Figure 9. Relationship between damage variable D and axial strain. (a) C60 and (b) C70.

5. Conclusions

(1) At different confining pressures, the input energy density and dissipation energy
density of the C60 and C70 high-strength concrete samples increased as a function
of the axial strain, while the elastic strain energy density increased first and then
decreased as a function of the axial strain, and reached the maximum value at the
peak stress. Before the concrete sample entered the plastic stage, the dissipated energy
density increased slowly as a function of the axial strain, and the input energy was
basically transformed into elastic-strain energy. After the specimen was destroyed,
the elastic-strain energy was released rapidly and the input energy was basically
transformed into dissipation energy.

(2) The input, elastic, and the dissipated energy densities corresponding to the peak
stresses of the C60 and C70 high-strength concrete increased as a function of the
increase of confining pressure, and the elastic-strain energy density corresponding to
the peak stress increased linearly as a function of the confining pressure. As the elastic
strain energy density of the concrete sample at the moment of failure increased, the
energy release at high-confining pressures became more rapid and abrupt compared
with those at low-confining pressures.

(3) At both the pre-peak elastic strain energy storage stage and the post-peak elastic strain
energy release stage, the statistical damage constitutive model curves of C60 and C70
high-strength concrete at different confining pressures were in good agreement with
the experimental curves, and the average relative standard deviations were only 3.64%
and 3.99%. Conversely, this constitutive model overcame the defect of low correlation
between the concrete constitutive model and the test results in the post-peak stage and
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improved the accuracy of the model. It was also verified that the statistical damage
constitutive model established from the energy theory and statistical damage theory
was suitable in describing the constitutive behavior of high-strength concrete.
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Abstract: GRC-PC wall is a new type of integrated composite exterior wall with decorative and
structural functions. It is formed by superimposing GRC surface layer on the outer leaf of prefab-
ricated PC wall. Due to the complexity of indoor and outdoor environment and the difference of
shrinkage performance between concrete and GRC materials, GRC surface layer in GRC-PC wall is
prone to shrinkage and cracking, among which, the connection modes between GRC layer and PC
layer and change of temperature and humidity have the greatest influence. Therefore, GRC material
formula was adjusted, and seven experimental panels were produced. In view of the temperature
and the humidity changes in different indoor and outdoor environments, the influences of different
connection modes between GRC layer and PC layer on the material shrinkage performance were
studied, and a one year material shrinkage performance experiment was conducted. The results
show that, in indoor environment, the shrinkage of GRC layer and PC layer is relatively gentle due
to the small range of temperature and humidity change. Compared with the indoor environment,
the changes of outdoor temperature and humidity are more drastic. The shrinkage changes of GRC
layer and PC layer show great fluctuations, but the overall strain value is still within a reasonable
range, and there is no crack. At the same time, this suggests that smooth interface is more conducive
to crack resistance of GRC surface layer compared with different interface types between GRC layer
and PC layer. The research provides an experimental basis for the large-scale application of the wall
panel, and it has great advantages in improving the efficiency of prefabricated building construction.

Keywords: GRC-PC; integrated wall panels; composite method; shrinkage properties

1. Introduction

A glass-fiber-reinforced cement (GRC) is a type of composite building material made of
cement and glass fiber as the main components while also including white sand, metakaolin,
and fly ash [1]. Because of its excellent plasticity and durability, a GRC material can be
used as an exterior leaf decorative material on the walls of buildings and is preferred over
lacquer materials. The application of GRC not only protects the environment but also plays
the role of architectural decoration in accordance with the concept of green buildings [2,3].
A GRC-PC exterior wall is a new type of prefabricated wall formed by a composite GRC
surface layer on the outer leaf layer of a precast concrete (PC) wall panel, as shown in
Figure 1, which not only ensures the structural bearing capacity of the members but also
plays a decorative role. The use of this wall panel significantly reduces pollution, shortens
the construction period, and improves the construction efficiency, thereby integrating the
building, the structural, and the decorative elements through fabricated systems. It also
has great advantages in improving the structural optimization of the conventional PC
industry [4,5].

Crystals 2021, 11, 775. https://doi.org/10.3390/cryst11070775 https://www.mdpi.com/journal/crystals
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Figure 1. Schematic of a GRC-PC external wall structure.

In practical engineering, the concrete components without glass fiber are prone to
cracking, which shortens the service life of components, affects the aesthetic appearance,
and reduces the construction quality [6,7]. Previous studies showed that the basic factors
causing cracks in concrete cementitious materials are determined by mechanical properties,
shrinkage properties, and ductility. Recently, in the development of new concrete materials,
materials that incorporate fibers to improve the crack resistance of concrete, such as glass-
fiber-cement (GRC) and steel-fiber-cement (SFRC), are gradually being used in engineering
applications [8–10].

In a study on the mechanical properties of GRC, Liu and Wu [11] pointed out that
adding glass fibers helped reduce the elastic modulus of concrete. Zhao et al. [12] showed
that, with the increase in the glass fiber content, compressive strength, splitting tensile
strength, and flexural strength of concrete increased first but then decreased, i.e., there is
an optimal fiber content. Shen et al. [13] found that an alkali-resistant glass fiber could
significantly improve the tension–compression ratio and Poisson’s ratio of concrete and
enhance its toughness and brittleness. Qian and He [14] studied the influencing factors
and the development patterns of glass fibers and fly ash composite cements and concluded
that the material strength was most influenced by age and cement content, followed by the
glass fiber, and least by the fly ash.

In a study on the shrinkage performance of GRC, Lura et al. [15] found that the
shrinkage deformation of materials was the primary factor causing cracks in the process of
condensate sclerosis, regardless of whether it was ordinary cement or GRC. The dominant
shrinkage mechanism was found to be temperature autogenous shrinkage, which is the
shrinkage deformation of a material under the combined action of the hydration heat of
cement and the external temperature change [16]. Shrinkage deformation causes shrinkage
stress in a material, and cracks are induced when the stress exceeds the maximum tensile
stress that the material can withstand [17,18]. In addition, the shrinkage of GRC is affected
by curing temperature, humidity, and environment [19,20].

To alleviate the shrinkage deformation of the GRC material and improve its crack
resistance, previous studies were mainly carried out from two aspects. The first is the
reasonable selection of GRC aggregates. Ye et al. [21] and Nguyen et al. [22] concluded
that the incorporation of alkaline aggregates could help increase the amplitude of dry-
ing shrinkage of the GRC and the cracking sensitivity of cementation materials by mea-
suring the cracking time and the cracking degree of cement with different alkalinities.
Kumarappa et al. [23] reported that the addition of alkaline materials affected the reaction
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degree and the surface tension of pore solutions based on shrinkage, heat flow, and surface
tension of cements blended with Na2O and SiO2, thus affecting the shrinkage performance
of cement. Wu et al. [24] studied the effect of cementation material composition on the
shrinkage properties of GRC materials and concluded that GRC materials prepared with
sulphate aluminate cement underwent the least amount of shrinkage, whereas GRC materi-
als prepared with silicate cement shrunk to a greater extent. Additionally, the incorporation
of fly ash and silica fume could effectively reduce drying shrinkage and self-shrinkage
of GRC materials. Chylík et al. [25] studied the effect of modified gum powder on the
shrinkage of GRC materials and concluded that the incorporation of gum powder could
help reduce the internal gel pores and the macropores in the material, improve the hy-
drophilicity of cement, and thus improve flow and toughness of the GRC. Guo et al. [26]
studied the effect of swelling agents on the shrinkage of GRC materials and concluded
that GRC materials with swelling agents had fewer bonding cracks between the hydration
products and the aggregates, better interfacial transition zone of concrete, and fewer cracks
due to drying shrinkage.

On the other hand, it is necessary to control the content and the composition of glass
fibers in a GRC material. Fiber is added to increase toughness and ductility of the cement
base, improve the tensile strength of cement, reduce cracks, and prevent cracks from
developing [27]. He et al. [28] studied the influence of fiber geometry on the cracking
resistance of GRC and found that, with the increase in the fiber length and the decrease in
the fiber diameter, the total plastic shrinkage cracking area of a cement mortar showed a
downward trend, and the cracking resistance improved correspondingly. Shen et al. [29]
found that the shrinkage strain of fiber-reinforced concrete decreased with the increase
in the fiber volume percentage and put forward a prediction model for the early self-
shrinkage strain of fiber-reinforced concrete. Kasagani and Rao [30] studied the effect of
fiber grading on the crack resistance of GRC, suggesting that short fibers mainly controlled
the expansion of microcracks and improved the ultimate strength, while longer fibers
inhibited macrocracks and alleviated the deformation of concrete. Consequently, the
combination of long and short fibers could help prevent microscopic and macroscopic
cracks from developing, thus improving the crack resistance of concrete.

In summary, previous studies on the mechanics and shrinkage performance of GRC
mainly focused on pure GRC prefabricated components, and most of the experiments were
carried out in a relatively constant temperature and humidity environment. The GRC-PC
composite wall panel studied in this paper was to be used both inside and outside the
building, with great changes in temperature and humidity. In addition, the shrinkage rate
of concrete was less than that of GRC; in this scenario, the concrete layer would hinder
the shrinkage of GRC layer when they were combined, which would increase the tensile
stress in the GRC layer, causing GRC layer cracking. To improve the crack resistance of
the GRC-PC composite wall panel, the research idea of this paper was as follows. First of
all, the GRC material formula was adjusted, and the compressive strength and the elastic
modulus of the material were measured. Secondly, according to the different interface
types of GRC layer and PC layer, seven wall panels of 1 m × 1 m were prepared, and
the shrinkage experiment was carried out for 365 days in environments with different
temperature and humidity. Among them, the crack resistance of the GRC layer was the core
of the test. Finally, according to experimental results, the reasonable interface type between
the GRC layer and the PC layer was determined. Findings from this research contribute to
application of GRC-PC composite wall panels and promotion of prefabrication.

2. Materials and Methods

2.1. Experimental Raw Materials and Equipment

The raw materials required for the experiment were C30 concrete and GRC mortar.
Among them, C30 concrete was produced by a concrete factory, and the GRC material was
prepared by mixing in the experimental site; GRC materials are prepared by mixing the
raw materials listed in Figure 2 in the experimental site.
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Figure 2. GRC raw materials.

Portland cement, sand, fly ash, water reducing agent, and glass fiber are the traditional
GRC formulations. In order to improve the crack resistance of the GRC material, the
formula was adjusted, that is, we added rubber powder, expanding agent, metakaolin, and
titanium dioxide.

The role of rubber powder was to reduce GRC internal porosity and improve the
hydrophilicity of cement so as to increase its mobility and toughness [25]. The function
of the expanding agent was to reduce the bond crack between hydration products and
aggregate [26]. The role of metakaolin was to improve the pore structure of the cement
mortar and improve uniformity and compactness of the mortar structure [31]. Titanium
dioxide was used to improve the brightness to achieve the effect of decoration.

Table 1 lists the mix proportion of mortar of GRC, in which the cementing material
and the sand were 8:9, and the water–binder ratio was 0.28.

Table 1. Mix proportion of mortar of GRC.

Cement
(kg/m3)

Sand
(kg/m3)

Water
(kg/m3)

Fly Ash
(kg/m3)

Metakaolin
(kg/m3)

Water Reducing
Admixture

(kg/m3)

Glass
Fiber

(kg/m3)

Rubber
Powder
(kg/m3)

Expansion
Agent

(kg/m3)

888 1248 322 56 166 31 34 28 64

Figure 3 shows the instruments and the equipment used in the experiment, including
a compression testing machine, which was used to measure the compressive strength and
the elastic modulus of the raw materials (C30 concrete and GRC materials). An embedded
strain sensor DH1204 and a surface strain sensor DH1205 were used to measure the strains
of the GRC and the PC layers, respectively. A DH3818Y static strain tester was used for
strain data collection and recording.
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(a) (b) 

  
(c) (d) 

Figure 3. Equipment used in the experiment: (a) DH1204 embedded strain sensor; (b) DH1205 surface strain sensor;
(c) DH3818Y static strain tester; (d) compression testing machine.

2.2. Experiment on Mechanical Properties of Materials

The compressive strength and the modulus of elasticity are the basic mechanical
properties of materials. Tests were carried out on the mechanical properties prior to the
fabrication of the test elements to ensure that the material strength met the requirements.
The twelve test blocks for the modulus of elasticity and compressive strength tests were
divided into four groups of three blocks each based on the curing time listed in Table 2.

Table 2. Parameters of material test block.

Type of Material
Property Test

Test Block Size (mm) Type and Number of Test Blocks

Compressive strength test 150 × 150 × 150 GRC-12 PC-12
Elastic modulus test 150 × 150 × 150 GRC-12 PC-12

After curing each group of test blocks for the corresponding days, we installed strain
sensors on their surface and connected the static strain tester. We then employed the
compression testing machine to carry out a pressure test on the test blocks until they were
destroyed. Figure 4 shows the experimental process.

209



Crystals 2021, 11, 775

  
(a)  (b)  

  
(c)  (d)  

Figure 4. Experimental process of mechanical properties of materials: (a) Manufacture of concrete test block; (b) manufacture
of GRC test block; (c) grouping and pasting of test blocks; (d) loading of test block.

The compressive strength was calculated using the following formula:

Fcu =
F
A

, (1)

where Fcu is the compressive strength (MPa) of C30 concrete and GRC cube specimens; F is
the failure load (N) of the specimen; A is the bearing area (mm2) of the specimen.

The measurement and the calculation formula of the elastic modulus were:

Ec =
Fa − F0

A
× L

Δn
, (2)

where Ec is the elastic modulus of the specimen; Fa is the load at which the stress reaches
one third of the axial compressive strength value; F0 is the initial load (N) when the stress
is 0.5 MPa; L is the measuring gauge distance (mm); A is the bearing area of the specimen
(mm2); Δn is the average value (mm) of the deformation on both sides of Fa from F0 loading.

2.3. Shrinkage Experiment of GRC-PC Composite Wall Panels
2.3.1. Specimen Design

A total of seven groups of components (S0 to S6) were designed for the shrinkage
experiment. S0 and S1 were panels made of GRC without and with glass fiber, respectively;
S2 was a panel made of concrete; S3 to S6 were GRC-PC composite wall panels made
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according to Figure 1, which omitted the concrete structure layer and the insulation layer,
as shown in Figure 5. Table 3 lists the specific parameters. Because of the limitations of
the experimental site, the length and the width of the wall panel were designed to be
1000 mm × 1000 mm, and the thicknesses of the GRC and the PC layers were set to 15 mm
and 60 mm, respectively. For the interface between GRC and PC, two commonly used
concrete surface processes were adopted: smooth surface (surface smoothing) and rough
surface (surface grabbing).

Figure 5. Three-dimensional model of a composite wall panel.

Table 3. Dimensional parameters of GRC-PC composite wall panels.

Specimen
Number

Specimen Size
(Length × Width ×

Height) (mm)

GRC
Thickness

(mm)

Concrete
Thickness

(mm)

Type of
Interface

Environment Period

S0 1000 × 1000 × 15 15 – – indoor 1 June 2019 to 1
September 2019

S1 1000 × 1000 × 15 15 – – indoor

1 October 2019
to 1 September

2020

S2 1000 × 1000 × 60 – 60 – indoor
S3 1000 × 1000 × (15 + 60) 15 60 smooth indoor
S4 1000 × 1000 × (15 + 60) 15 60 rough indoor
S5 1000 × 1000 × (15 + 60) 15 60 smooth outdoor
S6 1000 × 1000 × (15 + 60) 15 60 rough outdoor

The design idea of the components was as follows: S0 panel was a member without
glass fiber, which was mainly used to observe the way of crack development so as to
determine the location of the strain sensor. Other panels (S1 to S6) took the interface type
and the environment as variables to determine the applicable structural type of GRC-PC
wall panel.

2.3.2. Process of Experiment

Before collecting data from the shrinkage experiment, we first completed the fabrica-
tion of each group of wall panels (Table 3) and the installation of strain sensors, as shown
in Figure 6. The placement of the strain sensor, as shown in Figure 7, was determined by
the distribution of S0 cracks, which is explained in the next chapter.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 6. Experimental process: (a) pouring concrete; (b) placing embedded strain sensor; (c) surface processing;
(d) pouring GRC material; (e) leveling the GRC surface; (f) placing surface strain sensors; (g) connecting the static strain tester;
(h) covering film maintenance.
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Figure 7. Strain sensor location in the composite wall panel.

The specific process was as follows.
(1) Brush the surface of the template with release oil and then pour the concrete to the

height of the specified scale of the template;
(2) Vibrate the concrete and bury the embedded strain sensor at the center of the concrete;
(3) Machine the surfaces of wall panels of different types;
(4) Pour the mixed GRC material into the initial setting concrete and level the surface

with a roller;
(5) Install and fix the surface strain sensor at the center of the GRC layer;
(6) Switch on the static strain tester and cover with a film for maintenance.
Since the shrinkage deformation of the wall panel is influenced by the ambient tem-

perature and the humidity, in the experiment, we recorded daily indoor and outdoor
temperatures and humidity in the morning, the afternoon, and the evening during the
test period while taking the shrinkage strain measurement. The average value of the
temperature in the three periods was taken and plotted as the temperature and humidity
curve, as shown in Figure 8. As shown, the temperature amplitude was lower in the indoor
environment than in the outdoor environment, whereas the air humidity was higher in the
indoor environment than in the outdoor environment. Since cement-based cementitious
materials are more suitable for maintenance and use in an environment with small tem-
perature difference and high humidity [32], the outdoor environment, compared with the
indoor environment, is more severe and places higher requirements on GRC-PC composite
wall panels to resist cracking.

  
(a) (b) 

Figure 8. Temperature and humidity curves during the test period: (a) Indoor and outdoor temperatures vs. time curves;
(b) indoor and outdoor humidity vs. time curves.

3. Results and Discussion

3.1. Experimental Results of Mechanical Properties of Materials

Tables 4 and 5 list the measured compressive strength and elastic modulus, respectively.
From Table 4, we found that the compressive strengths of three GRC and concrete test
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blocks reached the standard compressive strength value on the 28th day, and the average
value was within the error range.

Table 4. Measurement results of compressive strength experiment.

Group Age (d) Materials
Compressive Strength (MPa) Average Compressive

Strength (MPa)Specimen 1 Specimen 2 Specimen 3

I 7
GRC 52.57 60.25 55.78 56.20

Concrete 24.36 25.42 23.78 24.52

II 14
GRC 59.68 60.52 57.24 59.15

Concrete 26.59 27.15 28.46 27.40

III 21
GRC 67.50 63.62 60.47 63.86

Concrete 28.00 28.57 29.61 28.73

IV 28
GRC 67.27 65.86 66.85 66.66

Concrete 31.02 31.01 31.07 30.68

Table 5. Measurement results of elastic modulus experiment.

Group Age(d) Materials
Elastic Modulus Values (GPa) Average Modulus of

Elasticity (GPa)Specimen 1 Specimen 2 Specimen 3

I 7
GRC 27.20 28.5 27.45 27.72

Concrete 23.40 21.87 22.45 22.57

II 14
GRC 27.60 28.64 29.63 28.62

Concrete 25.71 23.43 23.87 24.34

III 21
GRC 28.32 28.90 29.80 29.01

Concrete 27.25 28.21 28.96 28.14

IV 28
GRC 30.63 30.71 33.35 31.56

Concrete 29.32 31.47 30.63 30.47

3.2. Shrinkage Experiment Results and Discussion
3.2.1. Cracking Analysis of Experimental Panels

The S0 panel was completed on 1 June 2019 and placed in an indoor environment for
shrinkage experiments. As a member made of a single material, the S0 was subjected to
free shrinkage. Three months later, cracks emerged in the S0 plate. As shown in Figure 9a,
the cracks located in the middle of the panel in a cross distribution. These phenomenon
indicated that different parts of the panel had different shrinkage and deformation. Thus,
the shrinkage stress was generated in the panel. The distribution of cracks indicated that
the shrinkage deformation in the middle of the panel was more limited, which led to the
shrinkage stress exceeding the tensile limit of the material and finally cracking. Therefore,
it was reasonable to place the strain gauge in the center of the panel (Figure 9b). At the
same time, S1 to S6 did not crack during the monitoring period, and it can be concluded
that the new GRC-PC composite wall panel met the crack resistance requirements.
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(a) (b) 

Figure 9. Cracking condition of S0 and S1: (a) S0; (b) S1.

In order to have a visual display of the shrinkage deformation of all specimens, the
strain curves of the S1 to S6 wall panels, shown in Figure 10, were plotted based on the
data collected by the strain sensor during the experimental period. Figure 10a shows the
strain of GRC layer of wall panels collected by surface strain sensor, and Figure 10b shows
the strain of PC layer of wall panels collected by embedded strain sensor. The strain curves
of S1 and S2, which represent pure GRC and pure PC panels, respectively, were used as the
standard free shrinkage curves for the material. The other wall panels were classified in
terms of environment and type of interface, and each set of strain curves was compared
with the standard free shrinkage curve of the material as the crack resistance curve. The
analysis was judged by the degree of adaptability, i.e., the more closely the crack resistance
curve fit the standard free shrinkage curve of the material, the closer was the shrinkage of
the corresponding composite wall panel to the standard free shrinkage, the lower was the
resulting shrinkage stress, and the lower was the likelihood of panel cracking. Table 6 lists
the maximum strain values of each group of wall panels.

  
(a) (b) 

Figure 10. Strain curve of wall panels: (a) Strain curve of GRC layer for each panel; (b) strain curve of PC layer for each panel.

215



Crystals 2021, 11, 775

Table 6. Maximum strain values of the GRC and PC layers for each group of wall panels.

Number
Maximum Strain Value of

GRC (MPa)
Maximum Strain Value of

PC (MPa)

S1 988.934 × 10−6 -
S2 - 546.987 × 10−6

S3 759.234 × 10−6 441.238 × 10−6

S4 270.548 × 10−6 668.534 × 10−6

S5 490.728 × 10−6 975.871 × 10−6

S6 454.864 × 10−6 1100.23 × 10−6

3.2.2. Shrinkage Analysis of Wall Panels with Different Interface Types

Because of the significant influence of environmental factors on the shrinkage of the
composite wall panels, the shrinkage of wall panels with different types of interfaces under
two environments, indoor and outdoor, were analyzed separately. Figure 11a,b show the
strain curves of panels with different interfaces in an indoor environment. Figure 11c,d
show the strain curves of panels with different interfaces in an outdoor environment.

  
(a) (b) 

  
(c) (d) 

Figure 11. Strain curves of wall panels with different types of interfaces: (a) GRC strain curves of S1, S3, and S4; (b) PC
strain curves of S2, S3, and S4; (c) GRC strain curves of S1, S5, and S6; (d) PC strain curves of S2, S5, and S6.

As shown in Figure 11a,b, the strain values of the GRC and the PC layers of S3 and
S4 followed approximately the same strain curve trend over the monitoring duration. At
the beginning of the experiment, the concrete and the GRC materials expanded in volume

216



Crystals 2021, 11, 775

and were pulled under the effect of hydration heat. With the hydration reaction gradually
weakening until disappearing, the GRC material began to shrink, the GRC-PC strain value
decreased to a negative value, and the panel began to be under pressure. In the middle and
the later stages of the test, the strain showed a small wave change, which indicated that
the shrinkage of the GRC materials tended to be stable. By comparing the three curves,
we found that the GRC strain of the composite wall panel with a smooth interface in
the indoor environment was closer to S1 strain, whereas the PC of the composite wall
panel with a rough interface changed to S2 strain, indicating that the interface type of the
composite wall panel significantly influenced the shrinkage. From the data listed in Table 6,
we found that the shrinkage strains of the GRC material and the concrete with a smooth
interface decreased by 23% and 19%, respectively, in the indoor environment, and the
shrinkage strain of the GRC material with a rough interface decreased by 72% and that of
the concrete increased by 22%. Therefore, the use of a smooth interface is more conducive
to improving the shrinkage performance of GRC-PC composite wall panels installed in
indoor environments.

Figure 11c,d show a fluctuation in the strain curve of the composite wall panel in the
outdoor environment. This was attributed to the significant changes in the temperature
and the humidity of the outdoor environment, and the shrinkages of both the PC and
the GRC layers were significantly affected. The overall trend in the outdoor strain was
similar to that in the indoor strain: both types of layers were in a state of tension in the
early stages and began to contract under pressure as the hydration reaction diminished.
From the data listed in Table 6, we found that the shrinkage strains of the GRC material
and the concrete with a smooth interface decreased by 50% and 75%, respectively, in the
outdoor environment, and the shrinkage strain of the GRC material with a rough interface
decreased by 54% and that of concrete increased by 50%. Therefore, the use of a smooth
interface is more conducive to improving the shrinkage performance of GRC-PC composite
wall panels installed in outdoor environments.

In summary, composite wall panels with a smooth interface exhibit better shrinkage
performance in both indoor and outdoor environments. It can be concluded that the rough
PC surface increases the constraint on the GRC layer, which is not conducive to the free
shrinkage of the GRC material, and consequently, the possibility of cracking of the GRC
layer increases.

3.2.3. Shrinkage Analysis of Wall Panel under Different Environments

The composite wall panels with the same type of interface were used to compare and
analyze their shrinkage patterns in both indoor and outdoor environments.

Figure 12a,b show the strain curves of the composite wall panel with a smooth interface
in different environments. Figure 12c,d show the strain curves of the composite wall panel
with a rough interface in indoor and outdoor environments. Figure 10a shows a similar
overall trend in the GRC strains of S1, S3, and S5, with the GRC shrinkage strain of S3
being significantly lower than that of S5. Figure 12b shows that the strain curves of S2,
S3, and S5 followed a similar trend in the early stage, whereas the S5 curve exhibited a
downtrend in the later stage. The range of variation in the PC shrinkage strains for S2
and S3 was roughly similar, and the maximum shrinkage strains of PC for S2 and S3 were
significantly less than those for S5. From the data listed in Table 6, the shrinkage strain of
the GRC was reduced by 23% and 50%, whereas the shrinkage strain of the PC was reduced
by 19% and increased by 75% for the composite wall panels with a smooth interface in
indoor and outdoor environments, respectively. It can be concluded that, compared with
the indoor environment, the GRC-PC panel with a smooth interface has a wider variation
range of shrinkage strain in the outdoor environment. It was proven that the shrinkage of
composite wall panels is significantly affected by the temperature.
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(a) (b) 

  
(c) (d) 

Figure 12. Strain curves for wall panels in different environments: (a) GRC strain curves of S1, S3, and S5; (b) PC strain
curves of S2, S3, and S5; (c) GRC strain curves of S1, S4, and S6; (d) PC strain curves of S2, S4, and S6.

Figure 12c shows that the strain of S6 gradually increased, whereas that of S4 did
not change significantly, and the shrinkage strains of both S4 and S6 were lower than
that of S1. Figure 12d shows that S2, S4, and S6 had similar stress change trends in the
early stages, and the stress change in S6 was greater than those in S2 and S4 in the later
stages because of the significant change in the outdoor temperature. From the data listed
in Table 6, we found that the shrinkage strain of the GRC was reduced by 72% and 54%,
whereas the shrinkage strain of the PC was increased by 22% and 101% for the composite
wall panels with a rough interface in indoor and outdoor environments, respectively. It
can be concluded that, compared with the indoor environment, the GRC-PC with a rough
interface has a wider variation range of shrinkage strain in the outdoor environment.

In summary, the shrinkage deformation degree of GRC-PC composite wall panels
with two types of interfaces is greater in the outdoor environment than in the indoor
environment. Although the GRC-PC has a greater shrinkage strain amplitude in a relatively
harsh outdoor environment than in an indoor environment with suitable temperature and
humidity, there was no sharp increase or decrease in the strain value due to component
cracking, which indicates that the cracking resistance of the GRC-PC composite wall panel
made of the new GRC material meets the requirements of the outdoor environment.

218



Crystals 2021, 11, 775

4. Conclusions

This research investigated the crack resistance and the facade effect of the GRC-PC
integrated composite wall panels under different environments through an experimental
research. The following conclusions can be drawn.

(1) According to the experimental results of S0, the cracks of wall panels are concen-
trated in the center position, where the shrinkage stress value is also the largest. In addition,
fiber is an indispensable material to improve the crack resistance of GRC by comparing the
cracks of S0 and S1.

(2) By studying the shrinkage performance of GRC-PC composite wall panels with
different types of interfaces, we can conclude that the shrinkage deformation amplitude of
the composite wall panel with a smooth interface is lower than that of the composite wall
panel with a rough interface in both indoor and outdoor environments. The strain law of
pure GRC and PC panels indicates that the processing method with the smooth interface is
more beneficial to the crack resistance of composite wall panels in practice.

(3) The shrinkage deformation amplitude of GRC-PC composite wall panels with
two types of interfaces was found to be greater outdoors than indoors. The shrinkage
strain of the composite wall panels in the outdoor environment was in line with the free
shrinkage law of the material, and no cracking occurred in any of the wall panels during
the monitoring period, indicating that the crack resistance of the GRC-PC composite wall
panels can be ensured in both indoor and outdoor environments.

GRC-PC insulation composite wall panel is a new type of prefabricated wall which
can greatly reduce pollution, shorten the construction period, and improve the construction
efficiency. The research in this paper provides an experimental basis for the large-scale
application of the wall panel.

Due to the complexity of materials and the uncertainty of environmental changes, this
paper was not able to find a reasonable and reliable finite element analysis model for the
finite element analytical method, which is the research direction of future research.
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Abstract: This article proposes hybrid fiber-reinforced concrete (HFRC) mixed with polyvinyl alcohol
fiber (PVA) and polypropylene steel fiber (FST) as a wall construction material to improve the bearing
capacity and durability of frozen shaft lining structures in deep alluvium. According to the stress
characteristics and engineering environment of the frozen shaft lining, the strength, impermeability,
freeze–thaw damage, and corrosion resistance are taken as the evaluation and control indexes. The
C60 concrete commonly used in freezing shaft lining is selected as the reference group. Compared
to the reference group, the test results show that the compressive strength of HFRC is similar to
that of the reference concrete, but its splitting tensile strength and flexural strength are higher;
according to the strength test, the optimum mixed content of 1.092 kg/m3 PVA and 5 kg/m3 FST
are obtained. According to the impermeability test results, the mixing of PVA and FST can improve
the impermeability resistance of concrete. For the freeze–thaw cycle test results, the mixing of PVA
and FST can improve the frost resistance of concrete; based on the 120 days sulfate corrosion test, the
mixing of PVA and FST will improve the corrosion resistance of concrete.

Keywords: freezing shaft sinking; shaft lining structure; uneven pressure; hybrid fiber-reinforced
concrete; durability

1. Introduction

In coal mining, the vertical shaft is an important channel for moving personnel up
and down, ventilation, drainage, and coal lifting [1–3], and its supporting structure is
called the shaft lining structure [4,5]. When a newly established shaft passes through
deep alluvium, it needs to be constructed by a special drilling method. Freezing shaft
sinking has the advantages of strong construction adaptability, flexible supporting structure,
and fast completion speed; therefore, it has become the main method of construction in
China [6–8]. In order to resist strong external loads, high-strength concrete is usually
selected as the building material for walls in the structural design of frozen shaft lining
in deep alluvium, and the outer shaft wall is required to have the characteristics of early
strength [9,10]. With the increase in the depth of the well construction, the thickness of the
inner and outer sidewalls of the deep alluvium shaft is greatly increased, the hydration
heat generated during the pouring of the shaft is high, and the environmental temperature
varies greatly during construction, so the high-strength concrete of the shaft lining easily
produces temperature cracks [11]. Especially in the method of shaft sinking by freezing in
deep alluvium, the freezing pressure on the outer wall of the shaft is obviously unevenly
distributed, due to the uneven distribution of the saline flow at the freezing hole deviation,
which is extremely adverse to the force on the shaft lining and can easily cause the tensile
failure of the high-strength concrete [12,13]. Figure 1 shows the cracks of high-strength
concrete in shaft lining.

Frozen shaft lining concrete in deep alluvium has been used under a harsh engineering
environment for a long time [14–16]. In addition to bearing loads, such as high ground
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pressure and freezing pressure, the built shaft was also faced with problems, such as water
seepage, freezing, and thawing, and the erosion of harmful ions in groundwater [17–20].
Traditional high strength concrete has obvious deficiencies in impermeability, frost resis-
tance, and corrosion resistance, which is difficult to be applied to such formation conditions
as deep alluvium. Therefore, scholars have carried out a series of studies on the durability
of shaft lining concrete. In order to solve the problems of many cracks and serious water
seepage caused by thermal stress, Yang, L. et al. [21] prepared excellent concrete as a build-
ing material for walls by adding hybrid fiber and an expansive agent, and impermeability,
crack resistance, and microscopic tests were carried out. The results show that it can solve
the problems of shaft lining cracking and water seepage. Zhao, X. M. et al. [22] carried out
the study on the frost resistance of fiber reinforced concrete and found that the incorpora-
tion of hybrid fiber could improve the compressive strength of concrete after freeze–thaw
cycles and reduce the mass loss rate. Yang, D. et al. [23] carried out dry–wet cycle corrosion
tests on concrete cube specimens at different corrosion periods. The results show that the
splitting tensile strength of concrete decreases continuously with the increase in corrosion
depth. Hou, Y. F. et al. [24] analyzed the evolution of concrete corrosion depth by means
of ultrasonic testing and microstructure observation, and discussed the factors causing
shaft lining concrete corrosion. Liu, J. H. et al. [25] studied the mechanical properties of
polypropylene steel fiber-reinforced shaft lining concrete under the coupling action of
early stress and negative temperature through a self-made test device, and concluded that
concrete’s load-bearing capacity and Cl−1 corrosion resistance were improved.

Figure 1. The cracks of high-strength concrete in shaft lining: (a) Temperature cracks caused by
temperature stress; (b) Rupture cracks caused by uneven freezing pressure.

Based on the above analysis, in this research, experimental studies on the static
properties and durability of hybrid fiber-reinforced concrete were carried out to improve
the bearing capacity and durability of a frozen shaft lining structure in deep alluvium,
based on the frozen wall, Polyvinyl alcohol fiber and polypropylene steel fiber were added
to commonly used C60 high-strength concrete to create a high-performance hybrid fiber
concrete as a building material for the wall. The research results can provide a scientific
basis for engineering applications.

2. Preparation of Hybrid Fiber-Reinforced Concrete for Shaft Lining

2.1. Raw Materials

This study used P.O52.5R cement, which was produced by the Fengyang Conch
Cement Plant. The main parameters are shown in Table 1. The coarse aggregate was
continuously graded basalt gravel with a 5~20 millimeter particle size; the crushability
index was 6.7%, and the mud content was detected before the test to meet the requirements
of the specification. The fine aggregate was natural river sand with a mud content of less
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than 1.6%, which belongs to medium and coarse sand. The fineness modulus is shown
in Table 2. Slag powder and silica fume were selected as the mineral admixtures; The
slag powder (Anhui Qingya Building Material Co., Ltd., Huainan, China) had a specific
surface area greater than 350 m2/kg; The silica fume (Shanxi Dongyi Ferroalloy Factory,
Shanxi, China) had a specific surface area greater than 18,000 m2/kg; Table 3 summarizes
the mineral composition of the admixture. Moreover, a high-efficiency NF water-reducing
agent was used, and its main properties are presented in Table 4. The fiber materials
used were polyvinyl alcohol fiber (PVA) and polypropylene steel fiber (FST). Their basic
performance parameters are shown in Table 5, and the physical appearance is shown in
Figure 2.

Table 1. Main performance parameters of P.O52.5R cement.

Cement
Type

Stability

Setting Time
(min)

Flexural Strength
(MPa)

Compressive Strength
(MPa)

Initial
setting

Final
setting

3d 28d 3d 28d

P.O 52.5R Qualified 120 280 7.2 10.9 34.5 57.8

Table 2. Fineness modulus of sand.

Square Screen Size
(mm)

Remaining Percentage of
Screen (%)

Cumulative Sieve
Residual Percentage (%)

4.75 1.3 1.3
2.36 11.0 12.3
1.18 13.1 25.4
0.6 26.5 51.9
0.3 41.8 93.7

0.15 3.8 97.5
Amount at the bottom of the screen 2.5 100.0

Total 100.0 100.0
Fineness modulus 2.934

Table 3. Mineral composition of admixture.

Admixtures
Component (%)

SiO2 Al2O3 Fe2O3 CaO MgO SiO2 SO3

Slag powder 32.41 9.99 1.50 40.32 6.86 32.41 2.51
Silicon powder 93.60 0.78 0.65 0.82 1.30 93.60 0.10

Table 4. Properties of water reducer.

Water Reducing
Rate (%)

Color
Density
(kg/m3)

Chlorideion
Content (%)

Solid Content
(%)

21 Yellow 1410 ≤0.3 ≥90

Table 5. Basic performance parameters of fibers.

Fibers Length (mm)
Elastic

Modulus (GPa)
Elongation

(%)
Density
(g·cm−3)

Tensile
Strength (MPa)

FSTF 50 5 24 0.91 570
PVAF 18 39 6.9 1.30 1830

223



Crystals 2021, 11, 725

Figure 2. Appearance of fibers: (a) FSTF; (b) PVAF.

2.2. Test Mix Ratio

In order to better resist the effect of uneven freezing pressure, based on C60 high-
strength concrete commonly used in freezing walls, a high-performance hybrid fiber
concrete was prepared with the addition of PVA fiber and FST fiber. The PVA content
and FST content were selected as the two influencing factors of the orthogonal test, and
three levels were set for each factor. The PVA fiber content levels were set to 0.728 kg/m3,
1.092 kg/m3, and 1.456 kg/m3; FST fiber content levels were set to 4.0 kg/m3, 5.0 kg/m3,
and 6.0 kg/m3. At the same time, another group of reference concrete was set as the
control group, resulting in 10 groups of tests in total. The reference mix ratio of the C60
high-strength concrete is shown in Table 6.

Table 6. The reference mix ratio of the C60 high-strength concrete.

Strength
Grade

Water/Binder
Ratio

Cement
(kg·m−3)

Admixtures
(kg·m−3)

Stone
(kg·m−3)

Sand
(kg·m−3)

Water
(kg·m−3)

C60 0.28 410 130 1121.5 630.8 151.2

Annotation: Admixtures = Slag powder (102.12 kg·m−3), Silicon powder (20.5 kg·m−3), NF (7.38 kg·m−3).

2.3. Preparation and Curing of Specimens

Firstly, after weighing, the gravel and sand were poured into a mixer for dry mixing
for 2 min; then, cement and admixture were added, and the dry mixing was continued for
2 min; Secondly, the fiber was evenly added in batches, and then stirred for 2 min; Finally,
water was added to the mixture quickly followed by slow wet mixing for 2 min.

The slump of the mixture was measured during mixing to evaluate the influence of
the hybrid fiber on the fluidity of the concrete. Then, the concrete mixture was poured into
a test mold and transported to a shaking table for vibration. The mixture was added or
removed according to the situation during the vibration process. It was placed on indoor
flat ground for natural curing for 24 h, and the mold was then removed accordingly. After
numbering, it was transported to a standard curing box (temperature 20 ± 2 ◦C; relative
humidity 97%) to the age.

2.4. Test Results and Analysis

The specimens were taken out after standard curing for 28 days, and cube compression,
splitting tensile, and flexural strength tests were carried out. A CSS-YAW3000 electro-
hydraulic servo press was adopted to determine the loading method and rate according
to the relevant provisions of CECS13-2009 [26]. Cube specimens of 100 mm × 100 mm
× 100 mm were selected for the compression and splitting tensile strength tests, and the
results were multiplied by size conversion coefficients of 0.95 and 0.85, respectively. The
orthogonal test results are shown in Table 7.
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Table 7. Orthogonal test results.

Specimen
Concrete

Type
PVA

(kg·m−3)
FST

(kg·m−3)
Slump
(mm)

CS (MPa)
Maximum
Error Rate
of CS (%)

TS (MPa)
Maximum
Error Rate
of TS (%)

FS (MPa)
Maximum
Error Rate
of FS (%)

J-1 Reference
concrete 0 0 195 72.4 5.6 4.54 4.3 6.34 5.9

H-1

Hybrid
fiber

concrete

0.728 5 178 72.0 6.4 5.55 5.1 7.12 6.8
H-2 1.456 4 165 69.5 4.5 5.31 5.6 6.98 5.2
H-3 1.092 5 178 74.6 5.2 6.01 5.8 7.96 6.3
H-4 1.092 6 174 71.5 7.1 5.25 6.9 7.01 5.7
H-5 0.728 6 185 71.1 4.9 5.22 4.2 6.94 6.1
H-6 1.092 4 182 70.9 5.6 5.16 6.3 6.89 5.8
H-7 0.728 4 187 70.5 6.7 5.58 5.5 7.28 4.9
H-8 1.456 5 168 69.6 4.2 5.97 4.7 7.87 5.8
H-9 1.456 6 160 68.4 3.9 5.32 4.4 7.06 4.7

Annotation: CS = Compressive strength, TS = Splitting tensile strength, FS = Flexural strength.

As shown in Table 7, the fluidity of the hybrid fiber concrete is significantly lower than
that of the reference group, and the greater the fiber content is, the greater the decrease is.
At the maximum content level, the slump is only 160 mm, which is 35 mm lower than that
of the reference group; therefore, the amount of hybrid fiber should not be too high, as
otherwise, it is difficult to meet the working performance requirements of concrete. The
test results of each group show that the compressive strength of the hybrid fiber group is
the same as that of the reference group, with an increase of –5.5~3.0%, while the splitting
tensile strength and flexural strength are significantly increased compared with those of the
reference group, with a maximum increase of 32.4% and 25.6%, respectively. The failure
patterns of each group of specimens are shown in Figures 3–5.

Figure 3. Comparison of compression failure modes of specimens: (a) Reference group; (b) hybrid
fiber group.

The comparison of the compressive failure patterns of the specimens in Figure 3,
shows that the base concrete was completely crushed, and the fragments fell off, showing
the characteristics of brittle failure, while the hybrid fiber-reinforced concrete specimen
remained intact and did not break down; only the outer surface was slightly raised and
several vertical cracks appeared, similar to hoop failure in the circumferential direction. As
can be seen from the comparison of the splitting and tensile failure modes of the specimens
in Figure 4, the reference concrete was directly split into two along the center line, while the
hybrid fiber-reinforced concrete had vertical cracks along the center line, and the bridging
fiber could be seen at the crack section. As shown in Figure 5, flexural strength test, the
reference group concrete was directly broken, while the hybrid fiber group showed failure
cracks. Thus, hybrid fiber can improve the brittleness of concrete during failure, make it
show ductility; and effectively improve the crack resistance of concrete. The analysis shows
that PVA fiber has good crack resistance in the early stage, and FST fiber can inhibit crack
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expansion in the late stage. When the two fibers are mixed, they show a positive hybrid
effect, improving toughness, crack resistance, and deformation constraint. Meanwhile,
based on the range analysis of the test results in Table 7, obtained using the SPSS software,
it was found that the optimal contents of the two kinds of fibers in this experiment were
1.092 kg/m3 PVA fiber and 5 kg/m3 FST fiber, which was determined to be the fiber content
of the shaft lining hybrid fiber concrete to be prepared.

Figure 4. Comparison of splitting failure modes of specimens: (a) Reference group; (b) hybrid
fiber group.

Figure 5. Comparison of flexural failure modes of specimens: (a) Reference group; (b) hybrid
fiber group.

3. Durability Test of Shaft Lining Hybrid Fiber-Reinforced Concrete

As the supporting structure of the shaft, the shaft lining will be affected by high-
pressure groundwater after the freezing wall is thawed [27,28]. Therefore, the imperme-
ability of high-performance shaft lining concrete must meet certain requirements. The
design life of the shaft is usually more than 50 years, and a large number of SO4

2− and
Cl1− are gathered in soil and groundwater in many areas, and the shaft often suffered
from freeze–thaw action, so the harsh working environment and long service life put
forward higher requirements for the durability of wall material [29,30]. At present, there
is a significant amount of research on the durability of fiber-reinforced concrete, but little
work on the durability of hybrid fiber-reinforced shaft lining concrete. Therefore, to make
the prepared hybrid fiber-reinforced concrete of shaft lining better applied in engineering
practice, the durability experiment on shaft lining concrete of reference group and hybrid
fiber group was carried out by taking C60 high-strength concrete as the object.
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3.1. Impermeability Test
3.1.1. Experimental Design

The ability of concrete to resist seepage under the action of water pressure is called
impermeability, which is an important index that reflects the durability of concrete. Based
on the GBJ82-2009 [31] specification, a water penetration test was carried out using the
penetration height method. A digital display automatic adjusting concrete impervious
meter was selected as the measuring device. Additionally, Φ 175 × 185 × 150 cylindrical
specimens were selected, with six pieces in each group. The test was carried out after
28 days of standard maintenance of the specimens, and the loading device is shown in
Figure 6.

Figure 6. Impermeable loading device.

Considering that shaft lining structures are subjected to high underground water
pressure in engineering practice, 3.6 MPa was selected to stabilize water pressure, and the
following measures were taken during the impermeability test.

1. After the maintenance of specimens was completed, the surface of each specimen was
polished to remove the influence of surface floating slurry.

2. Paraffin was heated and melted in a shallow dish, and then, a layer of paraffin with a
thickness of about 1.5 mm was applied around the specimen to seal the water.

3. The cylindrical paraffin-wrapped specimen was placed into a preheated metal sleeve
die; and left to sink slowly, and then pressed to level with the bottom of the sleeve die.

4. After cooling, the specimens were installed in turn, the fixing screws were tightened;
and the parameters of the antipermeability meter were adjusted. The loading was
set as follows: Upper limit of 4 MPa, lower limit of 3.6 MPa; and the pressure was
continuously stabilized for 24 h.

5. After the test was completed, the sleeve mold was removed, and a press was used
to demold and split the specimen to observe the section. Ten measuring points were
taken from each specimen, and the water seepage height at each point was measured.
A flow chart of the operation steps is shown in Figure 7.
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Figure 7. Process chart of impermeability test. (a) Sample grinding; (b) Sample sealing wax;
(c) Sample installation; (d) impermeability test; (e) Take out the sample; (f) Split specimen.

3.1.2. Test Results and Analysis

After measuring the seepage height of the concrete, the relative permeability coefficient
of the concrete was calculated using Formula (1).

Kr =
αD2

m
2TH

(1)

where Kr is the relative permeability coefficient of concrete, α is the water absorption
of concrete (0.03), Dm is the average seepage height of concrete (mm), T is the constant
pressure time (h), and H is the water column height corresponding to the water pressure
(1 MPa corresponds to 100 m water column height).

Table 8 shows the average height of water seepage and the calculated relative per-
meability coefficient of the two groups of specimens after 24 h of pressure stabilization at
3.6 MPa water pressure. It can be seen from Table 8 and Figure 8 that the water seepage
height of the two groups of specimens was not large, which indicates that impermeability
of both specimen groups is good and meets the impermeability requirements of high-
performance concrete. This is mainly because the water–binder ratio is relatively low; at
the same time, in the admixture, the slag and silicon powder generated hydration products
to improve the compactness of concrete and reduce the number of pores. In addition, the
average water permeability height and relative permeability coefficient of the concrete in
the hybrid fiber group were significantly lower than those in the reference group, and the
average water permeability height was 31.7% lower than that in the reference group. Com-
pared with the reference group, the relative permeability coefficient decreased by 53.3%.
This shows that the incorporation of hybrid fiber can further improve the impermeability
of concrete.

Table 8. Concrete impermeability test results.

Specimen Groups
Water Penetration Height (cm)

Average Value
Relative Permeability
Coefficient (10−7cm/h)1 2 3 4 5 6

Reference group 2.02 1.81 1.53 1.87 1.82 1.75 1.80 0.563
Hybrid fiber group 1.15 0.96 1.34 1.25 1.42 1.27 1.23 0.263
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Figure 8. Concrete seepage height chart: (a) Reference group; (b) hybrid fiber group.

3.2. Freeze–Thaw Resistance Cycle Test
3.2.1. Experimental Design

Freezing resistance capacity is another important indicator reflecting the durability
of concrete. Considering the particularity of the environment in which the structure of a
frozen shaft is located, the concrete of the shaft lining should meet certain requirements
of freezing resistance [32,33]. The TEST-1000 high and low temperature TEST chamber
was selected, and the temperature control range can reach −60 ◦C~+150 ◦C. As shown in
Figure 9, small cube specimens with a side length of 100 mm were selected for the test. The
slow freezing method was adopted to first maintain the specimens in the curing box and
then in the water tank. At this time, the water surface temperature no lower than that of
the surface of the specimens, and then, they were placed in the test box for freeze–thaw
cycle testing. The specimens were frozen at −15 ◦C for 4 h and then melted in a 20 ◦C
water tank for 6 h. After freezing and thawing, it was regarded as a freeze–thaw cycle.

Figure 9. Freeze–thaw cycle test device.

In this test, the freezing resistance of the C60 benchmark group specimens and those
in the hybrid fiber group was studied. The number of freeze–thaw cycles were set as 25, 50,
75, and 100, with three specimens in each freeze–thaw cycle.

3.2.2. Test Results and Analysis

The mass loss rate of concrete specimens was calculated using the following formulas.

Δmni =
m0i − mni

m0i
× 100% (2)
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Δmn =
∑3

i Δmni

3
× 100% (3)

where Δmni stands for the mass loss rate of the ith specimen after n(n = 0, 25, 50, 75, and
100) freeze–thaw cycles, m0i stands for the mass of the ith specimen before the freeze–thaw
cycle mni stands for the mass of the ith specimen after n freeze–thaw cycles, and Δmn
stands for the average mass loss rate of each group of specimens after n freeze–thaw cycles
(the mass decreases when Δmn > 0; and increases when Δmn < 0).

The results of mass loss are shown in Table 9.

Table 9. Concrete mass loss results after freeze–thaw cycles (%).

Specimen Groups
Number of Freeze–Thaw Cycles (Times)

0 25 50 75 100

Reference group 0 –0.10 –0.16 0.02 0.23
Hybrid fiber group 0 –0.04 –0.06 –0.02 0.05

Meanwhile, the relationship of concrete compressive strength and mass loss rate with
the number of freeze–thaw cycles were drawn, as shown in Figure 10.

Figure 10. Relation chart of compressive strength and mass loss factors with the number of freeze–
thaw cycles.

It can be seen from Figure 10 that the mass loss rate of concrete showed a negative
value in the early stage and changed slowly, that is, the mass increased slowly. After 75
freeze–thaw cycles, the concrete surface began to shed mud, thus reducing the mass, and
the change speed of the specimen mass accelerated. The mass loss in the hybrid fiber
group was not significant during the whole freeze–thaw test period, and the mass loss rate
after 100 freeze–thaw cycles was 78.3% lower than that of the reference group. With the
increase in the number of freeze–thaw cycles, the compressive strength of the two groups
of specimens continued to decrease slowly, and the specimens remained in a high–strength
state after 100 freeze–thaw cycles. The strength loss rates of the reference group after 25,
50, 75, and 100 cycles were 1.56%, 3.13%, 4.98%, and 8.11%, respectively, and those of the
hybrid fiber group were 0.83%, 1.80%, 3.46%, and 5.54%, respectively. The strength loss
rate of the hybrid fiber group was 0.73%, 1.33%, 1.52%, and 2.57% lower than that of the
reference group, respectively. This can be explained by the fact that the mixture of FST
fiber and PVA fiber has a positive hybrid effect, which can effectively reduce the number of
micropores in the matrix and improve the antispalling ability of the concrete. Therefore, it
can be seen that the incorporation of hybrid fiber can effectively reduce the strength loss of
concrete after freeze–thaw cycles and improve the frost resistance of concrete.

A morphological comparison of each group of specimens after 100 freeze–thaw cycles
is shown in Figure 11. Many gullies appeared on the surface of the reference concrete
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group, especially in the corner zone, which is more serious. This is because the concrete
freeze–thaw damage generally starts with the spalling of the surface cement mortar, when
the deterioration of the reference concrete has already begun. On the contrary, the surface
of the hybrid fiber concrete was relatively intact, which indicates that the PVA-FST fiber
hybrid can effectively reduce the spalling of concrete subjected to freezing and thawing.

Figure 11. Contrast of morphology of concrete after 100 freeze–thaw cycles: (a) Reference group; (b)
hybrid fiber group.

3.3. Sulfate Corrosion Resistance Test
3.3.1. Experimental Design

In addition to bearing complex loads, the shaft lining structure in a long-term deep
formation environment is also affected by various harmful corrosive substances gathered in
soil and water, among which sulfate is a typical one [34,35]. A long-term immersion method
was adopted in this sulfate corrosion resistance test. In order to accelerate corrosion, a 10%
NaSO4 solution with mass concentration was selected as the immersion solution, which
was prepared from anhydrous sodium sulfate and tap water. And the specimens were
soaked in NaSO4 solution after curing, and the soaking time was set as 30d, 60d, 90d, and
120d. In order to ensure that the concentration of the solution was not reduced by crystal
precipitation and water evaporation, the solution was replaced regularly (every 30 days
in this test). After reaching the expected soaking time, the specimens were washed and
wiped dry, and then, the mass loss and strength loss were measured.

3.3.2. Test Results and Analysis

In order to analyze the mass change of concrete after sulfate corrosion, the mass
change factor S was defined, and the expression is as follows:

S =
mt − m0

m0
× 100% (4)

where S is the mass variation factor (the mass increases when S > 0, and decreases when
S < 0), mt is the mass of the specimen after tage corrosion, and m0 is the mass of the
uncorroded specimen.

The results of concrete mass change are shown in Table 10.
Table 10 shows that with the increase in corrosion exposure time, the change factor

of concrete mass increases at first and then decreases as the concrete reacts with NaSO4
solution and gradually generates ettringite, gypsum, and other corrosive substances in the
initial stage of corrosion [36]. At the same time, some salt crystals invade the specimen
and fill the micropores inside the concrete, thus improving the density and mass of the
specimen. As the corrosion continues, the filling material inside the specimen continues
to accumulate and expand, which destroys the pore structure, produces microcracks and
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gradually expands; and is accompanied by exfoliation of the epidermis, which finally leads
to an increase in the number of cracks and easier invasion of harmful erosion materials; the
corrosion is also more serious.

Table 10. Mass change factors of specimens at different corrosion exposure (%).

Specimen Groups
Corrosion Exposure Time (d)

0 30 60 90 120

Reference group 0 0.17 0.41 0.56 0.32
Hybrid fiber group 0 0.08 0.24 0.31 0.14

Additionally, compressive strength tests were carried out on the specimens soaked
for various periods of time, and the test results at different exposure times are shown in
Table 11.

Table 11. Results of compressive strength after sulfate corrosion (MPa).

Specimen Groups
Corrosion Exposure Time (d)

0 30 60 90 120

Reference group 70.3 72.3 76.1 73.4 68.5
Hybrid fiber group 72.2 74.1 77.2 77.6 73.7

As shown in Table 11, when the corrosion exposure time were 30d, 60d, 90d, and 120d,
the strong growth rates of the specimens in the reference group and the hybrid fiber group
were 2.8%, 8.3%, 4.4%, and –2.6%, and 2.6%, 6.9%, 7.5%, and 2.1%, respectively. After
120d of corrosion, the strength of the reference group specimens decreased by 2.6%, while
the strength of the hybrid fiber group specimens was still in the growth stage, and the
strength was 1.076 times that of the reference group, which indicated that the hybrid fiber
could effectively slow down the strength loss of concrete after sulfate corrosion. In order
to analyze the relationship between the change factors of the compressive strength and
mass of concrete specimens and the change in corrosion exposure time more intuitively, the
results in Tables 10 and 11 were drawn into a double-Y-axis, columnar-broken line diagram,
as shown in Figure 12.

As can be seen from Figure 12, the mass factor of concrete increased rapidly after
30 days of corrosion exposure time, which involved the process of the filling and com-
paction of erosive materials in the first stage, but this process obviously slowed down after
60 days. This is mainly due to the increase in expansion stress in the specimen, resulting
in the generation and expansion of microcracks, and the decline in mass along with the
shedding of the outer skin and cement mortar, and the corrosion of concrete intensified,
due to the increase in cracks. Meanwhile, the compaction process of erosive material filling
continued; therefore, the mass change factor of concrete still shows an increasing trend, but
the rate decreases obviously. At 90d of corrosion, the mass variation factor of concrete in
each group reached the maximum value, and at this time, the mass variation factor of con-
crete in the hybrid fiber group was 44.6% lower than that in the reference group. However,
after 90d of corrosion, the deterioration cracking and shedding process intensified, and the
mass variation factor of concrete decreased sharply. When the corrosion exposure time was
120 days, the mass variation factors of the two groups of concrete were still positive. How-
ever, if the trend is developed, the mass of the two groups of concrete will decrease sharply
when the corrosion exposure time is further increased. The compressive strength of the
specimens in each group increased first and then decreased with the increase in corrosion
exposure time. The initial decrease in compressive strength in the reference group occurred
after corrosion for 60 days, while that in the hybrid fiber group occurred after 90 days. This
is because the erosive material invades and fills the concrete, the number of pores in the
matrix is reduced, the compactness is increased, and the strength is also improved to a
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certain extent. With continuous corrosion, the filling material in the matrix continues to
accumulate and expand, and the expansion stress increases continuously, which eventually
exceeds the tensile strength of the concrete, resulting in internal deterioration and cracking,
and the pressure-bearing capacity is also reduced. The hybrid fiber can improve the tensile
capacity of the matrix, hinder the expansion of cracks and increase the compactness of the
concrete; therefore, it slows down the rate of corrosion deterioration to a certain extent.

Figure 12. Relation chart of compressive strength and mass change factor with corrosion.

Overall, after 120 days of sulfate corrosion, there was no obvious mass loss in the
reference group and hybrid fiber group, and the compressive strength of the hybrid fiber-
reinforced concrete did not decrease but rather even slightly improved. Additionally, the
apparent integrity of specimen morphology was relatively high, while the concrete of
reference group has obvious surface spalling, as shown in Figure 13. Therefore, the hybrid
fiber concrete has good corrosion resistance.

Figure 13. Appearance of specimens after 120 d immersion: (a) Reference group; (b) hybrid
fiber group.

4. Discussion

In this research, according to the static mechanical test, we can see that the flexu-
ral strength and splitting tensile strength of the hybrid fiber concrete were significantly
higher than those of the reference group, because the bridging effect of the hybrid fiber
improves the bond strength between the matrix and the fiber, and hinders the expansion
of microcracks and macro cracks in the concrete. This is consistent with the discussion of
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the strength mechanism of steel fiber reinforced concrete by Liu, J. H. et al. [25]. In the
durability test, various properties of the hybrid fiber concrete group were better than those
of the reference group. This can be explained by the fact that the mixture of FST fiber
and PVA fiber has a positive hybrid effect, which can effectively reduce the number of
micropores in the matrix and improves the compactness of concrete so as to resist water
pressure penetration, improve the freeze–thaw resistance of concrete, and slow down the
speed of sulfate corrosion cracking [21,22]. Therefore, the hybrid fiber concrete prepared
is an excellent wall building material for the shaft, which can be applied in engineering
practice. Unfortunately, we also acknowledge that there are some shortcomings in this
paper. For example, we failed to consider the performance of hybrid fiber concrete under
the combined action of freeze–thaw cycles and sulfate. Additionally, we can increase
the number of freeze–thaw cycles and extend the exposure time of corrosion tests in the
subsequent studies to achieve better test results.

5. Conclusions

In order to improve the bearing capacity and durability of frozen shaft lining structures
in deep alluvium, experimental studies on the static properties and durability of hybrid
fiber-reinforced concrete were carried out. The static mechanical properties, impermeability,
frost resistance, and corrosion resistance of hybrid fiber concrete were studied, and the
conclusions are as follows:

1. Under the design strength of C60, the compressive strength of the hybrid fiber group
was the same as that of the reference group, with an increase of −5.5~3.0%, while the
splitting tensile strength and flexural strength were significantly higher than those of
the reference group, with a maximum increase of 32.4% and 25.6%, respectively. At
the same time, the optimum content of hybrid fiber in this experiment was determined
as 1.092 kg/m3 PVA fiber and 5 kg/m3 FST fiber.

2. According to the impermeability test results, the average impermeability height and
relative permeability coefficient of the hybrid fiber concrete were reduced by 31.7%
and 53.3%, respectively, compared with the reference group, which indicates that the
hybrid fiber can significantly improve the impermeability of concrete; and enable it to
meet the impermeability requirements for frozen shaft lining concrete, which is in
accordance with the conclusion of the impermeability test of hybrid fiber conducted
by Yang, L. et al. [21].

3. Through the freeze–thaw resistance cycle test, it found that after 100 freeze–thaw
cycles, the mass loss rate and strength loss of the hybrid fiber concrete were reduced
by 78.3% and 2.57%, respectively, compared with those of the reference concrete,
which is similar to the results of the freeze–thaw test of fiber-reinforced concrete
carried out by Zhao, X. M. et al. [22]. Additionally, the group of hybrid fiber concrete
still maintained a higher bearing capacity and a better apparent morphology, which
indicates that the hybrid fiber can improve the frost resistance of concrete.

4. According to the sulfate corrosion resistance test results, after soaking in sulfate
solution for 120 days, the mass and strength of the hybrid fiber-reinforced concrete
increased rather than decreasing; its strength still maintained a high level. It shows
that hybrid fiber-reinforced concrete has good corrosion resistance and can meet the
requirements for long-term use in harsh underground environments.
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Abstract: In the monolithic precast concrete shear-wall structure, the bonding property of cast-in-situ
joints to precast concrete walls is important to ensure the entire structural performance. Aiming
to the vertical joint of precast concrete walls, an experimental study was carried out considering
the factors including the strength of precast and joint concretes, as well as the interface processing
and casting age of precast concrete. The micro-expansion self-compacting concrete was used for
the cast-in-situ joints. The interfacial bonding strength between joint and precast concrete was
measured by splitting tensile test. Results show that the interfacial bonding strength was benefited
from the increasing strength of joint concrete and the spraying binder paste on the interface of
precast concrete, and unbenefited from the overtime storage of precast concrete. The washed rough
surface with exposed aggregates improved the interfacial bonding strength, which increased with
the increasing roughness. Based on the test results, the limits of the strength grade of joint concrete
and the roughness of washed rough surface are proposed to get the interfacial bonding strength
equivalent to the tensile strength of precast concrete. Meanwhile, the spraying of binder paste on
precast concrete is a good choice, the storage time of precast components is a better limit within
28 days.

Keywords: precast concrete wall; interfacial bonding strength; joint concrete; interface processing;
washed rough surface; roughness; storage time

1. Introduction

In recent years in China, the assembling of buildings with precast concrete structure
has become an advanced construction technology with features of green, environmental
protection and energy conservation for the building industry [1,2]. This produces an
importance to the construction process of the cast-in-situ joint which relates to the entire
performance and quality of monolithic precast concrete structure. In view of the monolithic
precast shear-wall structures, great concerns have been made on how to safely anchorage
of rebars in precast shear-walls. Methods for rebar splicing by grout-filled coupling
sleeve, slurry anchor lap joints, closed-loop anchoring and their composites have been
applied [3–6]. However, acting as the linking of the precast concrete walls together to
subject the loads and seismic actions, the bonding performance of cast-in-situ concrete
joints to precast concrete walls have not been studied sufficiently. This may affect the
deformation and energy dissipation capacity of the structure. In practice, cracks along
interfaces appear due to the weak bonding of cast-in-situ concrete to precast concrete.
This forms a weak section of monolithic precast concrete structure. Meanwhile, the map
cracking presents due to large drying shrinkage of the cast-in-situ concrete, and the cast
quality problems of spongy surface and internal voids exist due to difficult compaction in
narrow joint space.
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To achieve the design criteria of equivalent cast-in-place for precast concrete shear-wall
structures, the joint connection between precast concrete walls has been specified in China
code JGJ 1 [3]. The strength grade of precast concrete should not be less than C30, and that
of cast-in-situ concrete is better, one grade higher than precast concrete. Meanwhile, the
interface of the precast concrete wall should be roughened or treated with groove keys. If a
rough surface washed by pressure water is used, the rough area of the interface should be
larger than 80%, and the roughness should not be less than 6 mm. However, by looking
up the published literature, only a few studies were performed on the interface between
cast-in-situ joint and precast concrete component [6–9].

Coming from the same bonding mechanism of concrete to concrete, studies on the
bond of new to old concrete for the strengthening of existing concrete structures can be
referenced to find the main influencing factors [10–13]. Firstly, the factors relate to the qual-
ity of the concrete interface. The interfacial bonding strength increases with the increasing
strength of concrete, especially new concrete [10,14–16], and benefits from the spraying of
cement paste on the original surface of precast concrete [10–13,17]. Secondly, the factors
relate to the condition of the concrete interface. The roughening of old concrete surface is
necessary to further improve the bonding strength of new to old concrete [18–20]. During
the research process, several kinds of roughening methods have been applied, including
indentation with steel bars, scraping with iron combs of different-shaped saw-teeth, ar-
tificial chipping, mechanical napping, sand blasting, washing to expose aggregates with
pressure water, groove keys and rough formwork. This makes the interface zigzag with
concrete protuberances or turns into a zone with certain thickness composited by the cohe-
sive layer of binder paste and the permeable layer of interaction [13,17,21]. The bonding
strength increases with the increase in the roughness of the old concrete. Comparatively,
the best effect can be obtained with an exposed aggregate surface and mechanical napping
surface [7–9,22–24]. Meanwhile, the interfacial bonding strength is also affected by the
degradation of surface condition depended on the environmental actions such as carbona-
tion, freezing and thawing, and chemical erosion. Even in a short time after casting (within
90 days), the bonding strength of new to old concretes decreases whatever the surface of
old concrete is processed with different methods [24–26].

Therefore, the three kinds of factors mentioned above should be considered for the
experimental study on interfacial bonding strength of cast-in-situ concrete to precast
concrete. Differing from the artificial post-roughening of existing concrete surface for
strengthening purpose, the interface roughening of precast concrete components should
be industrialized in the precast factory. Therefore, the joint surface of precast concrete is
always roughened by using the methods of mechanical napping, rough formwork, key
groove or washing to expose aggregates by pressure water [7,8]. Meanwhile, a storage time
after casting of precast concrete components is always created due to the out-of-sync of
production and installation.

To make up for the lack of systematical evaluation of the bonding rationale for cast-
in-situ joint to precast concrete walls, an experimental study was carried out in this paper.
The precast concrete specimens were prepared in strength grade of C30 and C40, the
micro-expansion self-compacting concrete was used for cast-in-situ joints in strength grade
of C30, C35, C40 and C45. Three kinds of interfaces of precast concrete were made: the
original, the closing net formed and the washed rough to expose aggregates. The interface
of washed rough to expose aggregates was made with four levels of roughness. The storage
time of precast concrete after demolding was considered at 14, 28, 56 and 90 days. The
interfacial bonding strength of joint to precast concretes was experimentally studied for
32 groups of specimens by using the splitting tensile test. Results are analyzed, and the
measures to satisfy the interfacial bonding strength equivalent to tensile strength of precast
concrete are suggested.
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2. Experimental Work

2.1. Preparation of Concretes

The cement (PC) was ordinary silicate cement of grade 42.5 produced by Henan
Xinxiang Mengdian Cement Co. Ltd., Xinxiang, China. As presented in Table 1, the
properties of cement met the specification of China code GB 175 [27]. Class-II fly ash (FA)
and ground limestone (GL) were used as mineral admixtures to improve the workability
of fresh concrete, the properties presented in Table 2 met the specification of China codes
GB/T 1596 and JGJ/T 318 [28,29]. The HEM-V expansive agent (EA) produced by Jiangsu
Subote New Materials Co. Ltd., Nanjing, China, was used for cast-in-situ joint concrete, the
properties are presented in Table 3. The chemical compositions of cement, fly ash, ground
limestone and expansive agent are presented in Table 4. LOI is the loss on ignition.

Table 1. Physical and mechanical properties of cement.

Density
(g/cm3)

Water for
Standard

Consistency (%)

Specific Surface
Area (m2/kg)

Setting Time (min)
Compressive Strength

(MPa)
Flexural Strength (MPa)

Initial Final 3d 28d 3d 28d

3.09 27 360 170 215 27.8 58.4 5.2 8.3

Table 2. Physical properties of fly ash and ground limestone.

Material
Apparent

Density (kg/m3)
Specific Surface

Area (m2/kg)
Activity Index

(%)
Water Demand

Ratio (%)
Mobility
Ratio (%)

Fineness: Residual on Sieve (%)

80 μm 45 μm

FA 2350 406 73.3 84 - 5.48 21.75

GL 2780 428 61.6 - 103 1.2 25

Table 3. Physical and mechanical properties of the expansion agent (HEM-V).

Fineness Water of
Standard

Consistency
(%)

Setting Time (min)
Restrained Expansion

Rate (%)
Compressive Strength

(MPa)

Specific Surface
Area (m2/kg)

Residual on 1.18
mm Sieve (%)

Initial Final In Water 7d In Air 21d 7d 28d

375 0.155 30 260 351 0.042 0.075 29.5 44.6

Table 4. Chemical compositions of cementitious materials (unit: %).

Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 f-Cao Na2O K2O LOI Others

PC 20.81 5.99 3.28 60.12 2.13 2.23 0.67 0.11 0.55 3.52 0.59
FA 55.92 17.31 5.91 6.95 3.82 1.93 0.26 0.48 1.96 2.63 2.83
GL 0.89 0.51 0.29 47.56 4.45 0.06 0.02 0.67 0.27 40.71 4.57
EA 3.48 9.27 1.44 42.78 0.48 27.38 6.65 0.62 0.47 5.51 1.92

The crushed limestones in continuous grading with particle size of 5–20 mm and
5–16 mm were used for precast concrete and cast-in-situ joint concrete, respectively. The
fine aggregate was manufactured sand with fineness modulus of 2.85, stone powder of
8.8% and Methylene Blue value of 1.3. The properties are presented in Table 5.

Table 5. Physical properties of crushed limestone and manufactured sand.

Particle Size
(mm)

Apparent
Density
(kg/m3)

Bulk Density
(kg/m3)

Closed-Compact
Density
(kg/m3)

Moisture
Content (%)

Water
Absorption (%)

Porosity
(%)

5~20 2730 1548 1613 0.30 1.17 42
5~16 2760 1554 1678 0.23 1.05 41
Sand 2689 1583 1726 0.6 2.0
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The water reducer was PCA-I high-performance polycarboxylic acid type with a water
reduction of 30%, which was produced by Jiangsu Subote New Materials Co. Ltd., Nanjing,
China. The mix water was tap water of Zhengzhou city.

The mix proportions of concrete were designed by the absolute volume method [30,31],
and results are presented in Table 6. The conventional concrete was used for precast con-
crete with two strength grades. The slump of fresh mixture was kept at 80–100 mm. Due to
operating in a limited narrow space for the cast-in-situ concrete of joints with disturbing of
reinforcements, the self-compacting concrete was used to ensure the compactness without
vibration. Four strength grades of self-compacting concrete were prepared with the slump
extension of fresh mixture kept at 650–750 mm [32,33]. Based on previous study, the EA
content was 10% of total weight of cementitious materials [34,35].

Table 6. Mix proportions of concrete for precast components and cast-in-situ joints.

Concrete
Water to

Binder Ratio

Dosage of Raw Materials (kg/m3)

Water Cement FA GL
Crushed

Limestone
Sand

Water
Reducer

EA

Precast
compo-
nents

0.47 175 335 37 - 1086 786 3.7 -
0.57 185 292 32 - 1060 831 3.2 -

Cast-in-
situ

joints

0.37 190 308 51 103 885 816 5.6 51.4
0.34 185 326 54 109 873 806 5.4 54.4
0.31 185 358 60 119 851 786 7.2 59. 7
0.28 185 396 66 132 816 754 7.3 66.1

2.2. Mechanical Properties of Concretes

The mechanical properties of conventional concrete and self-compacting concrete were
measured by using the test methods specified in China code GB/T50081 [36]. Six cubes
with a dimension of 150 mm, with three of them as a group, were used for each concrete to
measure the cubic compressive strength and the splitting tensile strength. Six cylinders,
with a diameter of 150 mm and height of 300 mm, with three of them as a group, were used
for each concrete to measure the axial compressive strength and the modulus of elasticity.
Tests were carried out for concretes at a curing age of 28 days. The loading speed was
controlled at 0.5 MPa/s for testing of cubic and axial compressive strengths, while that was
0.05 MPa/s for testing of splitting tensile strength.

Test results are presented in Table 7. The test values met the requirement of a corre-
sponded strength grade, and tended the common regularity increasing with the decrease
in the water to binder ratio [30,31].

Table 7. Mechanical properties of precast concrete and cast-in-situ concrete.

Concrete
Water to Binder

Ratio
Strength Grade

Cubic
Compressive

Strength (MPa)

Axial
Compressive

Strength (MPa)

Splitting Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

Precast
0.57 C30 33.1 28.7 2.38 30.5
0.47 C40 48.4 35.5 3.18 31.7

Cast-in-situ

0.37 C30 37.5 28.7 2.08 28.9
0.34 C35 43.6 30.1 2.77 30.5
0.31 C40 47.0 32.4 2.94 31.3
0.28 C45 54.7 35.7 3.71 33.3

2.3. Formation of Interface

Three kinds of interface of precast concrete were made in this study. The first was the
original surface. As exhibited in Figure 1a, the original surface was flat with some small
pores after demolding.

The second was the washed rough surface with exposed aggregates by pressure water
washing, as exhibited in Figure 1b. An agent was brushed on the interface formwork. After
demolding, the interface of concrete was washed by pressure water to expose aggregates.
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The agent produced by Henan Meilitong New Materials Co. Ltd., Zhengzhou, China, was
a water-soluble homogeneous viscous substance composited by non-toxic organic matter;
the density was 1.10 g/cm3.

Figure 1. Two kinds of interface in sectional dimension of 150 mm × 150 mm: (a) original surface; (b)
washed rough surface.

The third was a rough surface formed with a fast-ribbed closing net, which was used
as an interface formwork of precast concrete. As presented in Figure 2, the fast-ribbed
closing net is a sheet steel plate rolled from thin galvanized steel with depth of 0.2 mm and
swelling of 5 mm, which could be cut into the size used. The rough surface was formed
with concrete protuberances after demolding of the fast ribbed closing net.

Figure 2. The third interface: (a) fast-ribbed closing net cut to be 150 mm × 150 mm when used for
interface; (b) rough surface in sectional dimension of 150 mm × 150 mm.

The surface roughness of precast concrete was determined by using a sand patch
test [13,23,37]. As presented in Figure 3, the precast specimen with dry surface was placed
in a salver, and enveloped with transparent plastic sheets. The top surface of plastic sheets
was taken at the highest point of protuberances. The sand weighted as m1 was filled on
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the rough surface and finished flat by a ruler along the surface of the plastic sheet. The
residual sand scraped into the salver was weighted as m2, where the mass of patched sand
is M = m1 − m2. The roughness expressed by the average sand depth can be computed as,

y =
M
ρA

(1)

where, y is the average sand depth, mm; M is the mass of patched sand, g; ρ is the density
of sand, g/cm3; A is the sectional area of rough surface, mm2.

Figure 3. Roughness measuring of surface in sectional dimension of 150 mm × 150 mm: (a) specimen preparation; (b) fit to
plastic board; (c) sand replacement.

2.4. Preparation of Bond Specimens and Test Method

Based on previous studies, splitting tensile test is always applied for the bonding
performance of new to old concrete [12–14,22–26,38]. In this study, the splitting tensile test
was in accordance with the specification of China code GB/T50081 [36]. The composite
cubic specimens with a single interface between precast concrete and cast-in-situ concrete
was made in a dimension of 150 mm. Along sides of the interface was precast concrete and
cast-in-situ concrete, respectively. The interface was 150 mm × 150 mm. Three specimens
were made as a group.

The precast concrete in dimension of 75 mm × 150 mm × 150 mm was first cast and
cured in standard curing room at a temperature of (20 ± 2) ◦C and relative humidity of
65% for the required curing age. The interface of precast concrete was pretreated according
to the requirement. Except the six groups of precast concrete used for the research of the
effect of casting age at 14, 56 and 90 days, others were cured for 28 days. As presented
in Figure 4, the precast concrete was first placed into the cube mold, then the cast-in-situ
concrete was poured into the mold, covered by plastic after finishing smooth of surface,
and cured in a standard curing room for 28 days. Before testing, the load surface needed to
be polished for the uniform loading.

Figure 4. Main process of specimen formation: (a) precast concrete placed into module; (b) cast-in-situ concrete poured into
mold; (c) polishing load surface; (d) prepared specimens in dimension of 150 mm.
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As shown in Figure 5, the load was directly exerted along the interface section with
steel strips at bottom and top surfaces on the universal testing machine produced by
SNS Testing Machine Co. Ltd., Shanghai, China. The capacity of the testing machine
is 600 kN, and the loading speed was 0.05 MPa/s. The interfacial bonding strength is
computed as [36],

fb = 0.637
P
A

(2)

where, f b is the interfacial bonding strength, MPa; P is the peak load at failure, N; A is the
area of splitting section, mm2.

Figure 5. Loading diagram for bond strength of interface in sectional dimension of 150 mm × 150 mm.

According to the specification of China code GB/T50081 [36], test data of bonding
strength for three specimens are dealt with the following criteria: (1) The arithmetic mean
value of three test data is taken as the group strength; (2) If the difference between one of
the maximum or minimum values and the median value exceeds 15% of the median value,
the maximum and minimum values are discarded together, and the median value is taken
as the group strength; (3) If the difference between the maximum and minimum values and
the median value is over 15% of the median value, the test results of this group are invalid.

To evaluate the bond efficiency of interface, the interfacial bonding strength divided
by the tensile strength of precast concrete was defined as the equivalent coefficient of
bonding strength, that is,

βe =
fb
ft,p

(3)

where, βe is the equivalent coefficient of bonding strength; f t,p is the tensile strength of
precast concrete, MPa.

3. Analyses of Test Results

3.1. Effect of Cast-In-Situ Concrete Strength

The strength matching of cast-in-situ concrete to precast concrete was explored. The
precast concrete was fixed at strength grade of C40, the cast-in-situ concrete was changed
with strength grade of C30, C35, C40 and C45, the interface was the original surface of
precast concrete with roughness of 1.55 mm.

All specimens broke at the interface section with smooth splitting, a peeling of precast
concrete took place on the splitting section of some specimens with the original surface
of precast concrete. The entrance of binder paste into the pores of precast concrete was
observed on some splitting interface. As presented in Figure 6, the interfacial bonding
strength increased with the increasing strength of cast-in-situ concrete. This is the macro-

243



Crystals 2021, 11, 494

scopic response of the meshing forces due to the interlaced crystals formed by the hydration
of cast-in-situ concrete and precast concrete. As in previous studies [10–13,17], the hydra-
tion products Ca(OH)2, AFt and C-H-S of new concrete grow in the holes or defects of old
concrete, the skin needling of C-H-S and thinner needle-like AFt enter into the pores of
old concrete, and the unhydrated and incomplete hydration composites of old concrete
continuously hydrate in the new concrete. Due to the domination of mix proportion of
concrete to the hydration process, the microscopic effect is directly represented by the
strength of concrete in macroscopic. With the increasing strength of cast-in-situ concrete,
the binder paste was higher of strength with fewer pores adhered to the interface to im-
prove the bonding behavior of cast-in-situ concrete with precast concrete. However, the
equivalent coefficient of bonding strength βe was only 0.32~0.45. In this condition, the
bonding strength of the joint interface has a large gap to the tensile strength of precast
concrete. This could not meet the requirement of equivalent monolithic concrete [3,5].
Therefore, other measures should be adopted to improve the bonding strength.

Figure 6. Bonding strength of interface changed with different strength of cast-in-situ concrete.

3.2. Effect of Interface of Precast Concrete

In this trial of testing, the effect of interfaces of the original, the closing net formed
and the washed rough of precast concrete was examined. The roughness of the interfaces
was 1.55 mm, 5.25 mm and 6.60 mm respectively. All specimens failed in splitting at the
interface section. For specimens with closing net formed interface, some of the concrete
protuberances were scraped to expose aggregates due to the binder paste peeled off. In this
condition, except the meshing forces of interlaced crystals formed by the hydration of cast-
in-situ concrete and precast concrete, the built-in effect of precast concrete protuberances to
the cast-in-situ concrete takes part in the bond of interface [18–20]. This further promotes
the interfacial bonding strength of cast-in-situ to precast concrete.

For specimens with washed rough interface, the interlocked coarse aggregates of cast-
in-situ and precast concretes broke on the splitting section, the failure mode of interface
was similar to the splitting of monolithic concrete. In this condition, the aggregates of
cast-in-situ concrete interlocked with the aggregates exposed on the interface of precast
concrete and bonded by the binder paste into entirety. The meshing force and the interlock
force work together on the interface, which participates in the main function of enhancing
the interfacial bonding strength [13,17,21,22].

With the above interfacial bonding mechanisms, the interfacial bonding strength
increased in the order of the original interface, closing net formed interface and washed
rough interface. As presented in Table 8, compared to the specimens with original interface,
the bonding strength of specimens with closing net formed interface increased by 19.4%
and 26.5%, respectively, accompanied by a strength grade of C30 and C40 for cast-in-
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situ concrete, while that of specimens with washed rough interface increased by 87.0%
and 125.8%.

Table 8. Bonding strength of interface with different surface of precast concrete.

Surface of Precast
Concrete

Strength Grade of Concrete
f b (MPa) βe

Precast Cast-In-Situ

Original surface C40
C30 1.08 0.34
C40 1.32 0.41

Closing net formed
surface

C40
C30 1.29 0.40
C40 1.67 0.53

Washed rough surface C40
C30 2.02 0.64
C40 2.98 0.94

Meanwhile, a higher interfacial bonding strength was provided with the higher
strength of cast-in-situ concrete, whatever the interfaces of precast concrete. With the
strength grade of cast-in-situ concrete increased from C30 to C40, the increments of interfa-
cial bonding strength are 22.2%, 29.4% and 47.5% respectively corresponded to the original,
closing net formed and washed rough surfaces of precast concrete. This once again indicates
the effect of cast-in-situ concrete strength on the interfacial bonding strength [10,14–16].

In this study, an equivalent coefficient βe was 0.94 only for the specimens with washed
rough surface of precast concrete and C40 cast-in-situ concrete. This means that the washed
rough surface is optimum to enhance the interfacial bonding strength, other interfaces
were difficult to have an equivalent tensile strength of precast concrete.

3.3. Effect of Interface Adhesion Agent

Accompanied by the trials of test for specimens in Section 3.2, a parallel trial of test
was carried out on specimens with spraying adhesion agent on the surface of precast
concrete. For the specimens of this trial, the adhesion agent was sprayed on the surface of
precast concrete before cast-in-situ concrete was poured into mold. The adhesion agent
was the cement paste with the same water to binder ratio of cast-in-situ concrete, the binder
was composite of 60% cement, 20% GL, 10% FA and 10% EA. Test results of interfacial
bond strength are comparatively presented in Figure 7.

Figure 7. Comparison of bond strength of interface with or without adhesion agent: (a) C30 cast-in-situ concrete; (b) C40
cast-in-situ concrete.
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Due to only three specimens as a group for each trial, the statistical result of test data
has limitation to clarify the changes of bonding strength for interfaces with and without
spraying adhesion agent. This leads the difference of bonding strength for specimens with
and without spraying adhesion agent, which may be less than the error bar, which indicates
the dispersion of test data of a group of specimens. However, due to almost equal error bars
for specimens with and without spraying adhesion agent, the test results are comparable
between these two kinds of specimens by using the statistical results. Compared with the
specimens without spraying adhesion agent, the specimens sprayed adhesion agent had a
higher bond strength, and the more beneficial effect appeared on the interface with C30
than C40 cast-in-situ concrete. With C30 cast-in-situ concrete, the interfacial bond strength
with original, closing net formed and washed rough surfaces of precast concrete increased
by 3.7%, 13.2% and 5.9%, while that with C40 cast-in-situ concrete increased by 7.6%, 0%
and 1.0%. This indicates a favorable effect of the sprayed interface agent on the formation
of interlaced crystals in hydration of cast-in-situ concrete with adequate humidity on the
surface of precast concrete [17,21,23]. At the same time, spraying cement paste containing
fly ash can improve the chemical force due to the rehydration of active SiO2 of fly ash with
Ca(OH)2 of old concrete [10,17,39].

3.4. Effect of Roughness of Washing Exposed Aggregates

The formation of washed rough surface depends on the amount of agent that was
brushed on the interface formwork, the curing age of precast concrete, the pressure of
washing water and the washing time. Based on practice, the roughness measured by
sand patch test is better to limit within 8 mm [6,7]. Therefore, a research was pointed
on the roughness from 4 mm to 8 mm. The amount of water washing rough agent was
0.2~0.4 kg per square-meter of surface. The washing began at 24 h after demolding at a
room temperature of 20 ± 5 ◦C. The working pressure of jetting machine was 8~10 MPa, the
washing time was 12~15 min per square-meter of surface. Table 9 presents the test results of
roughness of washed rough surface for precast concrete specimens. The roughness can be
controlled by the washing technique. Four zones of roughness were divided into 4~5 mm,
5~6 mm, 6~7 mm and 7~8 mm. The photos are exhibited in Figure 8.

Table 9. Test results of roughness of washed rough surface of precast concrete.

Roughness
Range

Average Depth of Filled Sand (mm)

C40 Precast Concrete C30 Precast Concrete

1 2 3 1 2 3

4~5 mm 4.57 4.73 4.81 4.20 4.44 4.73
5~6 mm 5.04 5.36 5.73 5.14 5.33 5.95
6~7 mm 6.30 6.73 6.94 6.13 6.36 6.92
7~8 mm 7.02 7.24 7.46 7.31 7.33 7.96

Figure 8. Washed rough surfaces of specimens in sectional dimension of 150 mm × 150 mm with different roughness:
(a) 4~5 mm; (b) 5~6 mm; (c) 6~7 mm; (d) 7~8 mm.
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Figure 9 presents the failure mode of eight group specimens with different roughness
of washed rough surface of precast concrete. Four groups were made with C40 precast
concrete and C45 cast-in-situ concrete, others were made with C30 precast concrete and C35
cast-in-situ concrete. Most specimens failed along the interface with the interlaced mortar
among exposed aggregates and part fractured aggregates. Some specimens appeared two
cracks on the compression zone of the loading surface, one crack was along the interface,
another was near the interface. This indicates that with the increase in interface roughness,
the possibility increased that the bond failure of interface transfer to the weak side of
precast or cast-in-situ concrete. In this study, the test result of larger splitting load without
along the interface was discarded.

Figure 9. Failure mode of specimens with different roughness of precast concrete in dimension of 150 mm × 150 mm:
(a) C45 cast-in-situ concrete to C40 precast concrete; (b) C35 cast-in-situ concrete to C30 precast concrete.

Test results of bonding strength of interface are presented in Table 10. The interfacial
bonding strength increased obviously with the increasing roughness of washed rough
surface of precast concrete. This is easy to be understood that the interlock effect of
aggregates on interface became stronger with the increase in interface roughness [21–23].
When the roughness was over 6 mm, the equivalent coefficient of bonding strength was
close to 1.00. In this condition, the exposed size of aggregate was about one-third to four-
fifths of the maximum particle size of 20 mm for precast concrete. Therefore, the interfacial
bonding strength equivalent to tensile strength of precast concrete can be provided by the
washed rough interface of precast concrete at the roughness of 6~8 mm, accompanied by
the strength grade of cast-in-situ concrete over precast concrete.
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Table 10. Bond strength of interface with different roughness of precast concrete.

Strength Grade
of Concrete

C40 Precast, C45 Cast-In-Situ C30 Precast, C35 Cast-In-Situ

Roughness of
Precast Concrete

f b (MPa) βe f b (MPa) βe

4~5 mm 2.69 0.85 1.99 0.84
5~6 mm 2.72 0.86 2.08 0.87
6~7 mm 3.09 0.97 2.32 0.97
7~8 mm 3.24 1.02 2.46 1.03

3.5. Effect of Storage Time of Precast Concrete

Table 11 presents the bonding strength of the interface at different storage time after
casting of precast concrete. The washed rough surface of precast concrete was made with
roughness of 7~8 mm. The specimens failed in splitting at interface with paste peeled off
and aggregates fractured, except one failed in splitting inclined into the precast concrete.
This indicates the interface was still weak without enough strength resisting the splitting
tensile force. Due to the higher strength of cast-in-situ concrete than precast concrete, the
possible failure may be happened in precast concrete.

Table 11. Bond strength of interface with different storage time of precast concrete (MPa).

Strength Grade of
Concrete

C40 Precast, C45 Cast-In-Situ C30 Precast, C35 Cast-In-Situ

Age of Precast
Concrete (d)

f b (MPa) βe f b (MPa) βe

14 3.24 1.02 2.46 1.03
28 3.16 0.99 2.40 1.01
56 2.88 0.91 2.08 0.87
90 2.68 0.84 1.93 0.81

The interfacial bonding strength decreased with the increasing age of precast concrete.
After the age of 28 days, the equivalent coefficient of bonding strength was lower than
1.00. Similar to those studies on bonding strength of new to old concrete [24–26], the
unhydrated and incomplete hydrated binders on the surface of precast concrete has more
activity to continuously hydrate with the binders of cast-in-situ concrete before the casting
age of 28 days. However, the early-age carbonation of precast concrete consumes the
hydrate product Ca(OH)2 and filled the interfacial pores and defects [40,41]. This is
unbeneficial to the interlaced crystals formed by the hydration of cast-in-situ concrete
and precast concrete [10]. Meanwhile, the hydration of cement and mineral admixtures is
continuous to keep the time-dependent strength development of concrete [42–44]. This is
also unbeneficial to the interaction of cast-in-situ concrete to precast concrete, due to the
decrease in the amount of unhydrated and incomplete hydrated binders on the surface
of precast concrete. Therefore, a largest storage time no more than 28 days should be
considered for the production and installation cycle of precast concrete components.

4. Conclusions

The strength grades of precast and cast-in-situ concretes, the interface conditions
and storage time of precast concrete were considered as the experimental factors in this
paper. The interface roughness of precast concrete was measured by sand patch test.
The interfacial bonding strength of cast-in-situ to precast concrete was measured by the
splitting tensile test. The equivalent coefficient of bonding strength was computed with
the interfacial bonding strength divided by the tensile strength of precast concrete. Based
on the experimental research, conclusions can be drawn as follows:
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(1) With the premise of higher strength grade of cast-in-situ concrete than precast concrete,
the interfacial bonding strength increased with the increasing strength of cast-in-situ
concrete. In practice, the cast-in-situ concrete is better one strength grade higher than
precast concrete.

(2) The interfacial bonding strength increased with sequence of original interface, closing
net formed interface and washed rough interface of precast concrete. The washed
rough interface of precast concrete is a good choice in practice to ensure the interfacial
bonding strength. When the roughness was over 6 mm that is about one-third of
exposed aggregates with maximum particle size of 20 mm, the interfacial bonding
strength can reach the tensile strength of precast concrete.

(3) Spraying binder paste on surface of precast concrete has beneficial effect on the bond
of interface. This can be considered as a choice for the quality promotion of joints
in practice.

(4) The interfacial bonding strength decreased with the increasing storage time of precast
concrete. The bonding strength could be equivalent to the tensile strength of precast
concrete when the casting age of precast concrete was not over than 28 days. In prac-
tice, the production and installation cycle of precast concrete components should limit
within 28 days.

(5) The research of this paper has limitations only in macroscopic phenomena and in-
dex of bonding strength. Due to the complexity of interfacial bonding performance
influenced by multi factors, further systematical researches should be carried out com-
bined the macroscopic with the microscopic indices to revel the truth and accumulate
research results.
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